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Abstract

Endothelial inflammation leading to vascular dysfiion is a major contributor to the
development of atherosclerosis. The release ohamilee at sites of inflammation
represents an endogenous mechanism for limitingesskee inflammation and tissue
damage. The majority of the anti-inflammatory effeof adenosine are mediated by
signalling through the AAR and activation of the AAR has been shown to be
protective in numerous models of inflammatory désea Little is known about the
molecular mechanisms behind these effects. Howaemevitro studies using cultured
endothelial cells indicate that signalling througke A, AR can suppress activation of the
NFkB and JAK/STAT proinflammatory signalling pathwayslFkB appears to be primed
for activation in atherosclerosis-prone regiongh# aorta indicating that suppression of
NFkB signalling may protect against the developmerdtbérosclerosis. In this study, the
role of the AAAR in regulating NikB and JAK/STAT signalling pathway activation in the
aorta was studied using,fAR-deficient mice subjected to an LPS-induced moafel
septic shock. In response to LPS treatment, tineise displayed markedly elevated
plasma levels of the pro-inflammatory cytokines DINAL-6, IL-13 and GMCSF
compared to wild-type mice. Consistent with thisding, heightened activation of the
NFkB and JAK/STAT pathways was detected in aortic @rotsamples from AAR-
deficient mice as demonstrated by increased lesetbe phosphorylated forms atBa
and STAT1. However, expression of the dBFand STAT1-regulated genes ICAM-1,
VCAM-1 and TAP-1 was unaffected indicating the inment of compensatory negative
feedback mechanisms. These findings confirm afayl¢he AAAR in regulation of pro-
inflammatory signalling in the aorta. Further ais&é8 of mechanisms which mediate this
response may reveal new targets for therapeugevantion to suppress inflammation in

inflammatory disorders such as atherosclerosis.

While the wide range of anti-inflammatory and tisqarotective responses elicited by the
A2»AR have been well documented, the molecular reguaif the A AR has been less
well studied. The presence of several serine anebhine residues in the extended C-
terminal tail of the AWAR suggests that it may be regulated by phosphtioyleevents
occurring in this region. Indeed, the caningMR is phosphorylated in response to PKC
activation. Interestingly, several proteins hageently been identified as being able to
interact with the C-terminal tail of the,FAR. However, how these interactions are
regulated is not known. One of the aims of thiglgtwas to characterise phosphorylation
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of the human AWAR and to determine whether this could provide amsefor regulating
the binding of C-terminal interacting proteins. iFtvas examined using human umbilical
vein endothelial cells infected with recombinanemolvirus encoding the humanAR.

It was found that phosphorylation of the humanAR could be induced in HUVECs by
treatment with PMA or by stimulation of endogendustamine H1 receptors. This was
due to activation of PKC, as phosphorylation wakibited by the PKC inhibitor
GF109203X and by depletion of PKC following chrotieatment with PMA. Treatment
of cells with the calcium-chelating agent BAPTA/ARNId not inhibit PMA-induced
phosphorylation indicating that a calcium-insensitisoform of PKC was responsible.
Meanwhile an siRNA-mediated gene silencing approamhfirmed that PKE was not
responsible indicating the involvement of either@Kor PK®. Previously reported
interactions between the;A/AR and TRAX and 14-3-8Bwere confirmedn vitro by GST
pull-down assay. Binding of 14-330 the A,AR appeared to be unaffected by treatment
of HUVECs with PMA. However, AAR complex formation with TRAX was
significantly reduced in samples from PMA-stimuthteells. These findings indicate that
PKC-mediated phosphorylation may represent a meamsgulating which proteins can
interact with the C-terminal tail of the,AAR. This may allow the AAR to initiate
distinct signalling pathways depending on the d¢aflicontext in order to achieve the
appropriate response.
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1 Introduction

1.1 Vascular inflammation

1.1.1 Inflammation

The process of inflammation is the immediate respoof tissues to cellular injury or
infection and is essential for the maintenanceisgue homeostasis and mediation of
immune responses. Clinically, inflammation is ctaerised by heat, pain, swelling and
redness, symptoms caused by increased blood flawet@ffected area, leakage of fluid
into tissues and the accumulation of activated deytes. The actions of cytotoxic
lymphocytes and inflammatory mediators serve toovmpathogens and damaged tissues,

clearing the way for healing and restoration ofction (Murphyet al, 2008).

Inflammation is initiated on activation of the ineaimmune system by microbes or
damaged cells. Macrophages and neutrophils havenlige-encoded cell surface
receptors that recognise patterns of moleculesatteatommon to many pathogens and the
products released from damaged or dying cells. eptec ligation triggers phagocytosis
and induces changes in gene expression such asraase in production of cytokines and
other inflammatory mediators which recruit and e neutrophils and other
lymphocytes (Han and Ulevitch, 2005). Inflammatioan also be triggered through
activation of the complement cascade as the fostponent, C1q, can interact directly
with the surface of certain pathogens. Complemera series of proteases which act
sequentially to produce fragments that are involvedlearing pathogens either through
opsonisation or by direct lysis. The cleavage &vafso produce fragments including C3a,
C4a and C5a which are inflammatory mediators (Tiosaln, 1993).

1.1.2 The role of the vascular endothelium

A crucial site in the development of the inflammgtoresponse is the vascular
endothelium, a single-celled layer that forms theng of all blood vessels (Hurairah and
Ferro, 2004; Michiels, 2003). In one capacity #ascular endothelium acts as a barrier
between blood and neighbouring tissues, allowing ¢kchange of nutrients while in
normal conditions, limiting the passage of blootiscend plasma proteins. In addition, the

endothelium plays a critical regulatory role in maprocesses required for vascular
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homeostasis including maintenance of vascular tbnajoral coagulation, angiogenesis
and inflammation (Hurairah and Ferro, 2004; Micsi&003).

Endothelial cells of the microvasculature are tlie of some of the first events in the
inflammatory response (Muller, 2003). On activatioy pathogens or damaged cells in
tissues, mast cells, macrophages and neutroploitkipe cytokines such as interleukin (IL)
-1, IL-6 and tumour necrosis factar(TNFa) and other inflammatory mediators such as
histamine and bradykinin which act on local blocgksels to stimulate vasodilatation,
increase vessel wall permeability and activate géhdothelium to express cell adhesion
molecules. These bind reciprocal molecules orutatmg lymphocytes, causing them to
adhere to the endothelium before migrating to tteedf injury attracted by an increasing
concentration gradient of chemotactic cytokineshsag macrophage chemotactic protein
(MCP-1;McEver, 2001). As well as these local aBeccytokines produced by
macrophages and neutrophils stimulate endothelma fbroblast cells to trigger a
secondary wave of cytokine secretion. These atesycally to activate the “acute phase
response” with results such as induction of fever ehanges in levels of proteins secreted
by the liver such as C-reactive protein (CRP), cement proteins and fibrinogen which

contribute to non-specific defences (Baumann anaddig 1994).

1.1.3 Activation of the endothelium and leukocyte recruitment

The migration of leukocytes from the vascular gyste a site of injury or infection is a

key event in the process of inflammation. Inflanbong mediators including the cytokines,
IL-1, IL-6 and tumour necrosis factag-play a central role in recruiting large numbefs o
neutrophils and monocytes to sites of infection eniiating innate and adaptive immune
responses (Murphgt al, 2008). The process of leukocyte recruitmenbpied a series of

well-characterised steps which result in their atre to the endothelium, extravasation
and migration into tissues. In response to inflatory mediators, local small blood
vessels become dilated which increases blood flods flows the course of circulating
lymphocytes, allowing them to make contacts wittscudar endothelial cells before

adhering to and crossing the endothelium (Mull®éQ2 figure 1.1).

The endothelium is not normally adhesive and sorfi@ractions between cells to occur, it

must be activated to express adhesion moleculks.fifst to appear are the selectins
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Figure 1.1 Recruitment of leukocytes to sites of inflammation

The process of leukocyte recruitment follows aesedf well-characterised steps which
result in their adhesion to the endothelium, exsation and migration. Initially,
leukocytes roll along the endothelium as a restiflveak and reversible interactions
between P-selectin and E-selectin on endotheliuthsatphated sialyl-Lewfsmoieties

of leukocyte glycoproteins such as P-selectin gbyotein-1 (PSGL-1). Chemokines
such as macrophage chemotactic protein-1 (MCP-4)llas8 then activatg-integrins
including leukocyte function associated antigen ALH and Mac-1 on leukocytes,
which allows them to make firmer contacts with pgoes such as intracellular adhesion
molecule-1 (ICAM-1) on the endothelium. Followiaghesion, leukocytes transmigrate
out of the blood vessel between or through endiaitheklls with the help of other
molecules such as platelet-endothelial-cell adimesiolecule-1 (PECAM-1) and CD99.
In order to cross the basement membrane, leukosga®te matrix metalloproteinase
enzymes and migrate following an increasing gradoérchemokines secreted by cells

at the site of infection. (Figure from Muller, 200
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(Carlos and Harlan, 1994). In response to mediaoch as histamine (Geagal, 1990),
P-selectin is rapidly translocated from intracelluWeibel-Palade bodies to the cell
membrane while stimuli such as lipopolysaccahrideS), IL-1 and TNFe subsequently
induce the expression of E-selectin with maximé&etfafter 3-4 hours (Bevilacqua al,
1987). Selectins interact with sulphated sialywis® moieties of certain leukocyte
glycoproteins, the major ligand for P- and L-sdledbeing P-selectin glycoprotein-1
(PSGL-1; McEver, 2001). This interaction is weakdareversible and so leukocytes
appear to roll along the endothelium, pulled by #hearing force of the blood. This
increases their probability of coming into contadth chemokines immobilised on the
endothelial cell surface (Jureg al, 1998). Leukocytes expreBsintegrins, for example,
leukocyte function associated antigen (LFA-1) andacM, which in response to
chemokines such as IL-8 and macrophage chemotpmiein-1 (MCP-1), undergo a
conformational change which increases their affiddr receptors such as intercellular
adhesion molecule-1 (ICAM-1) on the endothelium riidaet al, 2000). Rolling is
arrested and leukocytes are able to transmigratefdbe blood vessel between or through
endothelial cells with the help of other molecwdesh as platelet endothelial cell adhesion
molecule-1 (PECAM-1) and CD99 (Muller, 2003). Imder to cross the basement
membrane, leukocytes secrete matrix metalloprateiemzymes and migrate following an
increasing gradient of chemokines secreted by atlise site of infection (Mcintyret al,
2003).

1.2 The vascular endothelium and disease

Under normal conditions, the endothelium exhibitsaati-inflammatory, anti-coagulatory,
anti-thrombotic state (Hurairah and Ferro, 2004 chvels, 2003). This ensures that
inflammatory responses are short-lived, resultingthe containment of infection and
elimination of pathogens followed by reversion bé tendothelium back to its resting
phenotype. However, in certain circumstances,eth@othelium becomes dysfunctional
and the balance between the potentially damagiegtsfof the inflammatory response and
the protective mechanisms exhibited by the enditimels lost. In this way, endothelial
inflammation contributes to the progression of ntone diseases including atherosclerosis
(Anderson et al, 1995), sepsis (Zimmermaret al, 1999) and systemic lupus
erythematosus (D’Cruz, 1998).
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1.2.1 Vascular dysfunction

The normal, healthy endothelium regulates vasdutemeostasis through maintenance of
vascular tone and control of humoral coagulatidatgtet function, smooth muscle growth
and leukocyte invasion (Trepets al, 2006). Maintenance of vascular tone is achieved
through synthesis and release of a balance of tagmg substances, such as nitric oxide
(NO) and prostacyclin, and vasoconstrictory sulista such as endothelin-1 (ET-1) and
angiotensin Il (ATII; Hurairah and Ferro, 2004)n dddition to their roles in controlling
vascular tone, many of the vasodilators producsd @lay protective roles while the
vasoconstrictors often promote inflammatory anceaibenic responses. Therefore, any
damage to the endothelium which alters the balafhtkese mediators results in vascular
dysfunction. Vascular dysfunction is clinicallyfoieed as impairment of endothelium-
dependent vasodilation but is also characteriseddnyersion of the endothelium to an
“activated” phenotype associated with increasedotadial permeability and leukocyte
adhesion and production of pro-inflammatory cytelsin(Davignon and Ganz, 2004;
Anderson, 1999). Many of these effects are duth¢oloss of NO activity. NO is the
major vasodilatory substance in the endotheliunoweler, it also has other protective
roles in inhibiting inflammatory responses. Foaewle, NO opposes the actions of ATII
to suppress adhesion molecule expression and inbildkocyte adhesion (Nabadt al,
2005). In addition, NO works synergistically witprostacyclin to inhibit platelet
aggregation (de Graadt al, 1992) and suppresses proliferation of smooth fausells
(Garg and Hassid, 1989). Vascular dysfunction detw the development of a pro-
inflammatory, pro-thrombotic environment within thascular system. Therefore, it is
perhaps not surprising that vascular dysfunctiostigngly implicated in the development
of vascular diseases and in particular, atherassiler (Davignon and Ganz, 2004,
Landemessegt al, 2004; Anderson, 1999).

1.2.2 Atherosclerosis

Atherosclerosis can be considered to be a chrofi@mmmatory disease, characterised by
the accumulation of macrophages, smooth muscle egldl lymphocytes in the arterial

wall in response to pro-inflammatory stimuli. Thisocess leads to the development of
lipid-rich lesions known as atherosclerotic plaqué&dver time, these plagues may evolve
to occlude the artery lumen or alternatively thegymupture, triggering thrombosis which

is often followed by myocardial infarction or steklLangheinrich and Bohle, 2005; Glass
and Witzum, 2001).
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Vascular dysfunction is generally accepted as trennpredisposing factor towards
atherosclerosis and is detected prior to the appearof clinical symptoms (Anderson,
1999). Numerous different stimuli may activate émelothelium during the early stages of
vascular dysfunction including modified low-densitipoproteins (mLDL), viruses,
bacterial pathogens and free radicals. Initiatbdratherosclerotic plaque formation is
characterised by the infiltration of LDL into thetexry wall and its modification through
oxidation or enzymatic attack (Stoll and BendsZ@)6). Macrophages recruited to the
activated endothelium take up mLDL via toll-likeceptors (TLRs) and scavenger
receptors (Stoll and Bendszus, 2006). This imtiakrves a protective role. However,
with continued accumulation of LDL, macrophageseadep into lipid-lain foam cells and
contribute to the formation of fatty streaks in thessel wall which precede the
development of atherosclerotic plagues (Sttral, 1994). The progression to a mature
plaque occurs as a result of the immigration of atmeanuscle cells into the subendothelial
space. Here, smooth muscle cells may proliferate take up modified lipoproteins to
contribute to foam cell formation while they alseceete extracellular matrix proteins
which leads to the production of a fibrous cap awerlesion (Hansson, 2005; Glass and
Witzum, 2001).

Inflammatory processes are intricately involvedeaery stage of plaque development.
This is perhaps not surprising as, of the numerstimuli which may activate the
endothelium in the early stages of vascular dysfancmany have the capacity to activate
the nuclear factokB (NFkB) pathway which is the major signalling pathwaydlved in
transcriptional control of inflammatory genes (dentWer et al, 2005). In addition, the
activated endothelium produces pro-inflammatorykiytes such as TNF, IL-1 and IL-6.
These are all NEB-regulated gene products while Téd@&and IL-1 also activate the MB
pathway, thereby amplifying the inflammatory resp@n Another example of an KB-
regulated gene is vascular cell adhesion molec(lcAM-1) which is believed to be the
major adhesion molecule responsible for adhesianmfocytes to the endothelium during
the early stages of lesion formation. In mouse edf atherosclerosis, VCAM-1
expression is upregulated specifically in arean@rto lesion formation (Cybulsky and
Gimbrone, 1991). Furthermore, atherosclerosis@ronice deficient in VCAM-1
expression have been found to display reduced nefsomation compared to mice
expressing normal levels of VCAM-1 (Cybulsky al, 2001). Similarly, the adhesion
molecules P-selectin and ICAM-1 have been showbetamportant in mouse models of

atherosclerosis at later stages of monocyte recemt (Collinset al, 2000; Cybulskyet
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al., 2001). Following attachment to the endothelimmonocytes exit the vessel lumen by
diapedesis, attracted by chemokines such as M@th is detected at elevated levels in
both human and animal atherosclerotic lesions Héatualaet al, 1991). This is a
crucial step in the development of atherosclerosi3nce resident in the vessel wall,
monocytes are induced to differentiate to macrophdry macrophage colony-stimulating
factor (MCSF) and granulocyte macrophage colonywsiting factor (GMCSF). The
roles of these cytokines in atherosclerosis prajpesis complex as demonstrated by the
fact that administration and deficiency have bemmd to have similar effects in different
studies (Hamilton, 2008). This is perhaps duehtwrature of the macrophage-mediated
response in that clearance of lipids by activatednsphages is initially protective but at
the same time leads to foam cell formation, the@mynoting lesion formation. Activated
macrophages also release pro-inflammatory cytokihas amplify local inflammation in
the lesion. In addition to macrophages, other imencells such as mast cells, dendritic
cells and T cells are involved in the developmenthe mature plaque and interactions
between all of these cell types contribute to tbeetbpment of a chronic inflammatory
state (Hansson, 2005; Glass and Witzum, 2001)ell§ tound in atherosclerotic plaques
are generally CD4T cells which are activated by antigens includingDL presented by
antigen presenting cells such as macrophages amttitiie cells. Cytokines expressed
within the lesion, for example IL-12, promote diatiation into Th1l cells which produce

the macrophage-activating cytokine Nr{fHansson, 2005).

As discussed above, many of the inflammatory medsaand adhesion molecules involved
in development of atherosclerosis are regulatediguyalling through the NKB pathway
which is activated either by exogenous stimuli pithe pro-inflammatory cytokines IL-1
and TNFx. However, many are also targets of the Januss&isanal transducer and
activator of transcription (JAK/STAT) pathway. Theajority of cytokines signal through
the JAK/STAT pathway to mediate effects on genesaption that can be either pro- or
anti-inflammatory. In the context of atheroscléspthe pro-inflammatory role of IL-6 has
been most extensively studied due to substantideage indicating its involvement in the
disease process. For example, elevated levels-6fand one of its target gene products,
C-reactive protein (CRP), are associated with tioeeased risk of cardiovascular disease
and events such as myocardial infarction (Tzoudkal, 2005; Ridkeret al, 2000). In
addition, both IL-6 and CRP have been detectedherasclerotic lesions in humans and in
animal models (Torzewslat al, 2000; Sukoviclet al, 1998; lkedeet al, 1992). IL-6 is
released by macrophages in the first steps of acfiéenmation (Nakaet al, 2002) and at

later stages of atherosclerotic plague developrbogr@ndothelial cells and smooth muscle
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cells (Hansson, 2005). The endothelium is largetyesponsive to IL-6 in normal
circumstances because it only expresses the gpdlding of the IL-6 receptor whilst
initiation of IL-6 signalling requires the presenoé both gpl30 and an additional
component termed the IL-® receptor (IL-6R; Kallen, 2002). However, a soluble form
of the IL-6Rx, shed by neighbouring monocytes or macrophageshica IL-6 and form a
complex with gp130 on endothelial cells to allowrthto respond (Mariat al, 2001). By
similar means, cultured endothelial cells have bieeind to respond to a combination of
IL-6 and slL-6Rx resulting in the upregulation of VCAM-1, ICAM-1 drE-selectin and
release of the chemokines MCP-1 and IL-8, indicatan potential role for IL-6 in
promoting leukocyte recruitment during atherogen@sioduret al, 1997; Romanet al,
1997). IL-6 also has effects on monocytes and apdages, which express both gp130
and the IL-6R, including stimulating their differentiation frommonocytes to
macrophages (Chomarat al, 2000). In addition, IL-6 stimulates smooth mescklls
both directly and by upregulating gpl30 expressidhereby increasing their
responsiveness to IL-6 (Klouchet al, 1999). This induces smooth muscle cell
proliferation, upregulates expression of ICAM-1 aWCP-1 and promotes foam cell
formation (Kloucheet al, 1999), providing further evidence of the pro-atiyenic
properties of IL-6.

1.3 Pro-inflammatory signalling

The process of atherogenesis is a complex mufti{stecess involving many different cell
types which, directed by numerous pro-inflammatongediators, contribute to the
progression of disease. Traditionally, therapies &therosclerosis have targeted
hypercholesterolaemia owing to the central rolentfDL in initiating lesion formation.
However, the recognition of atherosclerosis as rdfammatory disease indicates that
modulation of inflammatory processes may providenare useful means of limiting
disease progression. As described above, manynia@gcules involved in the critical
steps of lesion formation are regulated by two magpoo-inflammatory signalling
pathways: the NKB pathway and the JAK/STAT pathway. Thereforedging these
signalling pathways and the mechanisms which régatem will provide insights into the
specific effector mechanisms which contribute te tievelopment of atherosclerosis and

allow identification of potential targets for nowkrapies.
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1.3.1 The NF«B pathway

NFkB is the collective name for a family of inducibtimeric transcription factors found
in the cytoplasm of most cell types. In restingsceNF«B is retained in an inactive state
through association with a family of inhibitory pemns known askiBs which prevent its
translocation to the nucleus (figure 1.2). K¥Factivation occurs in response to a wide
variety of stimuli including pro-inflammatory cytoles such as TNFand IL-1, bacterial
antigens such as LPS, viral proteins, double-sedn@NA and physical and chemical
stresses (Karin and Ben-Neriah, 2000). These 8tiligate a variety of receptors to
initiate signalling pathways which converge on tk® kinase complex (IKK). On
activation, IKK phosphorylatexkB on two specific serine residues. Phosphoryl&&dis
then recognised and ubiquitinated by members oSkpEL-Cullin-F-box (SCF) family of
E3 ubiquitin ligases and targeted for degradatigrthie proteasome. This frees RB-to
enter the nucleus and bind to the promoter or es#raregions of specific target genes
(Hayden and Ghosh, 2004; Karin and Ben-Neriah, 2000

1.3.1.1 NFkB

NFKB represents a family of structurally-related prwgewhich exist in resting cells as
homo- or heterodimers bound to the inhibitory proteB. There are five members of this
family in mammals: RelA (p65), RelB, MB1 (p50 and its precursor p105), kB2 (p52
and its precursor p100) and c-Rel. All of thesetgins share an N-terminal 300 amino
acid conserved region known as the Rel homologyailortRHD) which mediates their
DNA-binding, dimerisation and interaction witkB. A nuclear localisation sequence
(NLS) is also contained within the RHD (Ghosh al, 1998; Vermaet al, 1995).
Dimerisation is required for DNA binding and numeésocombinations of Rel proteins
have been described. These exert different effectséranscription of target genes by
binding tokB sites with the consensus sequence GGGRNNYYCCréwvRes purine and
Y is pyrimidine) with different affinities (Ghoslket al, 1998; Vermaet al, 1995).
p65/RelA, RelB and c-Rel have transcriptional ation domains (TAD) which are
required for transcriptional activity (Blaet al, 1994; Ryselet al, 1992; Schmitzt al,
1994). However, dimers consisting only of Rel pna$ that lack TADs may act to
suppress transcription. For example, p50/p50 lidmers have been found to suppress
expression of NkB-regulated genes in unstimulated cells by bindirggone deacetylase

complexes which silence transcription (Zhat@l, 2002). The most abundant and the
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Figure 1.2 Schematic model of NFKB activation

In resting cells, NKB is retained in an inactive state through assimciawvith IKBa.
NFkB activation occurs in response to a wide variefy stmuli including pro-
inflammatory cytokines such as ThFand IL-1 which initiate signalling pathways that
converge on thekB kinase complex (IKK). On activation, IKK phosphlates kB on
two specific serine residues (Ser32 and Ser36hsptiorylateddB is then recognised and
ubiquitinated by members of the Skpl-Cullin-F-b&CE) family of E3 ubiquitin ligases.
Ubiquitinated kBa is recognised by the 26S proteasome and degratled. frees NkKB

to enter the nucleus and bind to the promoter baecer regions of specific target genes.



Gillian R Milne, 2008 Chapter 1, 29

best well characterised MB dimer is p65/p50. The term KB is therefore often used
synonymously with p65/p50 and so far, mechanismegilation appear to be common to
different complexes. However, dimers may show imist preferences for binding
particular kBs (Karin and Ben-Neria, 2000; Ghoshal, 1998).

1.3.1.2 Regulation of NFKB by IkB

NFkB activity is regulated by its inhibitory proteirB, which binds to NKB and masks

its nuclear localisation sequence (NLS) therebyhiting its translocation to the nucleus.
The kB family includes kBa, IKBf3, IkBy, IkBg, Bcl-3 and kB( in higher vertebrates
and the Drosophila protein Cactus (Yamazekial, 2001; Ghoshet al, 1998). Two
additional members are formed from the processfripe NFB precursor proteins p105
and pl100 (Rothwarf and Karin, 1999)kBI family members are characterised by the
presence of either six or seven ankyrin repeatsinviheir sequences. These are stretches
of a 30-34 amino acids which form stacked helixgkdlix structures, representing one of
the most common protein-protein interaction domamnsature (Liet al, 2006). Specific
interactions occur between the ankyrin repeatxBf proteins and the RHDs in KB,

resulting in the masking of the NLS in KIB.

Only IkBa, KB and kBe have N-term regulatory regions which are requfoedstimuli-
induced degradation (Karin and Ben-Neriah, 2000)kBa has been most well
characterised. It shares a common domain struetiihelk B consisting of an N-terminal
regulatory region, which is phosphorylated in rem@oto stimuli, a central ankyrin repeat
domain and a C-terminal PEST sequence which islvedoin regulation of protein
turnover (Ghostet al, 1998; Vermaet al, 1995). In addition,kBa also contains leucine-
rich nuclear export sequences (NES) which intendttt the nuclear export receptor CRM1
(Huanget al, 2000; Johnsoat al, 1999). Originally, masking of the KB NLS by kBa
was thought to be solely responsible for its cyeplic localisation. However,
crystallographic structures of MB in complex with kBa show that kBa only masks the
NLS of p65 while the p50 NLS remains exposed (Madtkal, 2003; Huxfordet al,
1998). A role for an NES was revealed by the fugdihat NiKB/IkBa complexes are
almost completely redistributed to the nucleusofelhg inhibition of CRM1 (Huangt al,
2000) or deletion of an N-terminal NES kBa (Johnsoret al, 1999). The presence of
both the NLS on p50 and the NES &Bé results in constant shuttling of the complex

between the nucleus and cytoplasm although a domietiect of the NES favours
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cytoplasmic localisation (Huareg al, 2000; Johnsoet al, 1999). The ability ofdBa to
shuttle between the cytoplasm and the nucleus slldwto play a critical role in
terminating NKKB activity. Unlike other members of theB family, IKBa expression is
induced by NKB as part of an autoregulatory feedback loop (detiMa&t al, 1993; Le
Bail et al, 1993). Newly synthesisedBa enters the nucleus, removeski-from DNA
and transports it back into the cytoplasm thereminating its activity (Rodrigueet al,
1999; Arenzana-Seisdedesal, 1997).

1.3.1.2.1 Stimulus-induced degradation of | kB
The defining event in NEB activation is stimulus-induced degradation B This is a

multi-step process requiring the phosphorylatiaslygbiquitination and 26S proteasome-
mediated degradation okBa (Hayden and Ghosh, 2004; Karin and Ben-Neriah Q200
Protein modification by ubiquitination involves tHermation of an isopeptide linkage
between the C-terminal Gly76 of ubiquitin asaémino groups on lysine residues in the
substrate protein. Similar linkages between lysiegdues in ubiquitin molecules can
allow formation of polyubiquitin chains which hawdifferent effects on the fate of the
substrate protein depending on the particular &sesidue utilised. For example, Lys48-
linked chains target proteins for degradation by #6S proteasome while Lys63-linked
chains mediate protein-protein interactions andehaeen shown to have various effects
including activation of protein kinases such astthasforming growth factgs activated
kinase-1 (TAK1) complex which phosphorylates antivates IKK (Fang and Weissman,
2004). The process of ubiquitination requiresgbguential action of three enzymes: E1, a
ubiquitin activating enzyme, E2, a ubiquitin-corgtigg enzyme and E3, a ubiquitin
ligase. The E3 component confers specificity om $listem as it interacts directly and
specifically with the substrate protein to bringagether with ubiquitin-loaded E2 (Liu,
2004). The ES3 forkBa belongs to the Skpl-Cullin-F-box (SCF) family a3 Hbiquitin
ligases which generally recognise phosphorylategetaproteins (Karin and Ben-Neriah,
2000; Hatakeyamat al, 1999; Yaroret al, 1998).

In response to NEB-inducing stimuli, kBa is phosphorylated by IKK on the N-terminal
residues Ser32 and Ser36 which triggers its ubrgiion and degradation (Chen al,
1995, Brockmaret al, 1995; Brownret al, 1995). The3TrCP receptor subunit of the SCF
family binds specifically to the phosphorylated nforof kB via the E3 recognition
sequence (DpSGXXpS) which incorporates Ser32 an8639e kBa (Yaronet al, 1998;
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Yaronet al, 1997). This leads to its polyubiquitination ogsR1 and Lys22 and targets
IkBa for degradation by the 26S proteasome (Di Domdtal, 1996; Cheret al, 1995;
Schereeet al, 1995).

1.3.1.3 IkB kinases

The IKK complex comprises three subunits: IKKKK 3 and IKKy (also known as NkB
essential modifier (NEMO)). IKK and IKKB are highly homologous proteins sharing 50
% amino acid identity (Karin and Ben-Neriah, 2000)hese are the catalytic subunits of
the complex and have similar functional domainsluding an N-terminal catalytic
domain, a central leucine zipper motif and a C-teain helix-loop-helix domain
(Yamamoto and Gaynor, 2004). Ikkas no catalytic activity but is essential for IKK
activity as demonstrated by the fact that TINR.-1 or LPS fail to induce NkB activation

in IKKy-deficient fibroblasts (Rudolpét al, 2000). IKKy has two coiled coli domains, a
leucine zipper domain and a zinc finger motif wharke known to mediate protein-protein
interactions. The leucine zipper domain and a hobeuitin-binding domain have been
found to be important for mediating interactionsween the IKK complex and upstream

signalling proteins that are essential for its\atton (Eaet al, 2006; Deviret al, 2001).

1.3.1.3.1 Activation by TNF a
TNFa activates NKB signalling through ligation of the TNF receptdiNFR1 (figure

1.3). TNFa exists as a trimer and binding of the cytokinggaeceptor results in receptor
aggregation which also induces dissociation oféghdogenous TNFR inhibitory protein,
silencer of death domain (SODD). This exposesnémradellular domain of the receptor
called the death domain (DD) which is recognisedhayadaptor protein TNFR-associated
death domain (TRADD). TRADD then recruits addiabradaptor proteins such as
members of the TNFR-associated factor (TRAF) famaiyg the serine/threonine kinase
receptor interacting protein (RIP1; Hayden and Gh@904; Chen and Goeddel, 2002).
TRAF2 and TRAF5 are RING domain proteins and acaigit to act as ubiquitin ligases,
mediating the Lys63-polyubiquitination of RIP1 (Ekal, 2006). The IKK complex has
been reported to be recruited to the receptor cexnpy two different mechanisms. One
study showed that IKK recruitment is dependent anirderaction between the RING
domain of TRAF2 and the leucine zipper motif inheit IKKa or IKK( (Devin et al,
2001). However, another group identified an intéom between IKK and Lys63-

polyubiquitin chains on RIP1 as being necessarylirrecruitment and NkB activation
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Figure 1.3 TNFR1 and TLR4 signalling to IKK

Activation of the TNFR1 induces association witle thdaptor protein TNFR-associated
death domain (TRADD). TRADD then recruits addiabradaptor proteins such as
members of the TNFR-associated factor (TRAF) famaig the serine/threonine kinase
receptor interacting protein, RIP1. TRAF2 and TRA&re ubiquitin ligases which
mediate Lys63-polyubiquitination of RIP1. IKK atiste TAK1 complex are recruited to
the signalling complex via interactions with Lygé@yubiquitin chains on RIP1. TAK1 is
thus activated and phosphorylates IKK either diyeat via MEKK. Activation of TLR4
by LPS results in recruitment of TIR domain-conitagnadaptor proteins such as myeloid
differentiation gene 88 (MyD88), TIR-containing atlar inducing IFN8 (TRIF) and
TRIF-related adaptor molecule (TRAM). MyD88 intetsawith members of the IL-1R-
associated kinase (IRAK) family. Following intetiaa with MyD88, IRAKs are
phosphorylated which leads to the dissociatiorR#¥K-1 from MyD88 and its interaction
with TRAF6. TRAF6 Lys63-linked polyubiquitinateg\eral target proteins including
TRAFG6 itself and the IKK complex. The TAK1 complé&nds to TRAF6 via its Lys63
polyubiquitin chains and is activated which allows to phosphorylate IKIR.
Deubiquitinating enzymes such as A20 and CYLD raguNKB pathway activation by
removing Lys63 polyubiquitin chains from TRAFs, RIRand IKK. (Figure from
Silverman and Fitzgerald, 2004)
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Figure 1.3 TNFR1 and TLR4 signalling to IKK
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in response to TN (Eaet al, 2006). RIP1 has also been found to interact wignotein
complex involving TAK1, which is a member of the BK family, and its regulatory
subunits TAB2 and TAB3. This depends on an intesacbhetween a highly conserved
zinc finger domain in TAB2 and TAB3 and the polygiitin chains of RIP1 (Kanayaneh
al., 2004; Eeet al, 2006). This results in activation of TAK1 whitien phosphorylates
and activates IKK either directly or via another M2K, MEKK (Kovalenko and Wallach,
2006).

1.3.1.3.2 Activation by LPS/IL-1
Pathogen-associated molecules such as bacterialatd®Bcognised by TLRs which are

expressed on various immune cells such as macrephdgndritic cells and neutrophils as
well as non-immune cells such as fibroblasts anthelml cells (Kawai and Akira, 2007).
TLRs and IL-1Rs share many of the same signallomgmonents owing to the presence of
a conserved Toll/IL-1R (TIR) motif within their ir#cellular domains which mediates
oligomerisation with downstream signalling moleauilghich also express TIR domains
(Martin and Wesche, 2002). Activation of TLR4 b¥% results in recruitment of TIR
domain-containing adaptor proteins such as myethifiérentiation gene 88 (MyD88),
TIR-containing adaptor protein (TIRAP), TIR-contaig adaptor inducing IFBI (TRIF)
and TRIF-related adaptor molecule (TRAM; figure )1.3MyD88 was the first TIR
domain-containing protein to be characterised aasl leen shown to be necessary for
normal activation of NkB by IL-1 and LPS (Kawaet al, 1999). MyD88 contains an N-
terminal DD which allows it to interact with the Bf members of the IL-1R-associated
kinase (IRAK) family including IRAK-1, IRAK-2, IRAK4 and IRAK-M. Following
interaction with MyD88, IRAK-4 and IRAK-1 are sequmlly phosphorylated which
leads to the dissociation of IRAK-1 from MyD88 asl interaction with TRAF6 (Kawali
and Akira, 2007). TRAF6 is a RING domain ubiquitigase which facilitates Lys63-
linked polyubiquitination of target proteins inclng TRAFG6 itself and the IKK subunit

of the IKK complex (Cheret al, 2006). TAB2 or TAB3 can then recruit the TAK1
complex to TRAF6 by interacting with its Lys63 pobiquitin chains (Kanayamet al,
2004). Activated TAK1 has been reported to phosghte and activate IKR (Wanget
al., 2001; Denget al. 2000).
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1.3.1.4 Downregulation of NFKB signalling

IKK activation represents a crucial step in thehpaty leading to activation of NB by
practically all stimuli and therefore representseg point for regulation. IKK is activated
following a complex series of protein-protein irgetions and activation steps, many of
which depend upon Lys63-linked polyubiquitinatiof MFkB signalling proteins as
described above (Kawai and Akira, 2007; Hayden@hdsh, 2004). As ubiquitin ligases,
TRAFs are key mediators of this process and théstsates include TRAFs themselves,
IKKy and the TAB2 and TAB3 components of the TAK1 coemp{Adhikari and Chen,
2007). Therefore, regulation of the ubiquitinatistatus of these proteins represents an
important means of controlling MB activity. This is mediated by specific
deubiquitinating enzymes (DUBs). Two of the bastieed DUBSs involved in regulating
NFkB activity are A20 and CYLD. These proteins areagted by NkB-regulated genes
and so induction of A20 and CYLD expression prosige negative feedback loop to
suppress NiB activity (Sun, 2008).

CYLD is a member of the ubiquitin-specific proteg&sSP) family of deubiquitinating
enzymes (Sun, 2008). It is proposed that CYLD segges NKB activity by binding to
signalling components upstream of IKK and de-coajung Lys63 ubiquitin chains via a
ubiquitin-carboxy-terminal-hydrolase domain (UCHjegent in its C-terminal region
(Adhikari and Chen, 2007). In support of this, @¥lhas been found to bind to several
upstream mediators of IKK activation including NEMOIRAF2 and TRAF6
(Brummelkampet al, 2003; Kovalenket al, 2003 Trompouket al, 2003). Furthermore,
while polyubiquitination of IKK, TRAF2 and TRAF6 has been observed when these
proteins are overexpressed in conjunction with Hgquitin, co-transfection with CYLD
prevented detection of the polyubiquitinated formsin contrast, co-transfection with
catalytically inactive CYLD had no effect on theiglotin status of these proteins
indicating that wild-type CYLD actively deubiquiates IKKy, TRAF2 and TRAF6
(Brummelkampet al, 2003). The role of CYLD in regulating MB activity has been
demonstrated in several ways. For example, sugipresf CYLD expression using short
hairpin RNAs has been shown to lead to increastdation of IKK in response to TNF
treatment (Brummelkamet al, 2003). A similar effect was achieved by transfegcells
with a catalytically inactive CYLD mutant lackinghd active site cysteine residue
indicating that this was due to the loss of the bilguitinating activity of CYLD
(Brummelkampet al, 2003). In agreement with this finding, overexgsien of CYLD has
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been found to inhibit activation of MB in response to a wide variety of stimuli indioati
that it may represent a general mechanism for atiggl the NikB pathway (Kovalenket
al., 2003).

A20 is another DUB which has been shown to potantijbit NFkB activity (Wertzet al,
2004; Booneet al, 2004). The critical nature of A20 in regulatiNgkB activation is
clear from studies using A20 knock-out mice (Leteal, 2000). These mice suffered
severe inflammation and increased sensitivity toF@Nand LPS. Examination of this
effect in A20-deficient fibroblasts revealed thaistwas due to persistent activation of the
NFkB pathway as demonstrated by rapid degradation k&al and a failure to
reaccumulate newly synthesisedBb following stimulation with TN (Leeet al, 2000).
A20 contains an N-terminal ovarian tumour (OTUypd domain which has DUB activity
and seven C-terminal zinc finger domains which raorted to have E3 ligase activity
(Wertz et al, 2006; Evanst al. 2004). Therefore, A20 has the unique ability ¢tb a&s
both a DUB and an E3 ligase. A20 has been founactaas a DUB, removing Lys63-
linked ubiquitin chains from several KB signalling proteins including TRAF6, RIP1 and
IKKy (Booneet al, 2004, Wertzet al, 2004; Maurcet al, 2006). In addition, A20 has
been reported to mediate a second level of regulay catalysing the Lys48-linked
ubiquitination of RIP1 and targeting it for degrada (Wertzet al, 2004).

1.3.2 The JAK/STAT Pathway

In general, cytokines mediate their effects throufle Janus kinase (JAK)/signal
transducer and activator of transcription (STATgnsilling pathway (figure 1.4). This
pathway is initiated on binding of a cytokine t® ieceptor, which results in either receptor
multimerisation or stabilisation of preformed dimerActivation of the receptor induces a
conformational change which allows auto- and trgaimssphorylation of constitutively
associated JAKs. The active JAKs are then abphtsphorylate key tyrosine residues on
the receptor, which then act as docking sites tier $rc homology 2 (SH2) domains of
STATs and other signalling proteins. STATs arentbieemselves phosphorylated which
enables them to dimerise and translocate to theemsievhere they modulate transcription
of specific STAT-responsive genes (Rawlirggsal, 2004; O’'Sheat al, 2002, Kisseleva
et al, 2002).
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Figure 1.4 Activation of the JAK/STAT pathway by IL-6

The IL-6 receptor is composed of two different suibsj an 80 kDa IL-6-binding protein
(IL-6Ra) and a 130 kDa signal-transducing subunit (gp1&hding of IL-6 to IL-6Rx
induces dimerisation of the gp130 subunit and #eeptor undergoes a conformational
change which allows auto- and trans-phosphoryhiatib constitutively associated Janus
kinases (JAK1, JAK2 and Tyk2). JAKs phosphorylgid 30 on specific tyrosine residues
which then act as docking sites for the SH2 donecaimtaining proteins, signal transducer
and activator of transcription 1 (STAT1) and STAT3SSTAT1 and STAT3 are then
themselves phosphorylated, following which theynfohomo- or heterodimers and are
translocated to the nucleus where they can modutatescription of specific STAT-
responsive genes. Activation of the IL-6 receptso leads to activation of the ERK
pathway via the SH2 domain-containing tyrosine phesase, SHP2 which binds to pT¥r
on gp130 and is activated by phosphorylation by JAKctivated SHP2 interacts with the
growth-factor-receptor-bound protein 2 (Grb2) whishconstitutively associated with the

Ras-GTP-exchange factor, Son of Sevenless (SOS).
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1.3.2.1 JAKs

In mammals, four different members of the JAK fanhiive been identified: JAK1, JAK2,
JAK3 and Tyk2. JAK1, JAK2 and Tyk2 are ubiquitguskpressed while JAK3 is present
only in myeloid and lymphoid cells (Kisselew al, 2002). JAKs associate with the
membrane-proximal region of cytokine receptors.thi case of many cytokine receptors,
this region contains two conserved sequence elemenmhed box 1 and box 2. Box 1 is
proline-rich and has been found to be requiredHerbinding of JAKs to receptors for IL-
2 (Howardet al, 1995) and the IL-6 family of cytokines (Radeal, 2002; Murakamet
al., 1991). Box 2 is rich in hydrophobic amino acatal is important for JAK association
with only certain receptors (Heinriclet al, 1998). Receptor ligation triggers a
conformational change in receptor dimers that l&ri@gsociated JAKs into close proximity,
permitting autophosphorylation (Rerayal, 1999).

JAKs are composed of seven conserved JAK homologyaths (JH1-7; Kisselevet al,
2002). JH1 at the carboxyl terminus is the kindsmain and has considerable homology
to other kinases, displaying features such as divation loop identified as being
important in regulating activity (Hubbard and Ti2000). Mutational analysis has
identified tyrosine residues in JAK2, JAK3 and TykBich are critical components of this
activation loop; Y1007/Y1008 in JAK2 (Fergg al, 1997), Y980/Y981 in JAK3 (Zhoat
al., 1997) and Y1054/Y1055 in Tyk2 (Gauzial, 1996). JAK1 also has two conserved
tyrosine residues, Y1022/Y1023, which are imporfantactivation (Leonard and O’Shea,
1998). JH2 is termed the kinase-like domain, wlatthough catalytically inactive, has a
regulatory function. Natural mutations in thisimygof JAK3 result in an inactive enzyme
and severe combined immunodeficiency (SCID; Chletnal, 2000). Conversely,
experimentally-induced mutations in the kinase-li#éemain of theDrosophila JAK
homologue,hopscotch results in a constitutively active enzyme andsesuleukaemia
(Luo et al, 1997). The JAK carboxyl terminus (JH3-JH7) comgaan SH2-like domain
and a Band-4.1 ezrin, radixin, moesin (FERM) horgglaomain that is involved in
receptor association. For example, binding of JAK2FNy receptor 2 which has no box
1/box 2 motif is mediated by the JH6 and JH7 dosd@Kohlhuberet al, 1997). These
regions are also important for binding of JAK3 he { chain of the IL-2 receptor (Chext
al., 1997). The FERM domain has also been foundsociate with the kinase domain to
enhance activity (Zhoat al, 2001).
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1.3.2.2 STATs

There are seven mammalian STAT family members dasegl STATL, 2, 3, 4, 5a, 5b and
6 (Kisselevaet al, 2002). They are ubiquitously expressed withekeeption of STAT4
which is mainly found in the testis, thymus andespl (Zhonget al, 1994). STATs are
composed of several structurally and functionafipserved domains including an amino-
terminal oligomerisation domain, a coiled-coil domaa DNA binding domain, a linker
region, an SH2 domain and a carboxyl-terminal @atigation domain (Beckeet al,
1998; Cheret al, 1998; Vinkemeieet al, 1998).

1.3.2.2.1 The SH2 domain
The SH2 domain is highly conserved and is involwedhe recruitment of STATs to

activated cytokine receptors (Hernhal, 1995; Stahkt al, 1995; Greenlunét al, 1994)
and the formation of STAT dimers (Shuati al, 1994) through recognition of specific
phosphorylated tyrosine motifs. Different receptootifs determine which STATs are
recruited, for example, STAT3 will bind to phospfE)YXXQ (Stahlet al, 1995) while
STAT1 will only bind to pYXPQ (Gerhartet al, 1996). This difference has been shown
to be due to the SH2 domain through the creatiora athimaeric STAT3 molecule.
Hemmann and co-workers (1996) found that substigutie SH2 domain of STAT3 with a
STAT1 SH2 domain resulted in a molecule that showwssl receptor motif binding
preference of STAT1. On recruitment to an actidabytokine receptor, STATs are
phosphorylated by JAKs on a single tyrosine residuehe carboxyl end of the SH2
domain (Tyf°*in STAT1 (Shuakt al, 1994) and Ty®in STAT3 (Kapteiret al, 1996)).
This enables them to form dimers through an intemaof the phosphorylated tyrosine on
one STAT with the SH2 domain of another.

1.3.2.2.2 Gene Regulation
STAT dimers translocate to the nucleus and bind Dh#&ifs known as GASy(activated

sequence) elements (TEBAA) except in the case of the Ikl response, where
complexes formed between STAT1, STAT2 and IRF@®(feton regulatory factor 9) bind
to the IFNw/B-response element (ISRE), AGTINTC (O’'Sheaet al, 2002). The STAT

transcriptional activation domain (TAD) is proposéa participate in modulation of
transcription through interaction with additionabriscription factors and co-activators
such as c-Jun, BRCA1 and the cAMP-response-elebieding (CREB)-binding protein

(CBP)/p300 family of histone acetyltransferasesriidth, 2000). Phosphorylation of a
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conserved serine residue within the TAD (Sein STAT1, STAT3 and STAT4) is
believed to regulate these interactions to provigk transcriptional activity (Horvath,
2000).

1.3.2.3 IL-6 signalling

The IL-6 receptor is composed of two different suiklg) an 80 kDa IL-6-binding protein
(IL-6Ra) and a 130 kDa signal-transducing subunit (gp1@®)ch is shared by all IL-6-
type cytokines (Heinriclet al, 2003). The gp130 subunit is ubiquitously expeesshile
IL-6Ra expression is restricted to hepatocytes, monocystrophils and some B and T
cells (Kallen, 2002). However, IL-6 can also bioda soluble form of the receptor (sIL-
6Ra) which is either shed from cell membranes (Muldpet al, 1993) or created by
alternative splicing of mMRNA (Lusdt al, 1992). This complex can associate with gp130
on cells that do not express the membrane-bour@RIlthereby widening the spectrum of
IL-6-responsive cells. For example, vascular enelal cells which express only the
gp130 subunit of the IL-6 receptor become resp@niviL-6 in the presence of sIL-GR
shed from the membranes of activated neutrophibrigMet al, 2001).

Binding of IL-6 to IL-6Rx induces dimerisation of the gp130 subunit and &iom of a
fully functional receptor complex (Murakarat al, 1993; figure 1.4). JAK1, JAK2 and
Tyk2 are activated upon receptor stimulation (Sedlal, 1994; Narazaket al, 1994) and
phosphorylate gp130 on tyrosine residues 683, 769, 814, 905 and 915 (Stadt al,
1994; Hirancet al, 1997). Studies using mutant cell lines lackidd1, JAK2 or Tyk2
have revealed that signalling absolutely dependtherpresence of JAK1 whereas JAK2
and Tyk2 may be interchangeable (Gusddtiral., 1995). Phosphorylation of gp130 was
greatly reduced in the absence of JAK1 but was pairad in the absence of JAK2 or
Tyk2.

STAT1 and STAT3 are recruited to the phosphorylaeszeptor through recognition of
consensus sequences PYPQ and pY"™MPQ. In addition, STAT3 also recognises
PY®'RHQ and pY*FKQ, (Stahlet al, 1995; Gerhartet al, 1996). These sites are not
equivalent, as has been demonstrated by Schetitzl. (2000a) using mutant gp130
constructs lacking each of the cytoplasmic tyrose®dues present in wild-type gp130.
Tyr? and Tyr*® were found to be more potent thaf*¥and Y***in terms of their ability

to activate STATs and STAT-mediated transcriptioklpon binding to the receptor,
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STAT1 and STAT3 are phosphorylated, following whibby form homo- or heterodimers

and are translocated to the nucleus to modulatsdragption.

STATSs are not the only proteins that are recruitethe activated IL-6 receptor. The SH2-
domain-containing tyrosine phosphatase, SHP2 bittdspTyr>® on gpl30 and is
phosphorylated by JAK1 (Schapet al, 1998). Activated SHP2 can then activate the
extracellular signal-regulated kinase (ERK) pathwlapugh interaction with the growth
factor receptor-bound protein 2 (Grb2) which is st@atively associated with the Ras-
GTP-exchange factor, Son of Sevenless (SOt(al, 1994).

1.3.2.4 IFNysignalling

The functional IFN receptor (IFNGR) comprises two 90 kDa IFNGR1 and 62 kDa
IFNGR2 chains. IFNGRL1 is involved in ligand bingimnd signal transduction while
IFNGR2 plays only a small role in ligand bindingt sl essential for signalling (Stask

al., 1998). Oiriginally, these subunits were not thdui interact in unstimulated cells
(Bachet al, 1996) but advances in spectroscopic techniqueg urgtact cells have shown
that the receptor is preassembled and ligand kgndiaults in a conformational change to
allow signalling to occur (Krauset al, 2002). IFNGR1 and IFNGR2 have binding motifs
for JAK1 and JAK2 respectively. JAK1 binds to amimane proximal sequence, LPKS at
residues 266-269 on IFNGR1 (Kaplahal, 1996) while JAK2 binds a proline-rich non-
contiguous motif>**PPSIB®’ followed by?’IEEYL?"* on IFNGR2 (Bactet al, 1996).
On activation of the receptor, JAK2 autophosphaedaand is then able to phosphorylate
JAK1 (Briscoeet al, 1996). The activated JAKs phosphorylate each@RN chain on
tyrosine residue 440 in the sequeAtYDKPH*** and this creates a pair of docking sites
for STAT1 molecules. STATL1 is thus phosphorylaéed dissociates from the receptor,

forms homodimers and is translocated to the nucleus

Activation of the phosphatidylinositol 3-kinase 3R) pathway also appears to play a role
in IFNy-induced STAT1-mediated transcriptional regulatidnhibition of PI3K or one of
its downstream effectors, protein kinasé (PKCs), blocks phosphorylation of STAT1 on
Ser727 and reduces its transcriptional activifylNylhas been shown to activate PKiG a
PI3K dependent manner and so it is proposed th&sR& a serine kinase for STAT1
(Nguyenet al, 2001; Deket al, 2003).
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1.3.2.5 Regulation of the JAK/STAT pathway

JAK/STAT signalling is central to many biologicalrogesses and SO0 numerous

mechanisms exist to modulate the pathway at diffestages.

1.3.2.5.1 Protein tyrosine phosphatases
Tyrosine phosphorylation by kinases is a key evanthe JAK/STAT pathway. For

controlled signalling, it is clear that this rapreéyersible process must be balanced by the
action of protein tyrosine phosphatases (PTPsyer@8ePTPs have been implicated in the
regulation of JAK/STAT signalling, for example, SHFSHP2, and PTeRShuai and Lui,
2003). SHP1 is a non-transmembrane phosphatasessed mainly in haematopoietic
cells. Its role in regulation of JAK/STAT signaltj is apparent on consideration of the
naturally occurringmotheatenmouse strain which lacks SHP1 activity. Bone-marr
derived macrophages from these mice show dramigticedreased levels of JAK1 and
STATL1 phosphorylation following stimulation with Ne (David et al, 1995). SHP1 has
been shown to bind to receptors for erythropoi@ipo; Klingmulleret al, 1995) and IL-3
(Wheadoret al, 2002) to suppress phosphorylation of JAKs andptxus respectively.

SHP2 is highly homologous to SHP1 but is ubiquitpexpressed. It is involved in both
positive and negative regulation of signalling &variety of cytokines including IL-6 and
IFNy (Qu, 2002). SHP2 is rapidly recruited to ¥1in gp130 following IL-6 stimulation
(Stahlet al, 1995). It has a positive role in activating ERRK pathway but an inhibitory
effect on JAK/STAT signalling. Mutation of T§¥ in gp130 impairs SHP-2 recruitment
and phosphorylation (Stakt al, 1995) and leads to enhanced JAK/STAT signalling b
reduced ERK activation (Schapet al, 1998). In addition, it has been found that
overexpression of dominant negative SHP-2 mutaatdd to increased phosphorylation of
receptors, JAKs and STATs in murine fibroblastsnatated with IL-6 (Lehmanrt al,
2003). SHP2 is constitutively associated with ltfda/g and IFN, receptors (Daviet al,
1996). The relevance of this is apparent in SHRBuse fibroblasts. These cells show
increased STAT1 and STATZ2 activity as measured BADinding in response to IFN
and IFN which is diminished on reintroduction of SHP2 (Yetual, 1999). Furthermore,
SHP2 has been described as a dual-specificity platggpe that dephosphorylates STAT1
at both Tyf** and Se¥’ (Wu et al, 2002).

A cytoplasmic form of transmembrane RTEPTR C) is involved in regulation of IL-6

signalling. Tanumaet al. (2000) found that overexpression of RTE inhibited
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phosphorylation of gp130, JAK1, Tyk2, and STAT3 lehbverexpression of a dominant
negative form potentiated the IL-6 response. Tihigbitory effect is thought to be specific
to certain cytokines as PERC does not affect IFNinduced STAT1 phosphorylation
(Tanumaet al, 2001). A phosphatase that does appear to reg8BAT1 activation in
response to IFNis a nuclear form of the T cell PTP, PTP TC45 (tmeveet al, 2002).
Murine embryonic fibroblasts and primary thymocygapressing defective PTP TCA45 fall
to dephosphorylate STAT1 in the nucleus followiRly stimulation.

1.3.2.5.2 Protein inhibitors activated STATs
The protein inhibitors of activated STATs (PIASg a family of constitutively expressed

transcriptional regulators (Chen et al., 2004)A% was identified as a STAT-interacting
protein in a yeast two-hybrid screen and subsegudotr other members of the family,
PIAS3, PIASy, PIAS# and PIAS® were recognised based on their high sequence
homology to PIAS1 (Liu et al., 1998). Following Nk stimulation, PIAS1 binds to
activated STATL, inhibiting DNA binding and theredogene activation (Liu et al., 1998).
PIAS3 on the other hand, shows specificity for SBAANhd suppresses IL-6 induced gene
expression (Chung et al., 1997).

The effect of PIAS on STAT-mediated transcriptioancgot be fully explained by
suppression of STAT DNA-binding activity as PIASwhich also inhibits STATI1-
dependent gene induction, does not prevent STAT-Ditéyactions (Liwet al, 2001). An
alternative method of regulation that has been sstgg is PIAS-directed sumoylation of
STATs. SUMO is a small ubiquitin-like protein médr which has roles in the regulation
of protein-protein interactions and protein staypiliocalisation and activation (Schmidt
and Muller, 2002; Kotajat al, 2002). PIAS family members all have SUMO ligase
activity (Wormald and Hilton, 2004) and both PIAGhd PIASx have been found to
promote sumoylation of STAT1 on lysine residue 7@Bwing stimulation of fibroblasts
with IFNy (Rogerset al, 2003). However, the functional relevance of iBisinclear as
there have been conflicting reports on the efféanotating Ly<® on the expression of
IFNy-induced genes (Rogees al, 2003; Ungureanat al, 2003). Ungureanet al. (2003)
found that this potentiated transcription of a Gla8ferase reporter gene while Rogets
al. (2003) reported no effect. More recent studiecette that sumoylation has a selective
inhibitory effect on STAT1-mediated transcriptiobsing quantitative PCR, Ungureaat

al. (2005) showed that mutation of alternative STA€&idues that are also required for
sumoylation (11€°% and GIU®) resulted in increased transcription of some tmatafl IFNy
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target genes tested. How sumoylation inhibits STACtivity is unclear but it has been
suggested that it may act as a targeting signalrfvilld and Hilton, 2004), a theory
supported by the fact that STAT1 mutants whichncae sumoylated show prolonged

nuclear localisation (Ungureamt al, 2005).

1.3.2.5.3 Suppressors of cytokine signalling
SOCS (suppressors of cytokine signalling) are alyaofi inducible inhibitors of cytokine

signalling (Starret al, 1997). The expression of several SOCS protansduced by
activation of the JAK/STAT pathway by cytokines Bws IL-6, IFN, granulocyte colony-
stimulating factor and IL-11. They act as cladsicagative feedback inhibitors by
inhibiting the phosphorylation of JAKs, which inrtuprevents STAT activation (Chext
al., 2004). There are eight SOCS family members (€y&okine-inducible SH2 protein)
and SOCS1-7). Genetic studies have revealed B&S3 is particularly important in
IFNy signalling while SOCS3 has specificity for IL-@salling. Generation of mice with
a conditional deletion of SOCS3 in hepatocytes acnophages has revealed the
importance of SOCS3 in the IL-6 response. These mxhibit hyperresponsiveness to IL-
6 as shown by sustained activation of STAT1 and B And an increase in the number of
IL-6-responsive genes while IlyNesponses are normal (Croladral, 2003; Langet al,
2003). SOCSI1-deficient mice in contrast, show gugéd IFN-induced STAT1
activation but normal STAT activation in responsélt-6 (Crokeret al, 2003).

SOCS proteins are characterised by a central SiH#amoand a carboxyl-terminal motif
termed the SOCS box (Staet al, 1997) but their inhibitory effects are mediateg b
several different mechanisms. SOCS1 has been fearfmind directly to the kinase
domain of JAK2 via its SH2 domain (Endd al, 1997). Inhibition is thought to be
mediated by a second SOCS1 domain, the kinaseitityivegion (KIR), which binds to
and blocks the substrate-binding site of the JAKake domain (Yasukawe al, 1999).
However, this model is further complicated by teeent finding that in the case of 1N
signalling, SOCS1 appears to interact directly waitphosphorylated T in subunit 1 of
the IFNy receptor before binding to JAK2 (Qingt al, 2005). Inhibition of IL-6
signalling by SOCS3, like SHP-2, is dependent upudseraction with phosphorylated
Tyr™® on activated gp130 (Schmi&t al, 2000b; Nicholsoret al, 2000). However,
SOCS3 can also bind to JAKs and has a KIR motifctvhmay contribute to inhibition
(Sasaki et al., 1999).
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Another aspect of negative regulation by SOCS maglve the SOCS box motif. Zhang
and co-workers (1999) found that the SOCS box bindslongins B and C which are
known to participate in the targeting of proteioghe proteasome for degradation. By this
means, excess SOCS proteins and their binding grartoould be removed from the

signalling system.

1.3.2.5.4 Targeted degradation of STATs
Ubiquitin-proteasome-dependent degradation haslkasn suggested to regulate cellular

levels of STATs. Kim and Maniatis (1996) foundttivehibition of the proteasome led to
accumulation of ubiquitinated STAT1 molecules inLHecells stimulated with IFiNand
that this effect was dependent on STAT phosphaoylat Haspelet al. (1996) also
observed sustained levels of STAT1 in respons€&My When Bud-8 fibroblasts were pre-
incubated with proteasome inhibitors. Howevers thas determined to be due to reduced
receptor turnover and preservation of the signlerathan STAT levels as the effect was
lost in the presence of a kinase inhibitor. Ipassible that more than one mechanism of
STAT regulation exists. In a later study, it wasrid that proteasome inhibitors prevented
downregulation of phosphorylated STAT4, STAT5 antA®6 but not phosphorylated
STAT1, STAT2 or STAT3 in several cell lines (Waeg al, 2000). This effect was
maintained in the presence of a kinase inhibifbinis group also identified the carboxyl-
terminal transcriptional activation domain of STA®S the region involved in regulation

by the proteasome.

Certain viruses evade the antiviral activities aferferons by targeting STATs for
degradation through the ubiquitin-proteasome payhwaParamyoxaviruses of the
Rubulavirus genus express “V” proteins which co-ordinate tlssembly of STAT-
ubiquitinating enzyme complexes. Viral V proteiae E3 ligases with high species-
dependent specificity for different STATS, for exals simian virus 5 targets STATL1 for
degradation (Didcockt al, 1999) while type Il human parainfluenza virugyes STAT2
(Parisieret al, 2001) and mumps virus targets STAT1 and STAT2ufeét al, 2003).

New evidence for the role of STAT degradation igulation of cytokine signalling comes
from the identification of a mammalian STAT-specik3 ligase. STAT-interacting LIM
protein (SLIM) was identified in a yeast two-hybsdreen and subsequently was found to
bind phosphorylated STAT1 and STAT4 in the nucland to inhibit their transcriptional
activity (Tanakeet al, 2005). SLIM has a LIM domain which forms a Znder structure
that resembles RING and PHD structures found inligg&ses (Capiliet al, 2001; Liu,
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2004). This suggested a role for SLIM in ubiquation which was confirmed using
transfection studies where the presence of SLIMnpted ubiquitination and degradation
of STAT1 and STAT4 (Tanaket al, 2005).

1.4 Adenosine

The production of adenosine represents a meansmiting inflammation and tissue
damage that is in addition to the many specific lmmetsms that have evolved to control
cytokine signalling. Adenosine is a ubiquitousipemucleoside that accumulates in many
tissues in response to metabolic stress such asxiayduring inflammation (Sitkovskgt

al., 2004).

1.4.1 Production

Under normal conditions, adenosine is continuoysigduced by cells through the
dephosphorylation of AMP by cytosolic 5’-nucleosgs or through hydrolysis of S-
adenosyl-homocysteine. In hypoxic conditions, A3yhthesis is inhibited and AMP
levels rise which causes a large increase in adengsoduction. Substantial amounts of
adenosine are also produced by the hydrolysis ehiad nucleotides released from the
granules of neutrophils, mast cells and endotheldlls as a result of cellular damage
(Sitkovsky et al, 2004; Ramkumaet al, 2001; Linden, 2001). Ecto-apyrases such as
CD39 hydrolyse ATP or ADP to AMP which is then cented to adenosine by the
extracellular 5’-ectonucleotidase CD73 (Zimmerma2®00). Both of these enzymes are
induced during hypoxia to enhance adenosine pramuctin addition, CD73 expression
on endothelial cells can be upregulated bydKNiemelaet al, 2004) and adenosine itself
(Narravulaet al, 2000). Extracellular accumulation of adenosisefurther enhanced
during hypoxia by inhibition of the enzyme adenesikinase which converts excess
adenosine back into AMP (Sitkovskyal, 2004).

1.4.2 Anti-inflammatory effects of the A,, adenosine receptor

Adenosine exerts its effects through four differ@protein coupled receptor subtypes
termed A, Aza, Az and A (Fredholmet al, 2007). These differ in their distribution
patterns and the type of G-protein with which tlasgociate but all have been ascribed
roles in tissue protection (Linden, 2001). Thg Adenosine receptor {AR) is coupled

to Gs which stimulates adenylyl cyclase to raise intlata levels of CAMP. However,



Gillian R Milne, 2008 Chapter 1, 47

A2»AR stimulation also results in activation of the ERathway and in addition, some G
protein-independent effects have been reporteddfieten et al, 2007). The A\AR is
expressed on many lymphoid cells including neutilspmonocytes, macrophages, T cells
and natural killer (NK) cells and its activation aglenosine or adenosine analogues results
in a wide range of anti-inflammatory responses Kdast al, 2008; Palmer and
Trevethick; 2008). Activation of the AAR on neutrophils has long been know to have
suppressive effects on their cytotoxic functionsimlyibiting phagocytosis (Salmon and
Cronstein, 1990) and production of reactive oxygestabolites (Cronsteiat al, 1992).

In addition, AAAR activation results in reduced neutrophil reecngnt to inflammatory
sites by downregulating expression of the neutiogdiihesion molecule, very late antigen
4 (VLA-4) which is required for adherence to thel@helium (Sullivaret al, 2004; Zhao

et al, 1996). The A\AR plays a more general role in suppressing inflaton by
regulating cytokine production by macrophages. @&ample, adenosine inhibits release
of TNFa and IL-12 from macrophages predominantly throughivation of AARS
(Kreckler et al, 2006; Haskdet al, 2000). In addition to suppressing pro-inflamnmato
cytokine production, adenosine and thea#R-selective agonist CGS21680 have been
found to potentiate production of the anti-inflamorg cytokine, IL-10 (Haskéet al,
2000). This effect has been confirmed using mawgps from AnAR-deficient mice
which fail to produce IL-10 in response to treattneith E. coli and adenosine while the
same treatment induces a dramatic increase in lprd@uction by wild-type macrophages
(Csokaet al, 2007). AsAR-selective agonists have also been found to m®dhifects
which may limit the course of inflammation throulggpation of A.nARS expressed by the
endothelium. For example, ATL-146E inhibits neptid and macrophage adhesion to the
endothelium through down-regulation of VCAM-1, ICAM and P-selectin on the
activated endothelium (McPhersehal, 2001). The anti-inflammatory effects of AR
stimulation on endothelial cells are discussechfrrin chapter 3.

In addition to these effects on cells of the innatsmune system, the AAR also plays key
roles in regulating T lymphocyte function. For exde, the AsAR-selective agonist
ATL313 has been shown to suppress proliferatiomaife CD4 T cells by inhibiting
production of IL-2 and expression of the IL-2 reiwepCD25 (Sevignyet al, 2007). In
this study, ATL313 also reduced expression of tlestomulatory molecule CD40L
(Sevignyet al, 2007) which binds to CD40 on macrophages an@muanction with IFN,
induces their activation (Stowt al, 1996). In addition, stimulation of the;AAR in
activated CDA T cells inhibits IL-4 and IFN production (Naganumet al, 2006; Lappas

et al, 2006). Another small subset of T cells more ndgerecognised to be regulated by
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the AAAR is formed by the invariant NK (iNKT) cells, salted because they express an
invariant form of the T cell receptor alongside &I markers such as NK1.1 (Has&b
al., 2008, Kronenberg, 2005). Unlike conventional dlls; iNKT cells can be rapidly
activated early in inflammatory responses and predoopious amounts of cytokines
shortly after TCR engagement. iNKT cells functionnnate immunity by recognising self
or foreign lipid antigens presented by APCs viaMiHC1-related molecule called CD1d
(Kronenberg, 2005). iNKT cells also expressAhgAR and activation has been shown
to suppress INKT production of IENinduced by the marine sponge glycolipid
galactoceramide (Lappas$ al, 2006).

The role of the AWAR in regulating inflammatory responses has beemastrated in
severalin vivo models of inflammation and tissue injury and hasrb particularly well
studied in ischaemia reperfusion injury (IRI). Fetample, in rats subjected to IRI, the
A2»AR agonist DWH-146e causes a dramatic reductiotisgue injury that is associated
with reduced neutrophil accumulation and adhesiateaule expression (Okusa al,
2000). Similarly, Dayet al. (2004) found that ischaemic liver injury and ché&me
production were suppressed in mice treated with AZFBE. Meanwhile, AAR-deficient
mice failed to respond to ATL-146E and liver injumas exacerbated compared with wild-
type mice indicating that endogenously producedhasi@e had a protective role (Day
al., 2004). More recently, AAR activation has been shown to be beneficial otquting
against hepatic IRI due to effects on iNKT cellsappaset al. (2006) found that treatment
with ATL146e immediately after reperfusion resulted reduced injury compared to
untreated mice. A similar reduced response wasrebd in RAG-1-deficient mice which
lack mature lymphocytes and in mice treated withibadies against either NK1.1 to
deplete NK cells or CD1d to block iNKT cell actii@t. Meanwhile, liver injury in RAG-
1-deficient mice following IRl could be reconstidt to wild-type levels by adoptive
transfer of NK1.1 cells from wild-type mice. These findings suggésthat iNKT cells
play a critical role in mediating IRI. Adoptiveatisfer of NK cells from As-deficient
mice was also able to reconstitute liver injuryRAG-1-deficient mice but IRI could not
be attenuated by ATL146e indicating that ATL146eerex its effects by activating
receptors on NKT cells. Similarly, NKI.Icells from IFN-deficient mice could not
reconstitute the response showing that injury wageddent on production of 1INy
NKT cells. Taken together, these finding indicdtat hepatic IRI is initiated by activation
of INKT cells and that activation of the;AAR inhibits this response (Lappasal, 2006).
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1.5 G protein-coupled receptors

G protein-coupled receptors (GPCRs) constitute léingest single family of signalling
receptors, estimated to represent 1 % of the hugranme (Takedat al, 2002; Bockaert
and Pin, 1999). GPCRs are extremely diverse im thections, transducing signals from
a vast array of extracellular stimuli including pdwas of light, ions, odorants, amino acids,
nucleotides, peptides and phospholipids (Kristian2804). GPCRs signal predominantly
via interaction with and activation of heterotrineeG-proteins which in turn modulate the
activity of numerous effector proteins resultingainvide range of physiological responses.
The significance of GPCRs is further demonstratgthe fact that GPCRs represent over
25 % of current drug targets (Overingteinal, 2006).

Phylogenetic analysis has revealed that GPCRs eadivided into five main families,
termed Glutamate, Rhodopsin, Adhesion, Frizzledflaand Secretin (Fredrikssenal,
2003). The Rhodopsin family is by far the largeshily comprising approximately 670
receptors which bind a vast array of ligands iniclgdodorants and small endogenous
agonists like adenosine, histamine and adrenakned(ikssonet al, 2003; Kristiansen,
2004). While overall sequence homology is low ety members of this family, they do
share several conserved sequence motifs. The tBe&aenily is a small family (15
members) that in contrast to the Rhodopsin fanhids significant sequence identity (21 —
67%) between members. These receptors bind pepudsones such as secretin,
glucagon and vasoactive intestinal peptide. Wamg&mbers, the Adhesion family is the
second largest family of GPCRs. These share smgaence similarities with Secretin
receptors but bind extracellular matrix moleculashsas glycosaminoglycan chondroitin
sulphate via their long, diverse N-terminal regiofiagerstrom and Schitth, 2008;
Fredrikssonet al, 2003). The Glutamate family consists of 22 membeade up of
metabotropic glutamate receptoysaminobutyric acid receptors, calcium-sensing astit
receptors (Fredrikssoet al, 2003). Meanwhile, the Frizzled/Taste2 family quises 10
frizzled receptors, one smoothened receptor anth®2 receptors. There is not much
overall similarity between the frizzled/smooth netmes and the taste2 receptors.
However, they do share certain sequence motifsatiganot found in other GPCR families.
Frizzled/smoothened receptors bind Wnt glycoprateind so participate in regulation of
cell fate and proliferation during development whitaste2 receptors are less well
characterised but appear to act as bitter taseptes (Lagerstrom and Schidth, 2008;
Fredrikssoret al, 2003).
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1.5.1 Structure

There is no overall sequence similarity between B®€om different families. However,
they do all share one common feature which is tlesgnce of seven stretches of 25-35
amino acids that are mostly hydrophobic in natufdiese regions are predicted to form
alpha helices in the plasma membrane to give GP@R# characteristic seven-
transmembrane configuration (Ulloa-Aguieal, 1999). Of the five families described
above, GPCRs of the Rhodopsin family have been mebtstudied. Until recently, the
only crystal structure information available foryaBPCR came from studies on rhodopsin
and this was used to predict a general structuradeainfor other GPCRs (Gether, 2000;
Baldwin, 1993). However, rhodopsin is unique am@®@CRs in that it constitutively
binds its ligand, 1Tisretinal, via a covalent interaction which maintathe receptor in a
stable conformation (Filipekt al, 2003). All other GPCRs bind diffusible ligandsda
exist in much more flexible conformations. Therefahe recent solving of structures for
the 3, adrenergic receptoBfAR) has been an important step in allowing moreaitksd
analysis of structural features that may be comgseamongst GPCRs in general (Cherezov
et al, 2007; Rosenbauset al, 2007; Rasmusseat al, 2007).

All GPCR structures obtained so far conform to aegal model where the seven
hydrophobic regions identified by sequence analigsis severn-helical transmembrane
domains (TM I-VII; figure 1.5). These are linked/ kalternating intracellular and
extracellular loops of varying lengths which extead either side of the membrane
(Bockaert and Pin, 1999). The transmembrane d@maim a barrel shape orientated
perpendicular to the membrane with the helicesliighacked on the intracellular side but
more openly arranged on the extracellular sideotenfa binding pocket (Ungeat al,
1997). The barrel conformation is stabilised bymewus hydrogen bonds and
hydrophobic interactions, mostly between residuégchvare highly conserved between
GPCRs. The majority of Rhodopsin family recept¢r2 %) have an E/DRY triplet
sequence within TM Il (Kobilka and Deupi, 2007n rhodopsin, Glu134 and Arg135 on
TM Il interact via a salt bridge while Arg135 alsateracts with Thr251 and Glu247 on
TM VI. This is thought to stabilise rhodopsin in @active conformation and prevent
constitutive activity in the absence of light, whis essential for vision (Palczewskial,
2000). In theB,AR, although the corresponding residues (Aspl30t8igTyrl32) are
present, they do not form the same electrostatérantions in the crystal structure and the
transmembrane helices are arranged in a more apdormation (Rosenbauet al, 2007,
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Figure 1.5 Schematic representation of a family A G protein-coupled

receptor

Seven transmembrane domains form a barrel shapeeirplasma membrane. These
domains are linked by alternating intracellular axtracellular loops. The N-terminus is
on the extracellular side of the membrane and &fyiccontains sites foN-linked
glycosylation. Meanwhile the C-terminus is intdadar and usually contains several
serine and threonine residues representing sitgshfusphorylation by kinases involved in
desensitisation. This region is also the site miéractions between GPCRs and an
increasing number of proteins reported to modufaRCR signalling. (Figure from
Kristiansen, 2004)
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Rasmussemet al, 2007; Cherezoet al, 2007). This is proposed to reflect the abilify o
the B2AR to isomerise between active and inactive coné&tions leading to constitutive
activity in the absence of agonist (Audet and BeyvR008; Rosenbaumt al, 2007).
Another difference between the crystal structureshodopsin and th@,AR lies in the
second extracellular loop. In rhodopsin, this Idolos deep into the rhodopsin molecule
in contact with 1lleisretinal and restricts access to the binding podkemn the
extracellular side (Filipelkt al, 2003). However, in thB,AR, the loop forms ai-helix

on the periphery of the receptor which appears dostabilised by disulphide bonds
therefore leaving the binding pocket exposed andessible to diffusible ligands
(Cherezowet al, 2007). The N- and C- terminal domains of GPCRy wonsiderably in
size and sequence. Most GPCRs contain consenssad@iN-linked glycosylation (N-X-
S/T) in their extracellular N-terminal regions. €ltole of glycosylation is unclear but may
be important for correct folding and trafficking psevention of glycosylation has been
found to reduce cell-surface expression of some REP@Iloa-Aguirreet al, 1999). The
C-terminus is intracellular and alongside the othdracellular portions of GPCRs is
important for G protein recognition and activatiomhe C-terminal tails of most GPCRs
contain several Ser/Thr residues representing patesites for phosphorylation by kinases
involved in desensitisation but this region is alse site of interactions between GPCRs
and an increasing number of proteins reported tdutade GPCR signalling (Kristiansen,
2004; Hall and Lefkowitz, 2002).

1.5.2 Receptor activation

Activation of GPCRs is a dynamic process. In apdiiied model, receptors exist in
equilibrium between an inactive state and an acsitage that differ in their ability to
activate G proteins (Samane al, 1993). In the absence of agonist, the recepor i
maintained mostly in the inactive state by intraecolar interactions between the
transmembrane domains. Agonist binding stabilisesactive state in which the receptor
is able to interact with G proteins and initiatemthstream signalling (Maudslest al,
2005). However, it is now known that GPCRs carstedi multiple conformations and
distinct states of activation that are influencedtbe binding of ligands with different
efficacies (Kobilka and Deupi, 2007).

Activation of the receptor initiates a change imfoomation resulting from disruption of
interhelical interactions including those mediabgydhe E/DRY motif. This causes TM llI

and TM VI to move apart and exposes key sitestiadellular loops 2 and 3 that allow the
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receptor to interact with G proteins (Wess, 199lfgpdJAguirre et al, 1999; Bhattacharya
et al, 2008). The activated receptor acts as a guaniokeotide exchange factor for the
associated G protein, catalysing the exchange ofP Gbr GTP. The activated
heterotrimeric G protein dissociates intocasubunit and @y dimer which independently

activate downstream effector proteins (Ulloa-Ageet al, 1999; figure 1.6).
1.5.3 G proteins

G-proteins are composed of three subunits termdtiandy. The alpha subunit contains
two domains, a GTPase domain which binds and hysesl GTP to GDP, and a helical
domain that buries GTP within the core of the gro{@loel et al, 1993). They subunits
form a single functional unit which associates watthydrophobic pocket in the GDP-
bound form of then subunit. On GTP binding, the hydrophobic poclsetost andBy
dissociates (Lambrighdt al, 1996).

G proteins can be divided into four groups basedeamuence similarities between their

subunits and the distinct sets of downstream effeptoteins with which they interact

(Cabrera-Verat al, 2003, Neveet al, 2002). Active @g subunits classically stimulate,

while Gaj, subunits inhibit, adenylyl cyclase (AC) activityereby altering intracellular
levels of cAMP. Elevation of intracellular levetsf cAMP results in activation of
downstream effector proteins such as PKA, exchangeins directly activated by cAMP
(Epacs) and cyclic nucleotide-gated ion channeka{® and Brunton, 2002; figure 1.6).
Gagz11 subunits activate different PIBasoforms leading to the generation of the second
messengers inositol-1,4,5-trisphosphatg)(énd snl,2-diacylglycerol (DAG; Neves al,
2002; Wess, 1998). Thedg/3 subunits have been found to interact with a nunaber
effector proteins, the most well-characterised ¢pagnanine nucleotide exchange factors
for the RhoA family of monomeric small G proteite(ly et al, 2007).

Freefy subunits generated on dissociation of the aatigebunit also have important roles
in downstream signalling with the ability to intetawith a large number of effectors
including PL@, AC, G protein-coupled receptor kinase (GRK) 2nponents of MAPK
pathways and Gaand K channels (Cabrera-Vest al, 2003). Some of these targets are
shared bya subunits and3y subunits can have effects that are either syrargms
opposing to the activity of tha subunit (Wess, 1998). Free subunits also have the

ability to modulateBy activity. This is because the structure of flgesubunit is not altered
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Figure 1.6 Classical G-protein-dependent signalling
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Agonist binding to the receptor initiates a confatimnal change that allows the receptor
to interact with G proteins. The activated recejpttis as a guanine nucleotide exchange
factor for the associated G protein, catalysing éxehange of GDP for GTP. The
activated heterotrimeric G protein dissociates iatoa subunit and gy dimer which
independently activate downstream effector protei@g activates adenylyl cyclase (AC)
resulting in an elevation in the intracellular lesveof cAMP which then activates
downstream effectors PKA, exchange proteins dyeattivated by cAMP (Epacs) and
cyclic nucleotide-gated ion channels. MeanwhileefBy subunits have the ability to
interact with a large number of effectors includiPgC3, AC and components of MAPK

pathways. (Adapted from Piereeal, 2002)



Gillian R Milne, 2008 Chapter 1, 55

on dissociation from active GTP-bouwdmeaning that following GTP hydrolysis, free
GDP-bounda subunits can bind and reform the original inactivieneric G protein
(Cabrera-Vereet al, 2003; Wess, 1998). Hydrolysis of GTP to GDP hg @ subunit
marks termination of the GPCR activation cycle endegulated by regulator of G-protein
signalling (RGS) proteins. These proteins act d$&%e activating proteins for the
subunit promoting the hydrolysis of GTP and acegleg the deactivation of the pathway
(De Vrieset al, 2000).

1.5.4 Regulation

Many mechanisms have evolved to regulate GPCR I§iggna One of the best-studied is
the phenomenon of receptor desensitisation whiatrusial in protecting the cell from
over-stimulation. The process of desensitisatiesults in the dampening of receptor
responsiveness despite the continued presenceoanfsag Desensitisation is mediated by
several different mechanisms including phosphaoigtatof receptors resulting in
uncoupling from G proteins, sequestration of reweptby internalisation, receptor
degradation and downregulation of receptor geneesspn (Kristiansen, 2004; Ferguson,
2001). The importance of this process is demotestran diseases involving mutations in
genes encoding proteins which regulate desensiiisat For example, patients with
Oguchi’'s disease suffer night blindness and retofedeneration as a result of over-
stimulation of rhodopsin (Métayét al, 2005). Desensitisation may be described as
homologous or heterologous. Homologous desensitisds initiated on binding of
agonist to a receptor and results in dampeningigiialling from the same receptor.
Meanwhile during heterologous desensitisation, egactivation of one receptor leads to
dampening of signalling from other unrelated recepeven if they are not occupied by
agonist (Kellyet al, 2008; Piercet al, 2002).

1.5.4.1 Phosphorylation

Typically, agonist stimulation leads to rapid desgsation (seconds to minutes) as a result
of receptor phosphorylation. This is mediated lmthbsecond messenger-dependent
kinases, such as PKC and PKA, and a distinct faofilgeven G protein-coupled receptor
kinases (GRKs). Phosphorylation mediated by PKCP&A results in the direct
uncoupling of receptors from their respective G t@ro Meanwhile, GRK
phosphorylation promotes the binding of cytosohdibitory proteins called arrestins,

which sterically inhibit further interactions betere the receptor and the G protein and
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therefore terminate downstream signalling (Krissiam 2004; Krupnick and Benovic,
1998; figure 1.7).

1.5.4.1.1 G protein-coupled receptor kinases (GRKS)
GRKs mediate a very general mechanism of deseatsitisthat is homologous in nature

owing to the fact that GRKs selectively phosphdgylagonist-occupied receptors. There
are seven GRK family members, termed GRK1-7. GRHA 7 are primarily expressed in
the retina where they regulate the opsin light pems while GRK4 is mainly found in the
testis. GRKs 2, 3, 5 and 6 however, are widelyresged and phosphorylate a wide range
of receptors with overlapping preferences (Prenamaot Gainetdinov, 2007). GRK family
members share a common functional domain structute an N-terminal substrate
recognition domain, a central catalytic domain, ar@terminal domain that is involved in
membrane targeting (Ferguson, 2001). Followingpéear stimulation, GRKs 1, 2 and 3
are translocated to the plasma membrane while GRE&sand 6 are found primarily at the
membrane even in the absence of agonist. GRKs tondctivated receptors and
phosphorylate specific serine and threonine residu¢heir cytoplasmic regions (Premont
et al, 1995). In the case of tfleAR, GRK1, GRK2 and GRKS5 phosphorylate sites in the
C-terminal tail of the receptor (Premoeit al, 1994) while the M muscarinic receptor,
which has a short C-terminal tail, is phosphorydat® residues in its third intracellular
loop (Nakateet al, 1994). A specific consensus sequence for phoglation by GRKs
has not been defined. However, in studies usimghsyic peptides, GRK1, GRK2 and by
extension GRK3 have been found to preferentiallpspihorylate serine and threonine

residues present in an acidic environment (Onatd, 1991; Benoviet al, 1990).

GRK-mediated phosphorylation in itself has littfeeet on receptor function but it triggers
the desensitisation process by increasing theigffof the receptor for arrestin proteins.
There are four arrestin family members. Visual atwhe arrestin are expressed
exclusively in the retina whil@-arrestin 1 and3-arrestin 2 are ubiquitously expressed
(Luttrell and Lefokowitz, 2002). Arrestins bind tegions of GRK-phosphorylated

receptors involved in G-protein coupling therebydméng desensitisation by sterically
blocking interactions with G proteins. In additjahe B-arrestins further contribute to

desensitisation by facilitating agonist-induceceintalisation as described below (Luttrell
and Lefokowitz, 2002).
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Figure 1.7 The role of GRKs and p-arrestin in desensitisation and

internalisation

Following agonist-stimulation, GPCRs undergo a oamfational change which allows
them to act as a guanine nucleotide exchange fémt@ proteins. The activated GPCR
is recognised by members of the G protein-couptéegptor kinase (GRK) family which
phosphorylate the receptor at specific sites onintracellular loops and C-terminal tail.
GRK phosphorylation promotes the binding of cytasahhibitory proteins called
arrestins, which sterically inhibit further intetens between the receptor and the G
protein and therefore terminate downstream sigmalli B-arrestins also mediate
internalisation of the receptor by interacting withmponents of the endocytic machinery
required for formation of clathrin-coated pits, luding the heavy chain of clathrin itself
and the clathrin adapter protein AP-2. Newly fodwesicles are pinched off from the
plasma membrane by the GTPase dynamin to form entks Receptors may be
dephosphorylated by phosphatases present in endssand recycled back to the cell
surface or they may be targeted to lysosomes fgradiation. (Figure from Piere al,
2002)
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1.5.4.1.2 2" messenger dependent kinases
GPCR stimulation results in elevation of cellulavdls of second messengers such as

cAMP and DAG which activate the second messengeemtient kinases PKA and PKC
respectively. PKA and PKC have the potential toogphorylate a multitude of
downstream targets but they can also feedback hospporylate GPCRs to regulate their
activity in either a homologous or heterologous n&an For example, in response to
agonist treatment, thB,AR is phosphorylated by PKA on serine262 within RKA
consensus sequence RRSSKYuanet al, 1994; Clarket al, 1989). This sequence is in
the third intracellular loop of the receptor adjicéo sites required for coupling tosG
(O’Dowd et al, 1988; Stradeet al, 1987) and so it is likely that desensitisatioows as

a result of phosphorylation inhibiting the recef®protein interaction. Phosphorylation
of the B,AR by PKA appears to occur independently of GRK-ratd phosphorylation
(Vaughanet al, 2006) and is believed to be an important mechammsdesensitisation at
low agonist concentrations when GRK activity is lowhosphorylation at the PKA site
occurs at low agonist concentrations §£€ 20-40 pM epinephrine) because only small
changes in CAMP are required to activate PKA whit®sphorylation by GRKs requires
higher concentrations (Eg= 200 nM epinephrine) as receptors must be occuyfieh et
al., 2004). Interestingly, phosphorylation by PKA rmotly results in desensitisation by
uncoupling the receptor from sGit also increases receptor affinity for;, Ghereby
converting the stimulatory effect on AC to an intoby one. In addition, coupling to;G
allows activation of the ERK pathway that does ewtur through G indicating a role for
receptor phosphorylation in initiating new signadlievents (Daakat al, 1997). Several
other receptors have been reported to undergo siésation in response to
phosphorylation by PKC. For example, desensibsabf the a,,AR is regulated by
phosphorylation by PKC on serine 360 in the thiridacellular loop of the receptor (Liang
et al, 2002) while in the case of thee,gAR (Diviani et al, 1997) and the type 1A
angiotensin Il receptor (Tangt al, 1998), phosphorylation of serine residues in @Ghe

terminal tail is required for PKC-mediated deseasaiton.

Other serine/threonine kinases implicated in thgulegion of GPCR activity are casein
kinase &r (CK1a) and casein kinase 2 (CK2). Agonist mediated phosylation of the
third intracellular loop of the Ecoupled muscarinic Macetylcholine receptor is at least in
part mediated by CKdi (Budd et al, 2001, Tobinet al, 1997). The functional

significance of CKiti-mediated phosphorylation on receptor activity hbsen
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demonstrated. Mactivation of the ERK pathway is compromised in@Eklls expressing
either a mutant Mreceptor lacking the third intracellular loop ordaminant negative
mutant of CKIx (Budd et al, 2001). CKo phosphorylates serine residues within
consensus sequences commonly found in GPCRs imdjcabtential for regulating
phosphorylation of GPCRs in general (Tobin, 2002LK2 has also been shown to
phosphorylate the Mreceptor. This has no effect on internalisatiérthe receptor or
agonist-mediated ERK activation but does affect Jkinase MAPK activation
demonstrating that phosphorylation by differentasies can modulate receptor signalling

in different cell types (Torrecillat al, 2007).

1.5.4.2 Internalisation

Following agonist-stimulation, many receptors uggelinternalisation into endocytic
vesicles. This contributes to desensitisation diyugstering receptors away from the cell
surface but also promotes receptor resensitisétiimugh dephosphorylation and recycling
to the plasma membrane (Ferguson, 2001). Thevbelstcharacterised mechanism of
internalisation involveg-arrestin-mediated targeting of receptors to clathoated pits
(Luttrell and Lefkowitz, 2002, Ferguson, 2001; figu.7). This is facilitated by the ability
of B-arrestins to interact with components of the egtiocmachinery required for
formation of clathrin-coated pits, including thealig chain of clathrin itself and the
clathrin adapter protein AP-2 (Luttrell and Lefkazyi2002; Clainget al, 2002). Newly
formed vesicles are pinched off from the plasma brame by the GTPase dynamin to
form endosomes. Receptors may be dephosphorylayeghosphatases present in
endosomes and recycled back to the cell surfatieegrmay be targeted to lysosomes and
degraded (Luttrell and Lefkowitz, 2002; Claiegal, 2002).

An alternative mechanism for receptor internal@atappears to involve cholesterol-rich
plasma membrane structures called caveolae (CHlirade 2002). It is not entirely clear
how receptors are targeted for internalisation éyeolae but numerous GPCRs, probably
due to their palmitoylated nature, have been faonake localised to caveolae including the
M, muscarinic receptor (Feroet al, 1997), thep,-adrenergic receptor (Duprest al,
1993) and the endothelin ETeceptor (Teixeirat al, 1999). Furthermore, agents which
disrupt the structure of caveolae have been shawnhibit internalisation of receptors
such as the Eglendothelin receptor (Okamogd al, 2000).
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1.5.5 GPCR-interacting proteins

Classically, signalling by GPCRs relies on theiiligbto interact with heterotrimeric G
proteins. However, this is a very simplistic modsl GPCRs are able to interact with a
large number of proteins other than G proteinstaekinases and arrestins which mediate
desensitisation and internalisation (Bockaral, 2004; Heuss and Gerber, 2000). Many
GPCRs have specific sequence motifs in their Citaaltails or in their third intracellular
loop which enable interactions with proteins whiblave particular protein-protein
interaction domains within their structures (Kistsen, 2004; Heuss and Gerber, 2000).
For example, PDZ domains (named after their disgoue postsynaptic density protein
(PSD) 95, the Drosophila septate junction proteiscB®large, and the epithelial tight
junction protein 2-1) which bind specifically to short sequencethatvery C-terminus of
target proteins (Sheng and Sala, 2001). Otheepr®interact via Src homology 2 (SH2),
SH3 or enabled Vasp homology domains (EVD) or axuited by arrestins. Proteins
recruited to the GPCR in this manner may directliidte alternative signalling pathways
independently of G proteins and/or may act as adapt scaffold proteins which allow
recruitment and spatial organisation of additiosighalling components to improve the
specificity and efficiency of downstream signallifBockaertet al, 2004; Hall and
Lefkowitz, 2002; Heuss and Gerber, 2000).

1.55.1 PDZ

A clear example of a GPCR-binding protein whichmotes efficient signalling through
scaffolding interactions is the large cytoplasmiotein INAD which interacts with
Drosophila rhodopsin (Xuet al, 1998; Chevesiclet al, 1997). INAD has five PDZ
domains, two of which mediate binding to rhodopsinile the other three are involved in
interactions with a number of proteins required ¥mual signalling inDrosphila (Xu et
al., 1998). Light activation of rhodopsin results Ga-mediated stimulation of PLE
which results in elevation of intracellular calcidevels, activation of PKC and opening of
calcium-regulated transient receptor potential (JBffannels (Tsunoda and Zuker, 1999).
INAD has been found to interact with most of thenpomnents of this signalling pathway
including PL@, PKC and TRP thereby creating a highly organisednsducisome” to
allow extremely rapid signalling (Tsunodat al, 1997). The importance of these
interactions has been demonstrated uBiresophilamutants lacking functional INAD. In
INAD-null cells, TRP, PLE and PKC are mislocalised and photoreceptors hesfeynd
signalling defects, only responding to the highegt! of stimuli (Tsunodat al, 1997).
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In addition to scaffolding roles, the associatidnsome PDZ-containing proteins with
GPCRs has been shown to regulate the nature of dmam signalling events. For
example, agonist-induced association of fa&R with the Nd/H" exchanger regulatory
factor (NHERF) 1 confers the ability to positivelggulate renal N#H" exchange by
Na'/H* exchanger 3 (NHE3; Hakt al, 1998). Normally, activation of asGoupled
receptor such as tH®AR would not be expected to have this effect aseimsing CAMP
usually leads to PKA-mediated association of NHER#H NHE3 which inhibits its
activity (Weinman and Shenolikar, 1993). The stary effect of the3,AR on NHE3
function can be blocked by mutating the final residh the receptor so that it cannot bind
NHERF1. Therefore, it is proposed that the ageindticed association of NHERF1 with
B2AR displaces NHERF1 from NHE3 and removes its iitbrg effect leading to an
increase in NHE3 activity (Hadét al, 1998).

The closely-related NHERF2 has been found to meeulawnstream signalling from the
parathyroid hormone (PTH1) receptor. NHERF2 interyasimultaneously with the
parathyroid hormone 1 (PTH1) receptor and Bliirough two separate PDZ domains
(Mahonet al, 2002). The PTH1 receptor can couple tp G and G although in most
cells, signalling occurs predominantly throughaation of AC (Abou-Samrat al, 1992).
When the PTH1 receptor is expressed in cells lachNRERF, signalling occurs almost
exclusively through AC (Mahoret al, 2002). However, when wild-type PTH1 and
NHERF are coexpressed, only small increases in cAlPobserved following receptor
stimulation and signalling occurs predominantlyotigh activation of PLC. This response
can be reversed and AC signalling partially restoog treatment with pertussis toxin
indicating that NHERF binding acts like a molecutavitch to promote PTH1 receptor
signalling through Grather than EMahonet al, 2002; Weinmart al, 2006). NHERF2
also plays a scaffolding role not dissimilar to INAy bringing the PTH1 receptor and
PLCB into close proximity thereby promoting more eféict signalling through GMahon

et al, 2002).

1.5.5.2 Non-PDZ

While PDZ-containing proteins bind predominantly ttee sequences at the very C-
terminus of GPCRs, other proteins bind to sequemcesher regions of the receptor tail.
Certain proteins have been found to bind via tB&l2 domains to phosphorylated tyrosine
residues in the tail of GPCRs to enable organisatiosignalling complexes in a manner

similar to that seen for growth factor receptorsl(tét al, 1999). This is believed to be
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the underlying mechanism by which stimulation &f #ngiotensin Il ATa receptor results

in activation of the JAK/STAT pathway which is otivise generally regarded as a
cytokine/growth factor-regulated pathway (Godestyal, 2007; Marreroet al, 1998).
JAK?2 associates with the Adreceptor via a specific phosphorylated YIPP matithe C-
terminal tail of the receptor (Alet al, 1997) but since JAK2 does not contain an SH2
domain, it was not clear initially how this was msted. It is now apparent that this
association depends upon the SH2 domain-contapioigin SHP2 which appears to act
as an adaptor for JAK2 (Godeatal.2007, Marrercet al, 1998). JAK2 then recruits and
phosphorylates STAT1 leading to activation of tA&KBTAT pathway (Aliet al, 2000).

Another class of proteins which interacts with gitemylated motifs in target proteins is
the 14-3-3 family which comprises seven isoformaef3, €, y, n, o, T and{ (Fuet al,
2000). Numerous biological activities have bednhatted to 14-3-3 proteins including
cell signalling, regulation of cell cycle progressi intracellular trafficking and
transcription (Aitken, 2006). Many of these fuocs involve the regulation of
interactions between proteins with 14-3-3 protedften acting as scaffold or adapter
proteins (Tzivionet al, 2001). This is facilitated by the fact that 18-roteins exist as
dimers and so can bind to two interaction partserailtaneously (Jonest al, 1995). 14-
3-3 proteins bind to proteins containing phosplraiad serine residues within either R-S-
X-pS-X-P or R-X¢-X-pS-X-P motifs (Yaffeet al, 1997; Muslinet al, 1996) although
some interacting proteins do not contain these esemps indicating that other modes of
binding do occur (Aitkeret al, 2006). There are several reports of 14-3-3 prste
interacting with GPCRs with varying functional ceqgsences. For example, 14-8-3
interacts with thg3;AR with effects on regulation of cardiac repolatisa by the voltage-
gated potassium channel Kv11.1 (Tugbral, 2006). This was found to occur in a PKA-
dependent manner and required the presence of KiofPosphorylation motifs in the
third intracellular loop and tail of the recepteuggesting that 14-3edinds at these sites.
The functional effects of this interaction were arstrated by co-transfecting Kv11.1 and
14-3-F in the presence or absence of fAR. It was found that in cells lacking the
B1AR, Kv11.1 bound to 14-3€3 an interaction which enhances Kv11.1 activity Kiaet
al., 2002), while coexpression of tifgAR disrupted this interaction. It was therefore
proposed thaf3;AR competing for 14-3-8 binding represents a novel mechanism by
which thef;AR regulates the Kv11.1 channel (Tutdral, 2006). In further examples of
14-3-3 proteins interacting with GPCRs, 144348 reported to bind to the;,a, 0 and
02cARs (Prezeaet al, 1999) and to the thromboxaned Bnd THB receptors (Yamt al,
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2006). This is proposed to facilitate Ras-mediatetivation of the ERK pathway owing
to the ability of 14-3-3 proteins to bind and amdthe activation of Raf (Tzivioet al,
1998; Luoet al, 1996). This is discussed further in Section 3.3.

1.5.5.3 Arrestins

More generalised scaffold formation is mediatedabestins which do not require specific
motifs in order to interact with GPCRs. Followiagonist activation, most GPCRs are
phosphorylated by GRKs which leads to receptor @agson with 3 arrestins and
uncoupling from G proteins (Ferguson, 2001). Indlion to interactions with proteins
involved in receptor endocytosis during desengitisa3 arrestins also bind a variety of
other proteins such as Src family tyrosine kinasescomponents of MAPK pathways and
recruit them to agonist-occupied receptors (Lutaed Lefkowitz, 2002). For example,
agonist stimulation of th@,AR promotes its association with Src \Baarrestin 1. As a
consequence of binding farrestin 1, Src is activated resulting in Ras-delpat ERK
signalling (Luttrell et al, 1999). pB-arrestins further influence MAPK signalling by
scaffolding together the appropriate kinases of ERK and JNK MAPK pathways to
allow specificity in signalling (Reiter and Lefkotzj 2006).

B-arrestins have also been found to bind to membéthe phosphodiesterase (PDE)
family which degrade cAMP (Permgt al, 2002). Following agonist stimulation of the
B2AR, the PDE isoform PDE4DS5 is translocated to teeeptor concomitantly witlf3-
arrestin 1 off3-arrestin 2. By this means, arrestins not only pleimsignalling from the
receptor to AC, they also increase the rate of cANHgradation, thereby reducing
activation of PKA at the plasma membrane (Petryal, 2002). Phosphorylation of the
B.AR by membrane-localised PKA switches G proteinptioig of the receptor from &Go

Gi leading to activation of the ERK pathway (Daadtaal, 1997). The importance @
arrestin-mediated recruitment of PDE4D5 to the peaein regulating this switch has been
demonstrated using a dominant negative form of HEEEWhich cannot bing-arrestins.
Overexpression of this construct in HEK 293 cedlsulted in enhanced agonist-induced
phosphorylation of th@,AR and a marked potentiation in ERK activation (Baiet al,
2003).

Other important binding partners of arrestins dre tibiquitin E3 ligases Mdm2 and
Nedd4, which have been shown to have distinct rolesgulating intracellular trafficking
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of the B,AR. B-arrestin 2 is ubiquitinated by Mdm2 and this mmaifion is required for

rapid agonist-induced internalisation of tBeAR (Shenoyet al, 2001). Meanwhile,

recruitment of Nedd4 to thH&AR via -arrestin 2 facilitates ubiquitination of the retmp

and is required for targeting receptors to lysosoee degradation following long-term
stimulation (Shenowgt al, 2008).

1.6 The A2xAR

In common with the other AR subtypes, thesAR assumes a protein structure typical of
GPCRs with TM5, 6 and 7 forming a hydrophobic packkere adenosine binds (Kiat
al., 1995). The recent solving of the crystal struetof the AsAR in complex with high
affinity anatagonist ZM241385 has revealed thatetkieacellular loops of the receptor are
arranged in a different manner to those of the iptesly characterise@1AR, B2AR and
rhodopsin (Jaakolat al, 2008). In particular, a network of disulphidédges contributes
to the formation of a rigid open structure that@sgs the ligand-binding cavity to solvent.
ZM241385 binds within this cavity in an extendemzhformation perpendicular to the
membrane in quite a different manner to ligandhefBARs and rhodopsin (Jaakadaal,
2008). Another finding from this study was thateaghth helical segment known as helix
8 which is found in the cytoplasmic tail of the eptor is stabilised by interactions with
helix 1. Many GPCRs are palmitoylated in this oegi(Kristiansen, 2004) and in
rhodopsin, helix 8 is stabilised via interactionghwvthe plasma membrane (Moenehal,
1994). However, this cannot occur in the casde® AR as it does not contain sites for

palmitoylation (Palmer and Stiles, 1995).

In common with other GPCRs, the; AR has the conserved DRY sequence which is
believed to be important for G protein activatioregent in its second intracellular loop
(Palmer and Stiles, 1995). Two N-linked glycosglatconsensus sequences are present in
the second extracellular loop of all adenosine pews (Palmer and Stiles, 1995). In the
case of the AAR, immunoblotting analysis suggests that only ohéhese sites is used
(Palmeret al, 1992). The significance of this modification usclear but it does not
appear to be important for ligand binding as intiwbi of N-linked glycosylation has been
shown to have no effect on the agonist bindingattaristics of the AAR (Pierseret al,
1994). Structurally, the AAR differs most noticeably from other adenosinespors in

its size. While the genes for human, M.z and A receptors encode proteins of 326
(Libert et al, 1992), 328 (Piercet al, 1992) and 318 residues respectively (Salvagbre
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al.,, 1993), the AWAR is 412 amino acids long, the additional 84-94iremmacids of its
sequence constituting an extended C-terminal Raitflonget al, 1992; figure 1.8, figure
1.9).

The A»AR, like many GPCRs can form dimeric or possibligoineric complexes and
studies using cell-surface biotinylation and oftpnes and fluorescence resonance energy
transfer (FRET) have indicated that homodimers tr&ayhe predominant form on the cell
surface (Canal®t al, 2004). In addition, the AAR has also been found to form
heterodimers with the /AR and the dopamine Dreceptor in striatal tissues (Fredhaodmn

al., 2007). The interaction of the,/AR with the AAR is thought to allow different
signalling responses depending on the concentratioradenosine present. At low
concentrations, the high-affinity ;AR is activated preferentially leading to decreaises
levels of cCAMP while at higher concentrations, 818AR is activated and levels of cCAMP
rise (Schiffmannet al, 2007). Meanwhile, the interaction of theAR with the
dopamine DR receptor is antagonistic with, AAR agonists such as CGS21680 reducing the
affinity of the D, receptor binding site (Fwet al, 2005).

1.6.1.1 G protein coupling

The region of the AAR responsible for G protein coupling has not bigly described.
Studies in other GPCRs indicate that several differegions may be important for
interactions with G proteins, particularly regiomsintracellular loops 2 and 3 and the
membrane proximal portion of the C-terminal tail €88, 1997; Ulloa-Aguirrest al,
1999). The importance of the third intracelluleop of the AsAR in mediating coupling
to Gs has been shown in a study using a series of chicndagA.a receptors. Olah (1997)
found that replacement of the third intracellularop of the canine AAR with
corresponding sequences from the humaARA drastically reduced agonist-stimulated
activation of AC. Through the use of more resticthimaeras, a stretch of 15 amino
acids in the N-terminal portion of intracellulaol® 3 and in particular Lys219 and Glu212
were identified as being important for coupling@e(Figure 1.8). Similar examination of
the second intracellular loop revealed that Glyah#l Thr119 at the junction of this loop
and TMIV were required for &eoupling.  However, since individual substitutioos
substitution with alanine residues had no effectA@h activation, it was suggested that
these residues play a role in directing proteinf@onation to allow interaction with G
proteins rather than directly activating. G Importantly, none of the more restricted

chimaeras or individual mutations used in this gtiudly mimicked the effect of
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Figure 1.8 Schematic representation of the membrane topology of the

canine A>x AR

The A»AR has an extended C-terminal tail. Serine andahine residues representing
potential phosphorylation sites are marked by &st®r The last ~100 amino acids of the
receptor appear to be dispensable for agonist fgnds protein coupling and agonist-
induced desensitisation. However, several proteires reported to interact with the
A2AAR in this region. (Figure adapted from Palmer &ttks, 1997)
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I CL1
A2 AAR_HUVAN MPI MGSSVYI TVELAI AVLAI LGNVLVCOWAVWLNSNLQNVTNYFVVSLAA 50
A2AR_CAN MSTMGSW/YI TVELAI AVLAI LGNVLVCOWAVWLNSNLQNVTNYFVWWSLAA 50
*. R I Sk S b O I I I I O R R Sk S I Ok I
A2AR_HUNAN ADI AVGVLAI PFAI TI STGFCAACHGCLFI ACFVLVLTQSSI FSLLAI Al 100
A2AR_CAN ADI AVGVLAI PFAI TI STGFCAACHNCLFFACFVLVLTQSSI FSLLAI Al 100
*************************. ***: EIE IR I Ik Ok S I O O I S O
| CL2
A2AR_HUNAN DRYI Al RI PLRYNGLVTGTRAKG | Al CW/LSFAI GLTPMLGWNNCGQPK 150
A2AR_CAN DRYI Al RI PLRYNGLVTGTRAKG | AVCW/LSFAI GLTPMLGAWNNCSQPK 150
**************************: *******************. * k% %
A2AR_HUNAN EGKNHSQGCGECQVACL FEDVVPMNYMVYFNFFACVLVPLLLMLGVYLRI 200
A2AR_CAN EGRNYSQGCCGECQVACL FEDVVPMNYMWVYYNFFAFVLVPLLLMLGVYLRI 200
**: *: ************************: *kkkk *khkkkkkkkhkkikikkikkikkk%k
| CL3
A2AR_HUMAN FLAARRQLKQVESQPL PGERARSTLQKEVHAAKSLAI | VGLFALCW.PLH 250
A2AR_CAN FLAARRQLKQVESQPL PGERARSTLQKEVHAAKSLAI | VGLFALCW.PLH 250
kkkkkhkhkhkkhkkhkhkhkhkhkhkhkhkhkhkhkhhkhkhkhkhkkhkhkhkhkhkhkhkhkkkkkhkikhkikhkkikkkkkk*%
A2AR_HUNVAN I I NCFTFFCPDCSHAPLW.MYLAI VLSHTNSVVNPFI YAYRI REFROTFR 300
A2AR_CAN I I NCFTFFCPECSHAPLW.MYLTI VLSHTNSVVNPFI YAYRI REFRQTFR 300
**********: ***********: kkkkhkkhkhkhkkhkkkkkhkkhkhkhkhkkhkkhkhkhkkhkhkhkhkhk
A2AR_HUNVAN Kl I RSHVL RQQEPFKAAGT SARVL AAHGSDGEQVSL RLNGHPPGVWANGS 350
A2AR_CAN Kl I RSHVL RRREPFKAGGT SARALAAHGSDGEQ SLRLNGHPPGVWANGS 350
*********: *****. *****. **********: kkkkkkkkkhkikhkkhkkkk%k
A2AR_HUNAN APHPERRPNGYAL GL VSGGSAQESQGNT GLPDVEL L SHELKGVCPEPPGL 400
A2AR_CAN APHPERRPNGYTLGLVSGGE APESHGDMGL PDVEL LSHELKGACPESPGL 400
***********:******* * **:*: **************.***.***
A2AR_HUMAN DDPLAQDGAGVS 412
A2AR_CAN EGPLAQDGAGVS 412

. kkkkkkhkkk*k

Figure 1.9 Sequence alignment of human and canine A;aARS

Sequences defining intracellular loop 1 (ICL1; L8bAl40), ICL2 (1le108-Gly118)
and ICL3 (Leu208-Ala221) as identified in the cafsstructure of the human,fAR

(Jaakoleet al, 2008) are shown in blue. The C-terminal taithedf receptor is shown in
green. Identical residues are marked with an igktevhile (:) denotes a conserved
substitution and (.) denotes a semi-conserved isutbs. Residues with no similarity

are unmarked.
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substituting larger portions of the receptor sugggshat multiple amino acids are likely
to be involved in selective coupling of thes/AR to G;(Olah, 1997).

1.6.1.2 AzxAR signalling

Classically, signalling through the,AAR relies on its coupling to &and stimulation of
AC (Linden, 2001). This results in elevation ofracellular levels of cCAMP which then
activate downstream effectors including PKA, cyatigcleotide-gated ion channels and
exchange proteins directly activated by cAMP (EpaBsavo and Brunton, 2002).
Stimulation of the AnAR also results in activation of the ERK signalliogscade. This
can occur via Gdependent or @Gndependent mechanisms. For example, in CHO cells
heterologously expressing the AR and in PC12 cells, Gstimulation of AC has been
shown to result in PKA-mediated activation of ERK $rc kinases (Klingest al, 2002a).
Meanwhile, in endothelial cells, ERK can be actdaindependently of CAMP elevation
and requires Ras (Sexd al, 1997).

1.6.1.3 Regulation of the A2AAR

1.6.1.3.1Desensitisation
The AsAR has been shown to undergo rapid functional degssation after short-term

agonist treatment in a variety of cell types whetpress endogenous receptors including
rat aortic vascular smooth muscle cells (Anand&tavaet al, 1989), NG108-15
neuroblastoma glioma hybrid cells (Mundell and Kelly, 1998), hsi@r smooth muscle
DDT; MF-2 cells (Ramkumaet al, 1991) and the PC12 rat adrenal tumour cell line
(Chernet al, 1993).

This effect and the various mechanisms responbidne been further characterised using
CHO cells stably expressing the canings/®R. In these cells, short-term exposure to
agonist (30 minutes) resulted in a rapid reductionsubsequent agonist-induced AC
activation (Palmeet al, 1994). This was associated with receptor phagdtcon and
reduced coupling to & However, this effect could not be mimicked bgatment with
forskolin or PMA indicating that phosphorylation BRKA or PKC was not responsible.
Long-term agonist treatment (24 hours) producedraparable reduction in AC activity
but much slower recovery and this was associatéd neceptor downregulation (Palmer
al., 1994). The structural requirements for desessitn of the AAAR have been

examined using mutated forms of the caningAR expressed in CHO cells (Palmer and
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Stiles, 1997). Palmer and Stiles (1997) found thatcation of the receptor removing 95
amino acids from the C-terminal tail did not inhiblesensitisation. In fact the mutant
receptor desensitised faster than the wild-typenf¢F. Palmer; personal communication).
This was surprising as numerous serine and threamisidues are present in this region
representing potential sites for phosphorylationrdgulatory kinases. Truncation of other
GPCRs such as tlegAR (Lattionet al, 1994) and th@,AR (Bouvieret al, 1988) which
have relatively long C-terminal tails rich in sexiand threonine residues abolishes agonist-
induced receptor phosphorylation and desensitisatiblowever, an AAR mutant in
which two residues in the membrane proximal regbithe C-terminal tail (Thr298 and
Ser305) were replaced with alanine residues fadezkhibit any significant desensitisation
response (Palmer and Stiles, 1997, figure 1.8).ne@ion of receptors with single
mutations at these residues revealed that shont-desensitisation of the,AAR relies on
the presence of the threonine residue at positeé Zhe mutant receptor lacking Thr298
also failed to undergo agonist-induced phosphapfasuggesting that phosphorylation of
this single residue may be required for short-tdesensitisation of the AAR (Palmeret

al., 1997).

Because elevation of CAMP through stimulation of A@h forskolin does not induce
desensitisation of the AAR (Palmeret al, 1994), it is unlikely that PKA is responsible
for agonist-induced phosphorylation and desensitisaf the receptor. This indicates the
involvement of a GRK, a theory which has been itigaged further using NG108-15 cells
which express endogenous,ARs and GRK2 (Mundelet al, 1997). Following short-
term agonist treatment, the, MR desensitised in these cells in a similar manadhat
observed in CHO cells. However, on introductioraahutant GRK2 (Lys220Arg) which
lacks kinase activity, this response was signifisaneduced. In a subsequent study,
suppression of GRK2 expression using anti-senseAcBNealed that this effect was due
specifically to loss of GRK2 activity rather thaffeets on other GRKs present in these
cells, indicating that GRK2 is at least partly m@sgpible for mediating short-term
desensitisation of natively expresseghARs (Mundellet al, 1999).

1.6.1.3.2 Role of the C-terminal tail
In comparison to other adenosine receptors andRGR% in general, the,AAR has an

unusually long C-terminal tail (Zezula and Freism®008). However, the functional
significance of this is not clear. As discussedva) truncation of the tail has no effect on
agonist-induced phosphorylation and desensitisatfdhe receptor. Similarly, it has been



Gillian R Milne, 2008 Chapter 1, 70

found that the agonist-binding properties of a mutanine AsAR in which the last 102
residues have been replaced with a hexahistidigeesee are comparable to those of the
wild-type receptor (Piersert al, 1994). The C-terminal tail also appears to be
dispensable for G protein coupling and stimulata@inAC (Palmer and Stiles, 1997).
However, it does appear to be important for comsté receptor signalling as truncated
forms exhibit a reduced ability to activate AC hetabsence of agonist (Klinget al,
2002b). The difference in AC activation betweerdvtype and truncated receptors only
occurred in intact cells and so it was proposettti@higher levels of constitutive activity
observed for the wild-type receptor were depenadenan additional as yet unidentified
factor which bound to the receptor tail (Klingdral, 2002b).

The presence of 12 serine and threonine residudsnwhe C-terminal tail of the AAR
suggests that phosphorylation in this region mayni@ortant for regulation of receptor
activity (figure 1.8). Agonist-induced phosphotyba of the AAAR is associated with its
desensitisation (Palmet al, 1994). However, the canine/MR has also been shown to
undergo PKC-mediated phosphorylation in responsé®MA treatment or following
stimulation of endogenous receptors which actiRK€ (Palmer and Stiles, 1999). The
canine ApAR contains three consensus PKC phosphorylationesexs within the C-
terminal tail (Thr298, Ser320 and Ser335, figur8).1l. However, a mutant receptor in
which these sites were disrupted displayed levels basal and PMA-induced
phosphorylation comparable with the wild-type rdoepindicating that although PKC
regulates phosphorylation of the AR, it does not occur at these PKC consensus sites.
Furthermore, PKC-mediated phosphorylation did notuce desensitisation as no
significant changes in the signalling capacity el surface expression of the receptor
were observed following PMA treatment (Palmer anide§ 1999). Thus, the role of
PKC-mediated phosphorylation of the C-terminal ¢dithe A,AR remains undetermined.
One possibility is that phosphorylation regulatke ability of the receptor to bind C-
terminal interacting proteins. Several proteingenbeen reported to bind to the C-terminal
tail of the A»AR as listed in Table 1. These interactions aseulised further in Chapter
4,
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Interacting protein Interaction site on A2aAR Reference

ARNO 291-312 Gsandtnet al, 2005

a-actinin 293-321 Burgueniet al, 2003

Ubiquitin-specific protease 4 | 385-412 MilojevE et al, 2006

(USP4)

TRAX Not determined Suat al, 2006

14-3-% Not determined M. Freissmuth, personal
communication

D,-dopamine receptor Not determined Fexal, 2005

Table 1: C-terminal interaction partners of the A,aAR

ARNO, a-actinin, USP4 and TRAX have been identified agfnrinal interaction partners
of the A AR based on evidence from yeast two-hybrid screand from co-
immunoprecipitation and GST pull-down assays. AhgAR has been found to interact
with the D-dopamine receptor through the use of co-immunadpitation and FRET
analysis, confirming an association that has loegnbpredicted to exist on the basis of

physiological evidence.
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Aims

The finding that levels of inflammatory cytokinesdacomponents of the MB signalling
pathway are upregulated in,/R-deficient mice suggest that one way in which the
A2xAR may limit inflammation is through suppression m-inflammatory signalling
pathways. One of the aims of this study was t@erdehe whether modulation of the
NFkB and JAK/STAT pro-inflammatory signalling pathwayy the AsAR plays a
significant role in suppressing endothelial inflaatian in vivo by examining the levels
and activation status of components of these pathwathe aortae of AAR-deficient

mice.

A second aim of this study was to determine whetherhuman A\AR is regulated by
phosphorylation as has been shown previously fercdmine receptor. This was to be
achieved by identifying stimuli which induce phospjiation of the AsAR and the kinase
responsible. In addition, it was of interest totedeine whether stimuli-induced
phosphorylation of the AAR could have consequences for regulating intevasti
between the AAR and 14-3-8 and TRAX, two proteins which have been identifael

interaction partners of the C-terminal tail of teeeptor.
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2 Materials and methods

2.1 Materials

American Radiolabeled Chemicals, St Louis, MO, USA

3H-ZM241385 (20 Ci/mmol)

Bio-rad Laboratories Ltd, Hemel Hempstead, Hertfordshire, UK

Precision Plus Protein Kaleidoscope Standards

Brandel Inc, Gaithersberg, MD, USA

Glass fibre filters

Cambridge Bioscience Ltd, Cambridge, UK

Cell Biolabs Inc QuickTitre Addenovirus Immunoassaty

GE Healthcare Life Sciences, Amersham, Buckinghamshire, UK

Glutathione-Sepharose, protein G-Sephaid4e] orthophosphate (8500-9120 Ci/mmol)

Inverclyde Biologicals, Bellshill, Lanarkshire, UK

Whatman Protran nitrocellulose membrane

Invitrogen, Paisley, UK

BioSource Mouse Inflammatory Four-Plex kit, Optifme_ipofectamine, Oligofectamine,
Gibco low-phosphate Dulbecco’s modified Eagle’s med(DMEM) with GlutaMax

Lonza, Cambridge, UK

Endothelial basal medium (EBM) plus supplements,HDM Ham’s F-12 medium

May and Baker Ltd, London, UK

Sagatal
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Merck Chemicals Ltd, Nottingham, UK

Novagen GeneJuice

Perkin-Elmer Life Sciences, Waltham, MA, USA

Western Lightning Plus Enhanced chemiluminesceB€a ] substrate

Promega UK Ltd, Southampton, UK

Xba andHindlll restriction enzymes, 1 kb DNA markers

Promocell, Heidelberg, Germany

Human umbilical vein endothelial cells (HUVECS)

Qiagen, Crawley, West Sussex, UK

Proteinase K, Taq DNA polymerase, dNTPs, PCR bufdesolution, Plasmid Maxi Kit

Santa Cruz Biotechnology Inc, Santa cruz, CA, USA

Horseradish peroxidise (HRP)-conjugated bovine-goéit IgG, short interfering RNA
(siRNA)

Sigma-Aldrich, Poole, Dorset, UK

Lipopolysaccharide (LPS) fronischerichia coliO111:B4, endotoxin-free phosphate-
buffered saline (PBS), fetal bovine serum (FBS)lltamine, penicillin/streptomycin
solution, trypsin-EDTA solution, trypsin-EDTA forndothelial cells, IgG-free bovine
serum albumin (BSA), 30% acrylamide/bis-acrylamstdution, HRP-conjugated goat

anti-mouse 1gG, HRP-conjugated goat anti-rabbit IgG
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2.2 Methods

2.2.1 Characterisation of A,nAR-deficient mice

2.2.1.1 Breeding of A;pnAR-deficient mice

All animal experiments, genotyping and cytokineagsswere carried out by Dr Claire
Rutherford (IBLS, University of Glasgow, UK) undiéae Home Office project license PPL
60/3119.

CD-1 mice heterozygous for an inactive allele & #3,AR were produced as described
by Ledentet al. (1997) and were supplied alongside wild-type Cbvite by Charles River
Laboratories, Margate, Kent, UK. Briefly, the wilgbe murine AAAR was cloned and
the coding sequence interrupted by insertion ofrttemycin gene under control of the
phosphoglycerine kinase promoter in the first exbareby replacing the first 102 codons
of the A»AR gene which encode transmembrane segments 1 Tti&resulting construct
was introduced into R1 embryonic stem (ES) cellaltow homologous recombination.
Clones carrying the recombinanb AR were selected for by resistance to G418 and
screened by Southern blotting after digestion Withl using a 2 800-bjccoR1 fragment
complementary to a region spanning the site ofriftse Clumps of recombinant ES cells
were allowed to aggregate with single CD-1 eighlt-stage embryos from which timna
pellucidahad been removed and the resulting embryos wansfgrred into the uteri of
pseudopregnant recipients to generate chimaerie.n@himaeras, when mated with wild-
type CD-1 mice, produced animals heterozygousHerinactive AsAR gene (AsAR™).
On arrival, A2AR™ mice were bred for several generations to generateozygous
animals which were then selected for further bmegdio create a colony of ,AAR-
deficient (AaAR ™) mice.

2.2.1.2 Genotyping of A,aAR-deficient mice

2.2.1.2.1 Extraction of DNA from tail-snips
Mice were confirmed as carriers of the mutant alt#l the A,AR using polymerase chain

reaction (PCR) analysis of DNA extracted from ailps. A 0.3 cm tail-snip was removed
from each animal at the time of death and stored &d°C for future processing. Each
tail-snip was digested by incubation with 300TNES buffer (100 mM Tris, pH 7.5, 200
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mM NaCl, 5mM EDTA, 0.2 % (w/v) sodium dodecyl sufppb (SDS)) and 4Qug
proteinase K at 55C overnight. Once all tissue was digested, }00saturated
(approximately 6 M) NaCl was added and the mixtwas vortexed for 15 seconds.
Insoluble debris was pelleted by centrifugation (D6 g, 5 mins, room temperature (RT))
and the supernatant removed to a fresh microfuge. tDNA was precipitated by addition
of 300l room temperature isopropanol. The mixture wagrdeged again (16 000 g, 5
mins, RT) and the isopropanol supernatant removEide DNA pellet was washed with
300 pl room temperature 70 % (v/v) ethanol and centeflignce more. The ethanol was
decanted and the pellet allowed to dry at room tFatpre before resuspension in @0
TE buffer (10 mM Tris, pH 7.5, 1 mM EDTA).

2.2.1.2.2 Polymerase chain reaction (PCR)
DNA from tail-snips was screened for the preserfcin® wild-type and mutant alleles of

the A»AR in a single PCR assay using the following prisner

A2R3: 5'—CTC CAC CAT GAT GTACACCG -3
Neo R3: 5 —AGG GAA GGG TGA GAA CAG AG -3
A2D3: 5'— CAT GGT TTC GGG AGATGC AG -3’

Primers were designed by Catherine Ledent (Instieit Recherche Interdisciplinaire,
Universite de Bruxelles, Brussels, Belgium) and tsgesised by Thermo Electron
Corporation, Ulm, Germany. A2R3 and A2D3 amplifee@29 bp sequence from the wild-
type A2AR while Neo R3 and A2D3 amplified a 570 bp seqeefmnom the mutant allele.
Reactions were carried out using the Qiagen Taq DidWAymerase system in a total
volume of 26ul containing 1ug of DNA extracted from tail-snips, 5 pmol of egmtimer,
0.2 mM each of dATP, dCTP, dGTP and dTTP, 1 mM MgCh U Taq DNA polymerase
plus Qiagen PCR buffer and Q-solution as recomnmehgethe manufacturer. PCR was
performed using a Progene Techne thermal cyclegranomed to give an initial
denaturation step of @€ for 2 minutes followed by 30 cycles of denatwatat 94°C for
30 seconds, annealing at 56 for 1 minute and elongation at °f2for 30 seconds and

finishing with a final elongation at 7Z for 10 minutes.

PCR products were viewed using agarose gel elduatregis (1.2 % (w/v) agarose) as
described in Section 2.2.6.7.
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2.2.1.3 Bacterial endotoxin-induced septic shock

Endotoxic shock was induced in equal numbers otraatl female wild-type ancLAAR™
mice by intraperitoneal injection of 4Q0 (200 ug) lipopolysaccharide (LPS) in order to
produce an acute vascular inflammatory responseimfiar group of mice were injected
with an equal volume (40Qul) of phosphate-buffered saline (PBS) to give four
experimental groups in total: (i) Wild-type micePBS, (ii) Wild-type mice + LPS, (iii)
A-,AR™ mice + PBS, (iv) A\AR” mice + LPS. Animals were then returned to their
cages and observed closely. After 4 hours, miae wathanised by anaesthetic overdose
via intraperitoneal injection of 0.3 ml Sagatalollbwing confirmation of death, a small
blood sample (approximately 0.5 ml) was taken f@asurement of cytokine levels and
animals were then perfused with PBS through a eesdierted into the left ventricle.
Aortas were dissected out, snap-frozen by immersidiguid nitrogen and stored at — 80

°C until required for preparation of protein samples
2.2.1.4 Measurement of proinflammatory cytokines in serum

Blood collected at time of death was allowed td elmund a cocktail stick by incubating
at room temperature for 1 hour and then°at4vernight. The following day, the clot was
discarded and the remaining serum was transfeaed microfuge tube. Samples were
centrifuged (16 000 g, 13 mins,°’@) and the clear supernatant was collected for

measurement of cytokine levels.

Levels of the proinflammatory cytokines TMNF IL-6, IL-13 and GMCSF in serum
samples were measured using the BioSource Moukamimfatory Four-Plex fluorescent
immunoassay kit according to the manufacturer'drusions. This assay relies on
specific interactions between antibodies conjugatedolystyrene beads and a particular
cytokine in the serum sample. Four different cyiek can be measured simultaneously by
mixing four populations of beads, each displayirfterent antibodies. Each population of
beads is internally dyed with fluorophores to gimdividual spectral properties allowing

them to be distinguished from one another durirgditection process.

Serum samples and standards of known concentratese incubated with beads in a
filter-bottom microplate for 2 hours at room temgtere to allow TNE, IL-6, IL-13 and

GMCSF to bind to the antibodies on the beads. [dws are light sensitive and so all
incubations were carried out in the dark. Aftershiag, biotinylated detector antibodies
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which recognise epitopes on the bound cytokineewelded and incubated for a further
hour at room temperature. Excess biotinylatedbadi was washed away and streptavidin
conjugated to the fluorescent protein, R-phycoenyt{streptavidin-RPE) was added to the
beads and incubated at room temperature for 30tagnuStreptavidin-RPE binds to the
biotinylated antibody which is associated with tygokine-antibody complex on the bead.
After washing, the beads were loaded into a BioS&ouruminex 100 instrument for

analysis. The Luminex 100 monitors both the spépoperties of the beads and the level
of fluorescence associated with RPE to generataralard curve allowing calculation of

the concentration of each cytokine in the sample.
2.2.2 Cell culture and transfections

2.2.2.1 Cell maintenance

Human umbilical vein endothelial cells (HUVECs) wetultured in 150 cfflasks in
endothelial basal media (EBM) supplemented with 2w#) fetal bovine serum, 0.04 %
(v/v) hydrocortisone, 0.1 % (v/v) ascorbate andomebinant growth factors as
recommended by the supplier. Cells were passage@aching 70 to 80 % confluence
(approximately once a week). Because HUVECs arBcphkarly sensitive to trypsin, a
non-standard method of subculturing was employ@dll monolayers were washed twice
with 5 ml warm PBS before addition of endotheliahde trypsin-EDTA solution (5
units/ml porcine trypsin, 1.8 % (w/v) EDTA). Cellwere then incubated at room
temperature for 5 minutes and adherent cells dygddfrom flasks by gentle tapping.
Trypsin was neutralised by addition of fresh mediad cells were pelleted by
centrifugation (200 g, 5 mins, RT). Cell pelleteres resuspended in a volume of media
determined to give a suitable cell density for dmgusing a cytometer (typically 5 ml per
150 cnf flask).

HUVECs were used for experiments between passagasd25. Beyond passage 5,
HUVECs have been found to express altered levetelbfadhesion molecules in response
to proinflammatory stimuli such as TMFand LPS (Mulleret al, 2002). This suggests
that in later passages HUVECs may begin to lose thetability as a model for the
endotheliumn vivo. Cells were therefore discarded at this stage.

Human embryonic kidney 293 (HEK 293) cells were mteined in Dulbecco’s modified
Eagles’s medium (DMEM) and Chinese hamster oval@f and C6 rat glioma cells
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were maintained in Ham’s F-12 medium, each supphi@dewith 10 % (v/v) FBS, 1 %
(v/v) L-glutamine, 100 units/ml penicillin and 10@/ml streptomycin. Cells were
passaged when approximately 80 % confluent usirifigtad trypsin (0.5% (w/v) porcine
trypsin, 0.2 % (w/v) EDTA).

All cells were grown at 3T in a humidified atmosphere containing 5 % (v/Q.C
2.2.2.2 Transient transfection of HEK 293 and CHO cells

HEK 293 or CHO cells were plated in 10 cm dishea density of 8 10 cells dish and
cultured overnight in complete DMEM or Ham’s F-18spectively. The following day,
cells were transfected with plasmids encoding eithiéd-type or truncated forms of the
human AxAR. For each dish, 12g DNA and 40Qul Opti-mem serum-free medium were
mixed in a sterile microfuge tube. In a separateet 18ul of the transfection reagent
Lipofectamine were added directly to 4@0 Opti-mem and mixed thoroughly. The
Lipofectamine/Opti-mem mix was then transferredh® tube containing the DNA, mixed
thoroughly and incubated at room temperature indaek for 20 minutes. During the
incubation, cells were washed once with 5 ml Optismwhich was then replaced with 5.2
ml fresh Opti-mem. The Lipofectamine/DNA mix waseh added dropwise over the
surface of the cells and the plate was rocked geémténsure even distribution. Cells were
incubated for 3 hours at 3. The transfection medium was then replaced naimal
complete medium. Transfection efficiency was assgdy examining cells transfected in
tandem with a plasmid encoding GFP. First, thaltoumber of cells per field was
estimated by counting 5 fields in bright-field ugia 10x objective lens and calculating
the mean. Fluorescent GFP-expressing cells weea ttounted using fluorescent
microscopy and the numbers compared to estimateéheentage of transfected cells.
Transfection was deemed to be successful if theepgsge of fluorescing cells exceeded
50 %.

2.2.2.3 Transient transfection of C6 cells

C6 cells were plated in 6-well dishes at a density3x10° cells/well and cultured
overnight in complete Ham’s F-12 medium. The failog day, cells were fed with fresh
medium 1 hour prior to transfection using the tfacison reagent, GeneJuice. 2@0vell
of Opti-mem and Jug DNA was placed in a sterile microfuge tube ancdedigently.

GeneJuice (7.5U/well) was added directly to the medium in thedulmixed thoroughly
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and incubated at room temperature for 20 minuteShe appropriate volume of
GeneJuice/DNA mixture was then added dropwise tiversurface of cells in complete
medium and plates were rocked gently to ensure distribution. Cells were incubated
for 24 hours at 3. The transfection mixture was then removed apthced with fresh

complete medium.

2.2.2.4 Transfection of HUVECs with short interfering RNA

Target-specific short interfering RNAs (SiRNAs) @ged to knock down PK& and
PKCe and non-targeting control siRNA were introducedoirHUVECs using the
transfection reagent Oligofectamine. HUVECs wdeggal in 6cm dishes and grown until
70 % confluent. For each dish, 50 pmol siRNA wagech with 240ul Optimem in a
sterile microfuge tube. In a separate tube, | 4.®ligofectamine was mixed with 18l
Opti-mem. Following a 5 minute incubation, thegdfiectamine mixture was added to the
tube containing the siRNA and incubated for 20 rteéswat room temperature. Meanwhile,
cells were washed twice with 2 ml Optimem which wasn replaced with 1.5 ml fresh
Optimem. The siRNA/Oligofectamine mix was addedpavise over the surface of the
cells and the dishes were agitated gently to ensuga distribution. Cells were incubated
for 5 hours at 37C and then the serum-free transfection medium wpplemented with
an equal volume of fresh complete medium. Thestesntion was repeated the following
day and cells were used in experiments one day |&#iciency of knock-down by siRNA

was assessed by immunoblotting as described ino&etR.5.

2.2.3 Generation and maintenance of recombinant adenovirus

2.2.3.1 Generation of myc-tagged human A;aAR-expressing adenovirus

Recombinant adenovirus encoding the myc-tagged huAmaAR (myc-hAxAR) was
generated by Dr William Sands (University of GlasgoGlasgow, UK) using the
“AdEasy” system (Heet al, 1997) and has been described previously (Sands 2004).
In brief, the myc-humAAR was first cloned into the shuttle vector, pAddk@MV. The
resultant construct was then linearised by digastiih Pmd and co-transformed intB.
coli BJ5183 cells with the adenoviral backbone plasnpddEasyl. Successful
recombination of pAdEasyl/myc-hAAR was confirmed byPmel digestion and PCR

using myc-hAsAR-specific primers. Recombinants were expandeH.icoli XL1 Blue
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cells and linearised plasmids were transfected HEK 293 cells which acted as a

packaging cell line to allow viral production.

The pAdEasyl plasmid contains an open reading fremseding GFP which is maintained
in the recombinant adenovirus and so viral infectid HEK 293 cells can be detected by
fluorescence microscopy. Six days post-infectidiEK 293 cells were harvested and
disrupted by freeze-thawing to release adenoviarigies. Cleared lysate was used to
infect two 150 crfi tissue culture flasks of 70 % confluent HEK 293isce Following
successful infection, cells were harvested and pmeticles collected as before in order to
infect twenty 150 crhflasks for a large scale preparation.

Recombinant adenovirus encoding GFP alone was Kiddhated by Professor Robert
White (Beatson Institute for Cancer Research, @Gas@K).

2.2.3.2 Large scale preparation of recombinant adenoviruses

Pure high titre stocks of recombinant adenovirugsewaebtained by amplification and
purification with reference to the method describeg Nicklin and Baker (1999).
Confluent 150 crhflasks of low-passage HEK 293 cells were infeatéth either crude
viral extract from previously infected HEK 293 aetr with plaque-purified recombinant
adenovirus at an MOI of 0.1-10 per flask and intceddor 2-6 days at 37C, 5 % (v/v)
CO,. Once the cytopathic effect of the virus had eduse cells to detach from the flasks,
cells were harvested and pelleted by centrifuga(Rs0 g, 10 mins, RT). Pellets were

stored at - 80C, ready for viral harvesting and purification.

Cell pellets from twenty 150 chilasks were defrosted at room temperature andegdoy
resuspension in a total volume of 10 ml room termjpee PBS followed by centrifugation
(250 g, 10 mins, RT). The resultant single pelNas resuspended in 5 ml PBS and cells
were lysed by 5 cycles of freeze/thawing in a dg/methanol bath followed by incubation
with agitation in a 37C water bath. The cell suspension was vortexedroigly for 30
seconds between cycles to encourage cell breakagbe lysate was cleared by
centrifugation (7000 g, 10 mins,°€) and the supernatant containing the adenoviriss wa

collected for further purification.

Adenovirus obtained by the freeze/thawing methodoistaminated with cellular protein

and viral debris which may be cytotoxic when useditro. To obtain a pure preparation,
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the supernatant from the previous step was sepamatea discontinuous CsCI density
gradient. The CsCI gradient was created by unogyl® ml of 1.2 g/ml CsCI solution with
1.5 ml of 1.4 g/ml CsCl solution in a 2495 mm Ultra-Clear centrifuge tube (Beckman).
The crude adenovirus extract was applied to thetape gradient and centrifuged (90 000
g, 1.5 h, 8C) with zero deceleration to produce a translugdnte band between the two
layers of CsCl, representing pure adenovirus. ZLerceleration was selected during the
centrifugation step to prevent disruption of théad¢e band by turbulence during braking.
The adenovirus band was extracted using a syringead@1-gauge needle to puncture the
side of the centrifuge tube and then transferred & ml Slide-A-Lyser dialysis cassette
(Pierce). The extract was dialysed overnight & 4n 600 ml TE buffer (10 mM Tris, pH
7.4, 1 mM EDTA, pH 8.0) with three changes. Thiofeing day, the purified adenovirus
was diluted in an equal volume of sterile storagéen (10 mM Tris, pH 8.0, 100 mM
NacCl, 0.1 % (w/v) BSA, 50 % (v/v) glycerol) and std at — 80 C in 10ul aliquots.

2.2.3.3 Titration of adenoviruses

Purified adenovirus was titred using a Cell Biolabx QuickTitre Adenovirus
Immunoassay Kit according to the manufacturer'dricsions. HEK 293 cells were
seeded in poly-D-lysine-coated 24-well tissue aelfplates and incubated for 1 hour at 37
°C, 5 % (viv) CQ. A series of 10-fold dilutions of the CsCl-puefi adenovirus
preparation was prepared and used to infect the B&Kcells in duplicate. Forty-eight
hours later, cells were fixed using ice-cold methaand then immunostained using a
primary antibody directed against the adenovirgis@h protein, hexon (supplied) and a
secondary horseradish peroxidise (HRP)-conjugatdithaaly which recognises the anti-
hexon antibody (supplied). Binding of the HRP-cmgted antibody was detected by
incubation with a solution of the HRP substratepdnobenzidine (DAB; supplied). DAB
undergoes oxidative polymerisation in the preseoicéiRP to produce a dark brown
precipitate. Adenovirus-infected cells stainediahpand were clearly visible under light
microscopy as discrete brown patches in the cetiatayer. Positively stained cells were
counted in ten fields at a virus dilution that g&+&0 positive cells/field when viewed
using a 10x objective. The mean result was determined and tesealculate the number
of infected cells per ml of the original adenovimpeparation to give a titre value in

infectious units/ml (ifu/ml).
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2.2.3.4 Infection of HUVECs with recombinant adenoviruses

HUVECs were seeded in tissue culture dishes atmaitgethat would produce 70 %
confluence on the following day. This equated te B0’ cells/well in 6-well plates, &

10 cells in 6 cm dishes or810 cells in 10 cm dishes. The next day, cells wefecited
with adenovirus encoding either the humanAR (adA»,AR) or GFP alone (adGFP) at a
level of 30 ifu/cell or as described in figure lags. Cells were incubated for 24 hours and
then infective media was replaced with fresh medixperiments were performed 24

hours later.
2.2.4 Preparation of protein samples for immunoblotting
2.2.4.1 Preparation of aortic extracts

For each snap-frozen aorta to be crushed,;)220% SDS sample buffer (2 % (w/v) SDS,
50 mM Tris, pH 7.5, 10 % (v/v) glycerol, 0.1 mM PMS10 pg/ml soybean trypsin
inhibitor, 10pug/ml benzamidine, 5 mg/ml complete EDTA-free pregeahibitor cocktail
tablet) was crushed to a fine powder using a liquitlogen-cooled mortar and pestle
resting on dry ice. The aorta was added to theéanand crushed together with the 2 %
SDS sample buffer to produce a fine frozen powdEre crushed tissue extract was then
transferred to a chilled microfuge tube, allowedthaw and then sonicated to disperse
aggregated material. Extracts were centrifuged Q@6 g, 15 mins, £C) to separate
soluble protein from cellular lipids and insoluldebris. The soluble supernatant was
transferred to a fresh tube and the centrifuggtimeess was repeated twice more to obtain
a homogenous protein sample which was then froten & °C for analysis by SDS-

polyacrylamide gel electrophoresis (SDS-PAGE).
2.2.4.2 Preparation of extracts from cultured cells

Protein extracts for SDS-PAGE and immunoblottingevprepared from confluent cells
grown in 6-well plates. Cells were first treatesidescribed in figure legends. Reactions
were terminated by placing dishes on ice and wasbells three times in 1 ml ice-cold
PBS prior to solubilisation in 10@ RIPA buffer (50 mM HEPES, pH 7.5, 150 mM NacCl,
1 % (v/v) Triton X-100, 0.5 % (w/v) sodium deoxydate, 0.1 % (w/v) SDS, 10 mM
sodium fluoride, 5 mM EDTA, 10 mM sodium phosphde, mM phenylmethylsulfonyl

fluoride, 10ug/ml benzamidine, 1@g/ml soybean trypsin inhibitor, 5 mg/ml complete
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EDTA-free protease inhibitor cocktail tablet). FOUVEC samples, the volume of RIPA
buffer was reduced to 5@ per well to compensate for the low protein cohtehthese
cells. Samples were incubated on ice for 30 mswte aid solubilisation before
centrifugation (10 000 g, 15 mins;’@) to pellet insoluble debris. Protein concentraibf
supernatants was measured using a bicinchoninic (862 A)-based method as described
below.

2.2.4.3 Determination of protein concentration using the bicinchoninic acid
(BCA) assay

For each experiment, 1@ aliquots of bovine serum albumin (BSA) of known
concentration (ranging from 0 to 2 mg/ml) dissolwedhe appropriate lysis buffer, and 10
pl of each protein sample were added in duplicata @6-well plate. 10l of BCA
reagent (1 % (w/v) 4,4 dicarboxy-2,2 biquinolinesatdium salt, 2% (w/v) sodium
carbonate, 0.16 % (w/v) sodium potassium tartkate % (w/v) sodium hydroxide, 0.95 %
(w/v) sodium hydrogen carbonate, 0.08 % (w/v) copjpig sulphate) was added to each
well and the plate was incubated at room tempegafir 10 minutes before measuring
absorbance at 490 nm using a Dynex MRX-TC Revelatiocroplate reader. Upon
mixing with protein, Cu2+ ions in the BCA reagen¢ aeduced to Cuwhich then reacts
with BCA to produce a colour change from blue topte which is detectable at 490 nm.
The extent of the colour change is directly proposl to the amount of protein in a
sample. The absorbance measurements obtainethdoB$A standards were used to
derive a straight line graph from which the concatidns of the protein samples were
calculated using Dynex Revelation software.

2.2.5 SDS-PAGE and immunoblotting

Equal quantities of protein (30 - 6@ per sample, diluted to a final volume of [dpwere
denatured in an equal volume of 12 % (w/v) SDS darnpffer (12 % (w/v) SDS, 50 mM
Tris, pH 6.8, 10 % (v/v) glycerol, 10 mM dithiotlt@ (DTT), bromophenol blue). Of
this, 25ul samples were fractionated by SDS-PAGE on 10 %)(a¢rylamide resolving
gels (10 % (w/v) acrylamide, 375 mM Tris, pH 8.81 @6 (w/v) SDS) with 4 % (w/v)
acrylamide stacking gels (4 % (w/v) acrylamide, 128 Tris, pH 6.8, 0.1 % (w/v) SDS).
To allow size estimation of immunoreactive protéiands, Biorad Rainbow molecular
weight markers were fractionated alongside proteamples. Electrophoresis was
performed in 1 % (w/v) SDS running buffer (0.1 %\{WSDS, 192 mM glycine, 25 mM
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Tris, pH 8.3) at a constant voltage of 180 V fopaximately 1.5 hours until the dye front

reached the bottom of the gel.

Proteins were electrotransferred from the gel oa Rrotran nitrocellulose membrane (0.2
pum pore size) for 45 min at a constant current di A0A in a transfer buffer containing
192 mM glycine, 25 mM Tris, pH 8.3 and 20 % (v/vetmanol. Membranes were then
blocked for at least 1 hour at room temperaturienimunoblotting buffer (20 mM Tris, pH
7.4, 140 mM NacCl, 0.1 % (v/v) Tween 20, 5 % (w/vilknproteins) prior to incubation
with rotation with primary antibody for either 1 dwmoat room temperature or overnight at
4°C. Antibodies used during this study are listed@able 1. Antibodies were diluted in
either immunoblotting buffer or 5 % (w/v) BSA ini$+buffered saline/1 % (v/v) Tween
20 (TBST; 20 mM Tris, pH 7.4, 140 mM NacCl, 1 % (v/mveen 20). After & 5 minute
washes in TBST, membranes were exposed to the @ horseradish peroxidise-
conjugated secondary antibody diluted 1/1000 in imablotting buffer for 1 hour at room
temperature. Membranes were then washed®% minutes in TBST. Immunoreactive
proteins were visualised using Perkin-Elmer enhdmtemiluminescence (ECL) detection

reagents, according to the manufacturer’s instusti
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Antibody reactivity Supplier Catalogue Dilution
Number

Phospho+#Ba (Ser®?*) (5A5) | Cell Signalling 9246 1:1000
Technology

IkBa (C-21) Santa Cruz Sc-371 1:1000
Biotechnology, Inc.

NFKB p65 (A) Santa Cruz Sc-109 1:400
Biotechnology, Inc.

VCAM-1 R & D Systems AF643 1:1000

ICAM-1 R & D Systems AF796 1:500

Phospho-STAT1 (TyP") Cell Signalling 9171 1:1000
Technology

STAT1 Cell Signalling 9172 1:1000
Technology

Phospho-STAT3 (TyP) (D3A7) | Cell Signalling 9145 1:1000
Technology

STATS3 Cell Signalling 9132 1:1000
Technology

TAP-1 (M-18) Santa Cruz Sc-11465 1:500
Biotechnology, Inc.

Glyceraldehyde-3-phosphate abcam ab9484 1:20 000

dehydrogenase

Phospho-p44/42 MAPK Cell Signalling 9106 1:1000

(Thr®Tyr*®% (E10) Technology

c-myc (9E10) Eurogentec Ascites fluid  1:1000

A,a Adenosine Receptor Cambridge Bioscience PA1-042| 10QD

PKC (A-9) Santa Cruz Sc-17804 1:500
Biotechnology, Inc.

PKCe (22B10) Cell Signalling 2683 1:250
Technology

PKCa Cell Signalling 2056 1:250
Technology

Table 2: Antibodies used for immunoblotting
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2.2.6 Molecular Biology

2.2.6.1 Plasmid DNA constructs

Plasmids encoding the wild-type humagAR (pcDNA3.1/mycHis-hum AWAR) and the
carboxyl terminus-truncated mutant receptors (pcBNAnycHis-hum AsAR 1-311 and
pcDNA3.1/mycHis-hum AWAR 1-360) were constructed by Dr Tim Palmer (Ingétof
Biomedical and Life Sciences, University of Glasgd@lasgow, UK). Briefly, a myc
epitope (EQKLISEEDL) and Hissequences were added to the carboxyl terminukeof t
human AsAR by PCR using pCMV5/human ,AAR as a template. Primers were
designed to amplify the A region while removing the stop codon and introdg@anXbal
site. The resultant PCR product was digested Witidlll and Xba and ligated into
similarly digested pcDNA3.1/mycHisA in-frame and stygam of the myc and His
sequences. Plasmids encoding truncated humafRAmutants were created in the same
way but using different antisense primers designagmove either 101 or 52 amino acids
from the carboxyl terminus to generate pcDNAS3.1l/Higehum A,AR 1-311 and
pcDNA3.1/mycHis-hum AsAR 1-360 respectively.

PGEX-TRAX (Sunet al, 2006) was kindly donated by Dr Yijuang Chern {(jbuse of

Biomedical Sciences, Academia Sinica, Taipei, Tajwa

pGEX-14-3-3 (Ward and Milligan, 2005) was a gift from Professeraeme Milligan

(Institute of Biomedical and Life Sciences, Univgref Glasgow, Glasgow, UK).
2.2.6.2 Bacterial Strains and Media

E. coli XL1 Blue cells were used for the propagation @isphid vectors while recombinant
proteins were expressedin coli BL21 cells. E. coli were grown in sterile Luria-Bertani
broth (LB; 10 g/l bacto-tryptone, 10 g/l NaCl, 3,g/H 7.5) supplemented with ampicillin
(50 pg/ml) where necessary (£8°). LBA™ plates were made by inclusion of 1.5 % (w/v)

agar and stored at°€ until required.
2.2.6.3 Transformation of competent E. coli

Aliquots of E. coli XL1 Blue or BL21 competent bacteria were thawedanand 4Qul

per transformation were immediately transferredhitled microfuge tubes containing 30-
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50 ng DNA. Cells were incubated on ice for 15 nsubefore heat shocking at 42 for
45 seconds. The tubes were immediately returnadetdor 2 minutes. LB (1 ml) was
then added and the cells were incubated with sgakirB7°C for 1 hour. 20Ql of this
mix was plated out on LBB" plates and grown overnight at 3T to allow growth of

bacterial colonies.
2.2.6.4 Preparation of plasmid DNA

DNA was purified from bacterial cultures using tli@iagen Plasmid Maxi kit as
recommended by the manufacturer. An isolated gofoom an agar plate was used to
inoculate 5 ml LB™ and grown for eight hours at 3T with shaking at 200 rpm. This
culture was used to inoculate 250 ml‘"B which was grown for a further 16 hours in the
same conditions. Typically, 5 ml of culture wasawed for preparation of glycerol
stocks. Bacteria were harvested from the remaiouimre by centrifugation (6 000g, 15
mins, £C) and then resuspended in 10 ml Buffer P1 (50 nmig, pH 8.0, 10 mM EDTA,
100pug/ml RNase A). Cells were lysed by addition ofriDBuffer P2 (200 mM NaOH, 1
% (w/v) SDS) and incubation at room temperature Sominutes. The lysates were
neutralised by addition of Buffer P3 (3 M potassiaoetate, pH 5.5), mixed by inversion
and incubated on ice to facilitate precipitation pdtassium dodecyl sulphate, SDS-
denatured proteins, genomic DNA and cellular debfi$he lysate was then cleared by
centrifugation (20 000 g, 10 mins,°€). The supernatant containing soluble plasmid
DNA was applied to a Qiagen-tip 500, pre-equilibcatvith 10 ml Buffer QBT (750 mM
NaCl, 50 mM MOPS, pH 7.0, 15 % (v/v) isopropanall®% (v/v) Triton X-100) and
allowed to enter the resin within the tip by grgvilow. The tip was then washed twice
with 30 ml Buffer QC (1 M NaCl, 50 mM MOPS, pH 7.05 % (v/v) isopropanol) and
DNA was eluted using 15 ml Buffer QF (1.25 M Na&0 mM Tris, pH 8.5, 15 % (v/v)
isopropanol). DNA was precipitated by additionl6f5 ml room temperature isopropanol
and incubation at room temperature for 30 minutdfere being pelleted by centrifugation
(15 000 g, 30 mins, 4C). The DNA pellet was washed with 5 ml room tenapgre
ethanol, centrifuged once more and allowed to girfdr 10 minutes before resuspension
in 500ul sterile TE buffer. DNA concentration was detamed by diluting the preparation
1in 500 in distilled water and measuring absorbaatc260 nm (Bsg), assuming that a 50
pg/ml solution of double-stranded DNA has aps®of 1 unit. Absorbance at 280 nm
(A2s0 was also measured and used to determine DNAypasguming that pure DNA has
an Ags/Azgo ratio of 1.8.
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2.2.6.5 Preparation of glycerol stocks

Glycerol stocks were prepared for long-term storafgplasmid DNA. For each glycerol
stock, 0.7 ml overnight culture was added to 0.3tatile 50 % (v/v) glycerol in a sterile
cryovial. Vials were vortexed vigorously to enswaeen dispersal of glycerol, frozen

rapidly on dry ice and stored at — 8D.
2.2.6.6 Restriction digestion of plasmid DNA

Plasmids encoding wild-type and truncated formsngt-hA»AR were digested using
Hindlll and Xbal. DNA (1pg) was digested in a reaction mixture containirlg ach of
Hindlll and Xbal, 3 ul of Promega Buffer E (6mM Tris, pH 7.5, 6 mM MgCL100 mM
NaCl, 1 mM DTT, pH 7.5) and nuclease-free watea total volume of 1Qul. Reactions
were allowed to proceed for 1.5-3 hours and fragmevere analysed by agarose gel

electrophoresis using 1 % (w/v) agarose gels azitbesl below.
2.2.6.7 Agarose gel electrophoresis

Plasmid DNA and PCR products were analysed by agagel electrophoresis using 1 %
(w/v) and 1.2 % (w/v) gels respectively. Gels werepared by dissolving 0.4 or 0.48 g of
agarose in 40 ml TAE buffer (40 mM Tris, 1 mM EDT4) mM glacial acetic acid) with
heating. Gels were cooled to hand-warm ampdl df 10 mg/ml ethidium bromide solution
was added in order to stain DNA bands for visuaibsaunder UV light. Before loading, 2
pul DNA loading Buffer (0.25 % (w/v) bromophenol blué0 % (w/v) sucrose in TAE
buffer) was added to samples to be analysed. ®sm@re run alongside 1 kb step ladder
markers at 100 V/ 250 mA in TAE buffer for approxtaly 1 hour until the dye front
reached the end of the gel. Bands were detectethigium bromide staining and viewed

using a UV transilluminator.
2.2.6.8 Preparation of GST fusion proteins

A scraping from a glycerol stock &. coli BL21 cells transformed with pGEX plasmid
DNA encoding either GST-14-3t3GST-TRAX or GST alone was used to inoculate 10
ml LBA™. Cells were cultured for 8 hours (GST-TRAX) oreonight (GST and GST-14-
3-31), at 37°C with shaking at 200 rpm. This culture was usethoculate 300 ml LE™

and cells were then grown for approximately 2 hawrsl an OQo of 0.3 was reached,
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indicating that bacteria were growing exponentiallgopropylp-thiogalalactopyranoside
(IPTG) (0.2 - 1 mM) was then added to induce exgogs of recombinant protein and
bacteria were grown for a further 4 hours atG{GST and GST-14-3%3 or overnight at
25° C (GST-TRAX). Bacteria were harvested by cengdtion (6700 g, 15 mins, 4C)

and pellets were stored at — 8D for protein purification the following day.

Pellets containing GST-tagged proteins were deftbsat room temperature and
resuspended in 20 ml lysis buffer (50 mM HEPES,7pH 150 mM NaCl, 5 mM EDTA, 1
% (v/v) Triton X-100). Samples were probe sonidade ice for 6x 20 seconds with 20
second intervals to prevent build-up of heat amitrdaged (27 000 g, 30 mins, °€) to
pellet insoluble material. The cleared lysate waged with 0.3 ml of a 50 % (v/v)
glutathione Sepharose bead suspension in lysigibaifid incubated for 1 hour at@ with
rotation in order to immobilise GST-tagged protednsthe beads. The beads were pelleted
by gentle centrifugation (335 g, 1 min,°€), washed twice in 10 ml PBS and then
transferred to a microfuge tube for a final washLiml PBS. PBS was aspirated from
tubes and beads were resuspended in 0.3 ml 50Wwfyterol in PBS supplemented with
protease inhibitors (0.1 mM PMSF, lg/ml soybean trypsin inhibitor, 1@g/ml

benzamidine) and stored at —Z0.

Concentration of GST-tagged proteins was determimedSDS-PAGE on 10 % (w/v)
polyacrylamide resolving gels as described in $acf.2.5. Proteins were eluted from
beads following a brief spin to allow removal oétglycerol/PBS storage solution. Beads
were resuspended in 20 12 % (w/v) SDS sample buffer and incubated at@5for 1
hour with occasional vortexing. Eluted samplesemeansferred to fresh microfuge tubes
using a Hamilton syringe and then run on gels iralpe with known quantities of BSA
ranging between 0.2 and |&y. To view bands, gels were stained in 0.25 % Yw/v
Coomassie brilliant blue, 10 % (v/v) acetic aci®, % (v/v) methanol for 1 hour and
destained in 10 % (v/v) acetic acid, 10 % (v/v) Imaebl. Gels were scanned and the
densities of bands produced by the BSA standardstla® GST-tagged proteins were
quantitated by densitometry using Non-linear DyramiotalLab software. Results from
the BSA standards were then used to generate @hdtdne graph from which the
concentration of the eluted GST-tagged proteinddcbe calculated.

To track expression and recovery of fusion protelt®0 pul samples were reserved at

different stages of the procedure as describedyurd legends and mixed with an equal
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volume of 12 % (w/v) SDS sample buffer for analybis SDS-PAGE and Coomassie

staining as described above.
2.2.7 GST pull-down assay

HUVECs were seeded in 10 cm dishes and infectetd aatA,AR at 30 ifu/cell as
described in Section 2.2.3.4. Cells were treateddescribed in figure legends and
reactions were terminated by placing dishes orara washing twice with 5 ml ice-cold
PBS. Cells were harvested by scraping into [fi58ull-down lysis buffer (50 mM HEPES,
pH 7.4, 150 mM NaCl, 5 mM EDTA, 1 % (v/v) Triton XB0) supplemented with protease
inhibitors (0.1 mM PMSF, 1Qug/ml soybean trypsin inhibitor, 1j0g/ml benzamidine, 5
mg/ml complete EDTA-free protease inhibitor cocktaablet, 100 uM sodium
orthovanadate) and incubated for 1 hour with rotatat 4 °C to aid solubilisation.
Samples were then centrifuged (20 000 g, 15 mirf§)4o pellet insoluble material and
assessed for protein concentration using a BCAyaasadescribed in Section 2.2.4.3.
Extracts containing equivalent amounts of prot@iraivolume of 68Qul were added to
microfuge tubes containing the appropriate volunheG&T-fusion protein glutathione
Sepharose beads to give |29 of either GST, GST-14-3t3r GST-TRAX. Samples were
then incubated overnight at°€ with rotation to allow protein complexes to fornthe
following day, beads and any associated protein ptexes were pelleted by gentle
centrifugation (600 g, 1 min, 4C) and then washed 3 times in 1 ml ice-cold puikdo
lysis buffer. Bound proteins were eluted by addd@qul 12 % (w/v) SDS sample buffer
and incubating at 68C for 30 minutes, vortexing every 10 minutes. Slasmpvere
transferred to fresh microfuge tubes using a Hamittyringe and analysed by SDS-PAGE

and immunoblotting as described in Section 2.2.5.
2.2.8 Intact cell receptor phosphorylation assay

For characterisation of wild-type,AAR phosphorylation, HUVECs were grown in 6-well
dishes and infected with 30 ifu/cell agdR or adGFP as described in Section 2.2.3.4.
Forty-eight hours post-infection, cells were waskhette with 2 ml/well low-phosphate
DMEM and incubated for 90 min at 3C, 5 % CQ in 0.75 ml of the same media
supplemented with 0.8 mCi/mi’P] orthophosphate in order to label the intracatiyiool

of ATP. Cells were then treated as describedguré legends. Reactions were terminated

by placing dishes on ice and washing twice in icletd®BS. Cells were solubilised by
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scraping into 250ul RIPA buffer supplemented with 100M sodium orthovanadate
followed by rotation at £ C for 1 hour. Samples were cleared of celluldorideby
centrifugation (10 000 g, 15 mins,”@) and 1Qul portions of undiluted supernatants were
assayed for protein content as described in Se&id®.3. For immunoprecipitation of
phosphorylated receptors, extracts containing edgemt amounts of protein in a volume of
180l were added to microfuge tubes containinguB0f a 50 % suspension of protein G-
sepharose beads,ub 9E10 ascites fluid and 1@ 0.2 % (w/v) IgG-free BSA. Extracts
were incubated with beads on a rotating wheel @oménutes at 2C. Immune complexes
conjugated to beads were then recovered by brrefifiegation (10 000 g, 15 secs,’@)
and washed 3 times in 1 ml ice-cold RIPA bufferelléted beads were resuspended in
12% (w/v) SDS sample buffer and complexes wereedlbly vortexing and incubation at
room temperature overnight. The following day, dsawere pelleted by brief
centrifugation (10 000 g, 15 secs, RT) and supantatwvere transferred to fresh microfuge
tubes using a Hamilton syringe. Samples were #ate95 C for 5 minutes to denature
antibody heavy and light chains prior to loadingtori0 % (w/v) polyacrylamide gels for
analysis by SDS-PAGE and autoradiography. Geleweaed under vacuum with heat for

2 hours and exposed to film between 2 intensifgioigens for 2-7 days at -8@.

For analysis of phosphorylation of truncatedsAadenosine receptors, HEK 293, C6
glioma or CHO cells were plated in 10 cm dishesa r@aching 70 % confluence, cells
were transfected with constructs encoding wild-tgpdruncated forms of the ,AAR as
described in Sections 2.2.2.2 and 2.2.2.3. Thewiohg day, each 10 cm dish was split
into 6-well plates in order to minimise variatiam transfection efficiency between wells.
Intact cell phosphorylation assays were carried asitdescribed above with minor
alterations depending on the efficiency of recovefyprotein from different cell types.
HEK 293, CHO and C6 glioma cells were labelled vitd mCi/ml f?P] orthophosphate
rather than 0.8 mCi/ml and were solubilised in 20RIPA buffer rather than 250l

allowing 430ul of each sample to be used in the immunoprecipnaitep.
2.2.9 Saturation binding assay

2.2.9.1 HUVEC membrane preparation

HUVECs were seeded in 10 cm dishes and infectdd ad®, AR or adGFP as described
in Section 2.2.3.4. Forty-eight hours post infctidishes were placed on ice and washed
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3 times with 5 ml ice-cold PBS. Cells were scrapgd 5 ml/dish lysis buffer (10 mM
Hepes, pH 7.5 at RT, 5 mM EDTA) and lysed on icbyp-and-down strokes of a 7 ml
Dounce homogeniser. The homogenate was transfesradchilled centrifuge tube and
membranes were pelleted by centrifugation (14 0A@gmins, 4°C). The membrane
pellet was resuspended in 4QDbinding buffer (50 mM Hepes, pH 6.8 at RT, 10 mM
MgCl,) and subjected to further homogenisation by 2Cangh-down strokes in a 1 ml
Dounce homogeniser. A 5@l sample was removed and stored at — °ZD for
determination of protein concentration at a lagied The membrane preparation was then
diluted to a final volume of 4 ml with binding beff supplemented with 1 U/ml adenosine
deaminase to degrade endogenous adenosine. Thiaetexas homogenised once more

before immediate use in binding assays.
2.2.9.2 3H-ZM241385 saturation binding assay

Binding assays were performed in duplicate in alteblume 250ul containing 150ul
membrane preparation and %0 *H-ZM241385 at final concentrations ranging from
approximately 0.25 nM to 8 nM. Non-specific bingliwas defined in parallel by inclusion
of NECA at a final concentration of 50M. Samples were incubated for 1 hour with
shaking in a 37C water bath to allow binding to reach equilibriurBound radioligand
was isolated by rapid vacuum filtration over 0.3 (¥v) polyethyleneimine solution-
soaked GF/C glass fibre filters using a Brandel lcaftvester. Filters were then washed
three times with 3 ml ice-cold wash buffer (50 mksT 10 mM MgC}, 1 mM EDTA, pH
7.4 at 4°C) supplemented with 0.03 % (w/v) CHAPS detergentntnimise non-specific
binding. Filter discs for each sample were addeddintillation vials containing 5 ml
scintillation fluid and incubated at 4C overnight to reduce chemiluminescence before
scintillation counting. Non-specific counts werebgacted from total counts to give
values for specific binding in dpm which were thplotted against’H-ZM241385
concentration (nM) using GraphPad Prism softwafée data was fitted to a hyperbola
using a non-linear regression equation in ordeteti@rmine the total number of receptors
expressed (B and the equilibrium dissociation constant)(KSamples reserved during
membrane preparation were assayed for protein mbuging a BCA protein assay and the

results used to calculate,&in pmol/mg.
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2.2.10 Statistical analysis

All statistical analyses were carried out using ree-way ANOVA with a Bonferroni
comparisons post test using GraphPad Prism software
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3 Therole of the A,, adenosine receptor in

suppressing vascular inflammation

3.1 Introduction

Inflammation of the vascular endothelium is centoathe development of major diseases
including atherosclerosis. In the earliest stagkesnflammation, endothelial cells are
activated by various stimuli to express adhesiotemes such as VCAM-1, ICAM-1 and
E-selectin which initiate the recruitment of inflamatory cells (Muller, 2002). This is a
critical step in the development of atherosclercsssmacrophage infiltration of the vessel
wall and subsequent foam-cell formation leads te tlevelopment of atherosclerotic
plagues (Glass and Witztum, 2001). Activated emelal cells also elaborate numerous
inflammatory mediators such as IL-6 and IL-1 whedntribute to disease progression in
many ways including by promoting macrophage difiéis¢gion, smooth muscle cell
proliferation, and further cytokine expression (\am@r Thuseret al, 2003). It is important
to study how these events are regulated as thikl ceueal new targets for therapeutic
intervention and allow development of better styee for the treatment of inflammatory

disease.

One way that the body naturally deals with the n§lexcessive inflammation and tissue
damage is through accumulation of extracellulamadime. Adenosine exerts its effects
through stimulation of A Aza, Azg and A receptors, of which the AAR appears to be
most important in mediating anti-inflammatory respes (Linden, 2001). Endothelial
cells are key targets for adenosine as they exjp@bsA, and AgARS. The AAAR has
been reported to be the predominant form in lalgedvessels which is significant in
terms of disease as this is the site of atherastadelesion formation (Feoktistoet al,
2002). Endothlelial cells are also significantguoers of adenosine both directly and via
the sequential dephosphorylation of adenine nudestreleased from damaged cells to
adenosine by the ecto-apyrase CD39 and the ecteatigase CD73, which they express
on their cell surface (Lenncat al, 1998). Gene-targeting studies have shown tlatka

of functional CD39 (Eltzschigt al, 2003) or CD73 (Thompsoet al, 2004) results in
excessive vascular leakage in response to hypdxiehvpoints to the crucial nature of this
pathway and suggests that its defective regulatiay predispose toward diseasenAR
activation therefore potentially represents an irtggd endogenous mechanism for

limiting vascular inflammation.
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Severalin vitro studies have demonstrated the potential for ademosnd signalling
through the AWAR to modulate inflammatory responses in endothebs. For example,
activation of AsARs with the AxAR-selective agonist CGS21680 has been shown to
inhibit phorbol ester-stimulated adhesion of nepltits to porcine aortic endothelial cells
(Felschet al, 1995). In HUVECs stimulated with LPS, TihiFor IL-13, adenosine
inhibited release of the pro-inflammatory cytokinks6é and IL-8 and also reduced
expression of the adhesion molecules VCAM-1 anclEesin which mediate monocyte
adhesion (Boumat al, 1996). A specific role for the AAR in regulating leukocyte
recruitment has been demonstrated in HUVECSs thraulgimoviral-mediated gene transfer.
In these cells, increased presence of thgAR was sufficient to inhibit TN&-induced E-

selectin expression and monocyte adhesion to thetleelium (Sandst al, 2004).

The beneficial effects of signalling through thesAR in vivo have been shown using
animal models of inflammation and disease. Fommpta, in the murine carotid artery
ligation model of arterial inflammation, mice tredtwith the AsAR agonist ATL-146e
displayed significantly reduced neutrophil and moabiage recruitment and expression of
VCAM-1, ICAM-1 and P-selectin and this was assaawith markedly reduced lesion
formation (McPhersoet al, 2001). Furthermore, a physiological role for &g receptor

in in vivo regulation of inflammation has been confirmed tiglowcreation of an A-
deficient mouse strain. When these mice were stdijeo experimentally induced models
of hepatitis and septic shock, it was found thatnelow doses of inflammatory stimuli
which had little effect on wild-type mice causedeamsive inflammation and tissue damage
(Ohta and Sitkovsky, 2001). This was accompaniee@lbvated levels and a prolonged

presence of pro-inflammatory cytokines such as ddRd IFNy and IL-6.

Despite the wealth of evidence regarding the anfkismmatory properties of the,AAR,
the molecular mechanisms behind these effects havdeen well studied. Signalling
through the AxAR produces diverse but consistently anti-inflamomateffects in a wide
range of cell types and disease models suggeshiag there could be a common
mechanism. Despite the complexity of responsdssoe damage and inflammation, the
majority are mediated through activation of onlyfeaw major signalling pathways
including the NikB and JAK/STAT pathways. If the AAR could influence signalling
through these pathways, this would provide an exgilan for its wide range of anti-
inflammatory actions. This case is strengthenedth®y fact that all of the adhesion
molecules and inflammatory mediators that have tstenvn to be affected by adenosine

or A2pAR stimulation have their expression regulated BBl and STAT proteins. In
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addition,in vitro studies have shown that signalling through theAR suppresses NB
(Sandset al, 2004) and JAK/STAT (Sandst al, 2006) pathway activation in cultured
endothelial cells. Whether this is a relevant piiggical mechanism for limiting

inflammationin vivois not known.

A2rAR-deficient mice have been used to demonstratgibiective role of the AAR in
several models of inflammatory disease (Naganemal, 2006; Dayet al, 2004; Ohta
and Sitkovsky, 2001). If the.AAR mediates this effect through suppression okBl&and
JAK/STAT signalling, then it can be hypothesisedttthese signalling pathways will be
hyperactivated in AAR-deficient mice. To determine whether this ig ttase, in this
study, AsAR-deficient mice were subjected to LPS-inducedtisephock to induce
vascular inflammation and then activation of W and JAK/STAT pathways was
compared with wild-type mice by detecting levelsaativated signalling proteins in the
aorta.
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3.2 Results

The lack of a functional AAR has been shown to exacerbate inflammation essliei
damage in several animal models of inflammatorgaie (Naganumet al, 2006; Dayet
al., 2004; Ohta and Sitovsky, 2001). However, thexelittle information available
regarding the molecular mechanisms which produesetheffectan vivo. Two major
pathways involved in the inflammatory responsetheeNKB and JAK/STAT pathways.
Hyperactivation of the NkB and JAK/STAT signalling pathways is found in sele
inflammatory diseases and so they present imporpanéntial targets for the anti-
inflammatory actions of the AAR (Miagkov et al, 1998; Hajraet al, 2000; Gharavet
al., 2007; Schreiberet al, 2002). Specifically, the importance of kK& in the
development of atherosclerosis is indicated byistudsing LDLR™ mice in which the
NFkB pathway was found to be primed for activatioremdothelial cells in atherosclerotic
lesion-prone regions of the aorta (Hagtal, 2000). Stimulation of AARs has been
shown to reduce arterial inflammation and lesionmf@tion in the murine carotid artery
ligation model (McPhersoet al, 2001) but whether this involves suppression @- pr
inflammatory signalling has not been addressedhitmstudy, the physiological role of the
A2AAR in regulating pro-inflammatory signallingn vivo was assessed by measuring

activation of NikB and JAK/STAT signalling in the aortae OMX\R"' mice.

To examine whether the,AAR has an effect on pro-inflammatory signallimgvivo, a
colony of AxAR-deficient mice was created as described prelydliedentet al, 1997).
Carriers of the wild-type and the non-functionaltami A pAR were identified by PCR
analysis of DNA extracted from tail-snips usingape primers. As shown in figure 3.1,
samples from wild-type mice generated a single 2% CR product while samples from
mice homozygous for the mutant allele generatethges570 bp fragment. These mice

were selected for use in subsequent studies.

In order to study inflammatory responses in thes@nee and absence of a functional
A22AR, mice were subjected to an LPS-induced modeseanfsis which has been used
previously to induce acute systemic activation teé tortic endothelium (Hajrat al,
2000). Mice were injected intraperitoneally wiither 200ug LPS or an equal volume of
PBS and then euthanized 4 hours later. Serumslefethe pro-inflammatory cytokines
TNFa, IL-6, IL-1 and GM-CSF were measured (figure 3.2)evels of TNF, IL-6 and
GM-CSF were significantly elevated in wild-type miteated with LPS compared to PBS-
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Figure 3.1 Genotyping of wild-type and A;aAR-deficient mice

CD-1 mice heterozygous for an inactive allele & #8,AR gene were bred to produce a
colony of AxAR-deficient (AAAR™) mice. Genomic DNA extracted from tail-snips was
screened for the presence of wild-type and mut#ietea of the AsAR using PCR
analysis with specific primers. PCR products wssparated on a 1.5 % (w/v) agarose
gel. Fragments representing the wild-type (229 & the mutant AAR (570 bp) are

indicated.
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Figure 3.2 Serum levels of proinflammatory cytokines are enhanced in

As,pnAR-deficient mice treated with LPS

Wild-type (WT) and AAAR” mice were subjected to intraperitoneal injectib2@0 g

LPS or PBS vehicle. Animals were euthanised dfteours and blood was collected for
preparation of serum samples. Levels of specif@nfiammatory cytokines in serum
were measured using a BioSource four-plex fluomrstemunoassay kit and detected
using a Luminex instrument as described in Seci@nl.4. Values were obtained for

40 mice and are represented in the graphs as taefR E.
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treated controls which confirmed the effectivene$sthe LPS administration. This
response was potentiated insAR-deficient mice which also displayed a large @age in
IL-1 following LPS treatment which was not seenwd-type mice. There were no
significant differences in cytokine levels betwewild-type and AsAR-deficient mice
treated with PBS. Thus, LPS-induced pro-inflammatoytokine production is greatly

enhanced in the absence of the AR.

In vitro studies have shown that one mechanism by whiclAtR&R may exert its anti-
inflammatory effects is through suppression of mftammatory signalling pathway
activation. For example, increasing expressiorthef A,AR in C6 glioma cells and
HUVECs has been shown to reducekiBFoinding to target DNA in response to LPS and
TNFa via cell type-specific mechanisms (Saretsal, 2004). In C6 cells, this was
associated with almost complete inhibition WB& phosphorylation and degradation while
in HUVECs, kBa degradation was unaffected but ®-translocation to the nucleus is
severely impaired. A role for the;AR in regulating NikB has also been demonstrated
using AxAR” mice (Lukashewt al, 2004). Following injection with CpG DNA, NdB
DNA-binding activity was found to be enhanced incnaphages derived from,AAR™
compared to those from wild-type mice. This appéanp be due to a greater availability

of active NKKB as levels ofkB phosphorylation and degradation were also inexas

To see whether the absence of a functionglAR potentiates NkB signalling in the
aorta, protein samples were analysed by SDS-PAGEmmunoblotting using phospho-
specific and totaldBa antibodies (figure 3.3). In its inactive statd;k® is found in the
cytoplasm in complex with an inhibitory protein Bugs kBa. In response to stimuli such
as LPS, &kBa is phosphorylated by IKK on Ser32 and Ser36 whiohrks it for
ubiquitination and degradation by the proteasometive NFB is thereby released from
the inhibitory complex and translocates to the auslto modulate transcription (Mercurio
and Manning, 1999). Because phosphorylatiorkB8f &nd its subsequent degradation are
critical regulatory steps in the MB pathway (Karin and Ben-Neriah, 2000),
phosphorylated and total levels &Bl can be used to measure WE-activation. Low
levels of phosphorylateckkBa were detected in both LPS and PBS treated wilé-tyjce
while samples from AAR” mice had greatly elevated levels @B regardless of LPS
treatment. Intriguingly, although phosphorylatmikBa usually leads to its degradation,

total levels of kBa remained constant between different groups of mice
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Figure 3.3 IkBa phosphorylation is increased in A;uAR™ mice

A. Wild-type (WT) and A:AR™ mice were subjected to intraperitoneal injectiér2@0
Hg LPS or PBS vehicle and then euthanised 4 hotes l&rotein extracts were prepared
from aortic tissue and normalised for protein cahteefore fractionation by SDS-PAGE
on 10 % (w/v) polyacrylamide gels. Proteins weransferred to nitrocellulose for
immunoblotting using phospho-specifieBa (plkBa) and total kBa antibodies. B.
Immunoreactive bands were quantitated by densitgmetevels of phosphorylated and
total kBa are shown on the graph as a mean percentage afakinal response S.E.
(n=12).
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Figure 3.3 IkBa phosphorylation is increased in A;uAR™ mice
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In addition to activation status, the relative atamce of NKB subunits could potentially
have an effect on NdB signalling. NKB constitutes a family of structurally related
proteins which form homo- or heterodimers. The/p6B dimer is the predominant form
found in endothelial cells (Read al, 1994) and is of particular interest due to it lia
regulating expression of VCAM-1 (Shet al, 1993) and E-selectin (Read al, 1994)
which are involved in key steps of leukocyte retrngint during inflammatory responses in
the vasculature (Muller, 2002). Levels of p65 iorte extracts were measured by
immunoblotting. However, no significant changesrevebserved in p65 levels in the

aortae of wild-type or &AR™ mice in response to LPS treatment (figure 3.4).

A-,AR™ mice displayed dramatically increased levels ofgphorylated kBa compared
wild-type mice even in the absence of LPS stimafati However, this did not appear to
translate into increased degradationkBd. To determine whether the increaseskiBd
phosphorylation had an effect on downstream targieléF<B, immunoblots were probed
for VCAM-1 and ICAM-1, the expression of which isgkendent upon NB (Schuet al,
1993; Roebuck and Finnegan, 1999). VCAM-1 was lpaidetectable in samples from
PBS treated wild-type or AAR” mice but was strongly induced in response to LPS
treatment (figure 3.5). There was no notable ckffiee in the LPS-induced response
between wild-type and AAR™ mice. Similarly, low levels of ICAM-1 were detedt in
PBS treated wild-type and-AAR” mice while it was strongly upregulated to a simila
extent in both wild-type and AAR” mice treated with LPS (figure 3.6).

In addition to its effects on activation of the RB- pathway, the AAAR has also been
found to influence pro-inflammatory signalling thigh suppression of the JAK/STAT
pathway. In studies using HUVECs, stimulation ofdegenous AARs resulted in
reduced STAT3 phosphorylation in response to lke@tment which was associated with
induction of SOCS3 (Sanad al, 2006). In addition, increasing expression of 3gAR
has been shown to inhibit IL-6 and Ifduced JAK/STAT signalling via ubiquitination
and proteasomal degradation of STAT proteins (Safhl, submitted for publication). To
determine whether inhibition of JAK/STAT signallingy the A AR is a significant
mechanismin vivo, aortae dissected from wild-type anghAR” mice were used to make
protein samples which were then analysed for tlesgarce of active JAK-phosphorylated
STAT proteins using SDS-PAGE and immunoblottingevéls of phosphorylated STATs
were measured as STAT phosphorylation by JAKs sgmts the key hormone-regulated
step in activation of the JAK/STAT pathway and hessatyrosine phosphorylation of
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Figure 3.4 Total levels of the NFKB subunit p65 remain unchanged in A;,AR™

mice subjected to LPS-induced septic shock

A. Wild-type (WT) and AxAR™ mice were subjected to intraperitoneal injectib@@0 ug
LPS or PBS vehicle and then euthanised 4 hours Rtetein extracts were prepared from
aortic tissue and normalised for protein conteribdgefractionation by SDS-PAGE on 10
% (w/v) polyacrylamide gels. Proteins were transf@ to nitrocellulose for
immunoblotting using an antibody directed agairgs.pB. Immunoreactive bands were
guantitated by densitometry. Values are repredemtethe graph as a mean percentage of
the maximal responseS.E. (n=12).
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Figure 3.5 Induction of VCAM-1 is unaffected by A,aAR gene deletion

A. Wild-type (WT) and AxAR™ mice were subjected to intraperitoneal injecti62@0 g
LPS or PBS vehicle and then euthanised 4 hours Ritetein extracts were prepared from
aortic tissue and bnormalised for protein contefote fractionation by SDS-PAGE on 10
% (w/v) polyacrylamide gels. Proteins were transfé to nitrocellulose for
immunoblotting using an antibody directed again§&A-1. B. Immunoreactive bands
were quantitated by densitometry. Values are sgmted on the graph as a mean

percentage of the maximal respoas8.E. (n=12).



Gillian R Milne, 2008 Chapter 3, 107

& $°
(%) () v X v X
SR & <&
A KX &x\’ e
NN LalA o
ICAM-1 | . *
p<0.01
120- p<0.001 —
B I 1
- 1004
3 1
9 80-
E 601
£
3 404 T I
= T 1
S 204
G ] ] ] ]
@) 2 @ o
& SCHINE- VY
R
?g/v v‘q/?“

Figure 3.6 Induction of ICAM-1 is unaffected by A;aAR gene deletion

A. Wild-type (WT) and AxAR”" mice were subjected to intraperitoneal injectiér2@0

Mg LPS or PBS vehicle and then euthanised 4 hotes Rrotein extracts were prepared
from aortic tissue and normalised for protein cahtaefore fractionation by SDS-PAGE
on 10 % (w/v) polyacrylamide gels. Proteins weransferred to nitrocellulose for
immunoblotting using an antibody directed agail@®AM-1. B. Immunoreactive bands
were quantitated by densitometry. Values are smmted on the graph as a mean

percentage of the maximal resporss.E. (n=12).
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STATs is required for STAT dimerisation and tramsiton to the nucleus to allow

transcriptional activity (Shuat al, 1993, Kapteiret al, 1996).

Tyr"*“phosphorylated STAT1 was barely detectable in BBSted wild-type or AAR”
mice but was increased in LPS-treated mice indigatctivation of the JAK/STAT
pathway (figure 3.7 A, top panel). Interestingipe observed increase in STAT1
phosphorylation was significantly greater insAR” mice compared to wild-type mice
(p<0.00% figure 3.7 B). This was not due to changes sndbundance of STAT1 protein
in A,sAR™ samples as total STAT1 levels did not vary sigaifitly between groups of

mice.

Levels of Tyf®phosphorylated STAT3 were also very low in PB%iieel mice but were

elevated in mice injected with LPS (figure 3.8 ép ppanel). While the increase in STAT3
phosphorylation did appear to be greater iRAR™ mice, the difference was not judged to
be statistically significantp@0.05, figure 3.8 B). Total levels of STAT3 remained

unchanged between wild-type anghAR”™ samples.

Since AxAR” mice had increased levels of phosphorylated STédrpared to wild-type
mice when treated with LPS, it was possible thaséhmice would express elevated levels
of STAT1-dependent gene products such as transpafrt@ntigenic peptides 1 (TAP-1).
TAP-1 is part of the TAP complex which transpontigenic peptides generated by the
proteasome into the endoplasmic reticulum andifatgk their loading on to class | MHC
molecules (Owen and Pease, 1999; Needfes, 1993). TAP-1 expression is induced in
response to LPS (Marquésal, 2004) and pro-inflammatory cytokines such asrfatens
and TNFx (Eppersonet al, 1992) and has been shown to be dependent on STAT1
activation in several cell types including endoidletells (Mahboubi and Pober, 2002;
Cramer et al, 2000; Min et al, 1996). To determine whether increased STAT1
phosphorylation in AWAR™ mice had effect on TAP-1 expression, aortic proggimples
were subjected to SDS-PAGE and immunoblotting usim@nti-TAP-1 antibody. TAP-1
was detected in PBS-treated wild-type angdAR” mice representing basal expression.

However, no significant increases were observedsponse to LPS treatment (figure 3.9).
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Figure 3.7 Effect of LPS treatment on STAT1 activation in the aortae of

AspnAR-deficient mice

A. Wild-type (WT) and A:AR™ mice were subjected to intraperitoneal injectiér2@0

Hg LPS or PBS vehicle and then euthanised 4 hotes l&rotein extracts were prepared
from aortic tissue and normalised for protein cahteefore fractionation by SDS-PAGE
on 10 % (w/v) polyacrylamide gels. Proteins weransferred to nitrocellulose for
immunoblotting using antibodies specific for phosptated STAT1 (pSTAT1), total
STAT1 and GAPDH as indicated.B. Immunoreactive bands were quantitated by
densitometry. Levels of phosphorylated and tolABL were normalised to GAPDH to
account for variations in protein loading and dreven on the graph as a mean percentage

of the maximal respongeS.E. (n=12).
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Figure 3.7 Effect of LPS treatment on STAT1 activation in the aortae of

AspnAR-deficient mice
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Figure 3.8 Effect of LPS treatment on STAT3 activation in the aortae of
AzpAR-deficient mice

A. Wild-type (WT) and A:AR™ mice were subjected to intraperitoneal injectiér2@0

Hg LPS or PBS vehicle and then euthanised 4 hotes l&rotein extracts were prepared
from aortic tissue and normalised for protein cahteefore fractionation by SDS-PAGE
on 10 % (w/v) polyacrylamide gels. Proteins weransferred to nitrocellulose for
immunoblotting using antibodies specific for phosptated STAT3 (pSTAT3), total
STAT3 and GAPDH as indicated.B. Immunoreactive bands were quantitated by
densitometry. Levels of phosphorylated and to®AB3 were normalised to GAPDH to
account for variations in protein loading and dreven on the graph as a mean percentage

of the maximal respongeS.E. (n=12).
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Figure 3.8 Effect of LPS treatment on STAT3 activation in the aortae of

As,pnAR-deficient mice
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Figure 3.9 Levels of the STAT1-dependent protein TAP-1 are unchanged in
LPS-challenged A;sAR” mice

A. Wild-type (WT) and AxAR” mice were subjected to intraperitoneal injectiér2@0
Mg LPS or PBS vehicle and then euthanised 4 hotes l&rotein extracts were prepared
from aortic tissue and normalised for protein canteefore fractionation by SDS-PAGE
on 10 % (w/v) polyacrylamide gels. Proteins weransferred to nitrocellulose for
immunoblotting using an antibody directed againaPT1 and GAPDH as indicatedB.
Immunoreactive bands were quantitated by densitymetLevels of TAP-1 were
normalised to GAPDH to account for variations imtpin loading and are shown on the

graph as a mean percentage of the maximal respofde (n=12).
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3.3 Discussion

It is important to understand mechanisms by whicd body regulates inflammatory
responses as excessive and inappropriate inflammatntribute to the pathology of
major diseases including atherosclerosis (Hans2005; Libby, 2002). Studies using
A.rAR-deficient mice have shown that signalling throuthe A»AR represents an
endogenous means of limiting inflammatory responsed tissue damage (Ohta and
Sitkovsky, 2001). However, the mechanisms behimsl ¢ffect are not well understood.
Findings fromin vitro studies indicate that the,AAR could mediate some of its effects
through suppression of the KB (Sandset al, 2004) and JAK/STAT (Sands al, 2006)
pro-inflammatory signalling pathways but whetheastis a significant mechanism vivo

is not known. The aim of this study was to invgaste the molecular mechanisms behind
the anti-inflammatory actions of the;AAR in vivo using AsAR-deficient mice. This
was achieved through examination of Ki~and JAK/STAT pathway activation in the
aortae of ApAR-deficient mice subjected to LPS-induced septinck.

Data presented here show that in mice lacking thé\R, LPS-induced pro-inflammatory
cytokine production is markedly enhanced compaceditd-type mice. Consistent with
this observation, activation of the JAK/STAT patlywa response to LPS was potentiated
in the aortae of these animals as shown by eleVatezls of phosphorylated STAT1.
However, STAT1-dependent gene expression as agdegsketecting levels of TAP-1 was
unaffected. NEKB signalling was also altered in,#AR-deficient mice as shown by
elevated levels ofkB phosphorylation even in the absence of LPS satrarl. However,
total levels of kBa and RelA/P65 were unaffected as was expressiothedfNFB-
dependent gene products VCAM-1 and ICAM-1.

Interruption of the AWAR gene in AsAR-deficient mice was confirmed by PCR as shown
by the increased size of the PCR product represgiite gene with the neomycin cassette
inserted compared to the wild-type gene. Althoagpression of receptor protein was not
measured in the current study, the lack of a foneti AcAAR in AxpAR-deficient mice
created in the same way has been confirmed prdyidusdentet al, 1997). In the
original study characterising -AAR-deficient mice, binding of *H]CGS21680 was
detected in brain slices and membrane preparafiionsthe striatum of wild-type mice but
not those in which the AAR gene had been interrupted, demonstrating adadinding
sites in AsAR-deficient mice (Ledergt al, 1997).
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Although it was found in this study that the presenof a functional /AR was important
for regulation of the NkB and JAK/STAT signalling pathways, it is possibiat other
adenosine receptor subtypes may have been upregulatAnAR-deficient mice and
masked some of the effects of the loss of theAR. For example, the AAR is also
coupled to G and so may be able to compensate for the los®rmok f the AAAR’S
cAMP-mediated effects. Levels of the differentagior subtypes were not examined in
this study. However, in previous studies comparnm@NA expression of A Agg or Ag
receptors in the lympoid organs of;/AR-deficient mice and wild-type mice, no
significant changes were observed (Lukaséesl, 2003). This indicates that loss of the
A2»AR does not affect expression of other adenosireepter subtypes in normal
conditions. However, there is evidence that adeeoeceptors expression is subject to
regulation by cytokines produced during inflammugtoonditions. For example ILBland
TNFa have been found to increase expression of théR in lung epithelial A549 cells,
(Morello et al, 2006), human monocytic THP-1 cells (Kheaal, 2001) and in rat PC12
cells (Trincavelliet al, 2002). Meanwhile, in studies using human micsoudar
endothelial cells, IL-1 and TNFhave been found to increase expression of thé\R
and the AgAR while IFNy also increased expression of thesAR but decreased
expression of the AAR (Khoaet al, 2003). Expression of the;#AR is also upregulated
in macrophages in response to {Fxeatment (Xausgt al, 1999). These studies indicate
that proinflammatory cytokines can alter the ader®seceptor profile of various different
tissues, potentially with different effects in wilgloe and adenosine receptor-deficient
mice. This is likely to have significance in theegent study where levels of these

cytokines were increased following LPS treatment.

In this study, LPS-induced septic shock was used awdel of vascular inflammation.
LPS activates toll-like receptor 4 (TLR4) on madrages and neutrophils to induce an
acute inflammatory response (Bosshart and Heinzet2007; Han and Ulevitch, 2005).
Activation of pro-inflammatory signalling pathways macrophages results in expression
of cytokines and other inflammatory mediators idaohg TNFa, IL-1, IL-6 and GM-CSF
(Murphy et al, 2008). In this study, administration of LPS effeely induced an
inflammatory response as shown by the increaseeldesf these cytokines detected in
serum from LPS-treated mice compared to PBS-treates. In AAAR™ mice, the
increase was significantly greater than in wildeypice indicating that the AAR had a
suppressive role in regulating pro-inflammatoryog&yhe production. This is in agreement

with data from previous studies which showed inseglaserum levels of IL-6 and TN
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LPS-treated AWAR” mice compared to wild-type mice (Ohta and Sitkgys2001). In
furtherin vivo studies, the increases in cytokine production ofeskin ApAR-deficient
mice were found to be due to positive transcriglaegulation as mRNA levels of pro-
inflammatory cytokines were increased in LPS-tréadesAR™ mice compared to wild-
type mice (Lukashewet al, 2004). This effect could be simulated by phamhagical
inactivation of the AAAR in wild-type mice using the AAR-selective antagonist
ZM241385. In contrast, activation of the#AR by injection of the AnAR-selective
agonist CGS21680 resulted in reduced expressigrafnflammatory cytokine mRNA,
providing further evidence that signalling throuthfe A,AR regulates inflammatiom

vivo through suppression of pro-inflammatory cytokineression (Lukashest al, 2004).

To begin to investigate mechanisms potentially easfble for the increased inflammatory
responses seen inAMR-deficient mice, protein samples produced from dlortae of LPS
and PBS-treated wild-type and#AR-deficient mice were examined for the presence of

components of the NdB and JAK/STAT signalling pathways.

In this study, activation of the MB pathway as determined byB phosphorylation was
strikingly upregulated in both PBS and LPS-treatedAR™ mice compared to wild-type
mice suggesting that the;,AAR plays a role in regulating activation of thelpaay even

in the absence of stimuli. A negative regulatdifect of the A AR on NFKB signalling
has been observed previously in macrophages fresAR™ mice (Lukashewet al, 2004)
and has also been demonstraiedsitro in C6 cells where increasing expression of the
A2AAR resulted in a severe reduction kBlphosphorylation in response to Téler LPS
(Sandset al, 2004). The reason for the lack of effect of LBE&atment on KB«
phosphorylation in AAR™ mice is not clear. It could be that the K- pathway is
maximally activated even in basal conditions. Heere this cannot be concluded from
data presented here as although levels of phosipledykBa are clearly elevated in
A2,AR mice, it is not possible to tell what percentajdotal kB levels this represents.
This question could be addressed through the useosflimensional gel electrophoresis to
fractionate protein samples on the basis of chagevell as size. This would allow
separation of phosphorylatedBa from the unphosphorylated form, thereby allowing

guantitation of their relative abundances.

IKK-mediated phosphorylation okBa on Ser32 and Ser36 is generally thought to lead to
its Lys48 polyubiquitination and degradation by greteasome (Karin and Ben-Neriah,
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2000). Surprisingly, despite the dramatic increasaekBa phosphorylation observed here
in A,nA”" mice, there were no differences in total levelskio between different groups
of mice. A possible explanation for this is that A,sAR™ mice, negative feedback
mechanisms are induced or upregulated to compefwatke increased activation of the
NFkB pathway. kBa is itself a target for NKB transcriptional activity (de Martiat al,
1993) and its resynthesis and binding to activBiErIB proteins in the nucleus is a crucial
step in the regulation of NdB signalling (Karin and Ben-Neriah, 2000). In amtc
regulatory loop, newly synthesisekiBla enters the nucleus where it binds tokBFand
removes it from DNA, thereby terminating its tramgtonal activity (Arenzana-Seisdedos
et al, 1997). The NKB/IkB complex is then transported back into the cytpldy the
nuclear protein CRM1 which recognises nuclear expequences orkB (Huanget al,
2000; Johnsoret al, 1999). It is possible that in,AAR” mice, the efficiency of this
pathway is upregulated and that increased degoadafi phosphorylateckB does occur
but is not detected because it is rapidly resymkdsresulting in no net change in

abundance.

Another possible explanation for the apparent laick<Ba degradation is that there is a
defect in the proteasome o #AR™ mice. Alternatively, there could be alterationgtie
activity of the enzymes which mediate ubiquitinataf phosphorylateckBa and target it
for degradation by the proteasome. The E3 ubigdigiase complex which recognises
phosphorylateddBa and promotes its polyubiquitination is regulatgdoost-translational
modification by the ubiquitin-like protein Nedd8Rdet al, 2000). Neddylation of the
cullin-1 subunit of thedB-specific Skpl-cullin-F-Box (SCF) ubiquitin ligase required
for its activity while deneddylation represents aams of regulating N&B activity by
preventing degradation okB (Readet al, 2000). This mechanism has been found to be
activated by adenosine acting througla®Rs and to contribute to the protective effects of
hypoxic preconditioning in mice (Khoust al, 2007). It is possible that in,AAR™ mice,
this protective mechanism is upregulated and nedidyl of cullin-1 is reduced. This

would result in kBa levels remaining constant despite increased plurglation.

Other NKB-induced feedback inhibitors which could be at kvtr prevent inappropriate
activation in AaAR-competent mice include the deubiquitinating pmas CYLD and
A20. CYLD inhibits NKB by reversing the K63-linked ubiquitination of tgam
signalling molecules such as TRAF2 and TRAF6 whghequired for LPS-induced

activation of the IKK complex (Courtois, 2008). CI¥ expression has been found to be
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upregulated in atherosclerotic lesions and its ex@ession in cultured endothelial cells
resulted in inhibition of TN&-induced NKB activation through deubiquitination of
TRAF2 (Takamiet al, 2008). These findings suggest it could plaympdrtant role in
suppressing inflammation in the aorta. A20 wagioally identified as regulator of
TNFa-induced NKB activation with the ability to change the ubigugttion profile of RIP
thereby targeting it for proteasomal degradationitaould also affect activation by LPS
as it has effects on signalling from TLRs througduldiquitination of TRAF2 and IKiK
(Heyninck and Beyaert, 2005).

Despite the observed dysregulationBé phosphorylation in AAR” mice, no changes
were seen in the induction of VCAM-1 and ICAM-1 eagsion in response to LPS,
perhaps reflecting the efficiency of feedback medras induced. However, it is also
possible that increases in VCAM-1 and ICAM-1 expres were not detected due to
increased shedding of the extracellular domainghe$e proteins into the circulation of
A2xAR™ mice. Increased levels of the soluble forms ofAWG1 and ICAM-1 are found
in a number of inflammatory diseases (Gearing amaviNan, 1993). In this study,
VCAM-1 and ICAM-1 were detected in the aorta usamgantibody directed against their
N-terminal extracellular domains which would ndtgaaccount of molecules which have
shed their extracellular domains. Total level¥6fAM-1 and ICAM-1 could be measured
using an antibody directed against their intra¢atldomains or by detecting levels of shed

molecules in serum.

In addition to the NkB pathway, the JAK/STAT pathway is also activateaasponse to
LPS. LPS signalling through TLR4 has not been rnggbto directly activate the
JAK/STAT pathway but rather to rapidly induce e)gmien of interferons in order to
achieve optimal expression of LPS-inducible gei@snfori and Hamilton, 2001). In this
study, STAT1 phosphorylation in response to LP&tinent was elevated in AR
mice compared to wild-type mice. It is tempting dimggest that this might be due to
suppression of STAT1 phosphorylation in wild-typeenby members of the SOCS family
as stimulation of the AAR has been shown to reduce IL-6-induced STAT3
phosphorylation in cultured endothelial cells thgbunduction of SOCS3 (Sands al,
2006). However, SOCS3 mediates this effect on S¥Adtivation by binding to tyrosine-
phosphorylated IL-6 receptors and inhibiting thevéty of associated JAKs (Sasadi al,
1999). Since regulation by SOCS3 is at the levelAK activity, it would be expected
that if SOCSS3 is involved then both STAT1 and STApBosphorylation would be
affected in AxAR” mice. SOCSL1 also inhibits JAK activity (Yasukaetaal, 1999) and
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so can influence phosphorylation of both STAT1 &@8AT3. Since only STAT1
phosphorylation is significantly elevated in#AR™ mice, it seems unlikely that decreased
activity of SOCS1 or SOCS3 is responsible.

Despite increased STAT1 phosphorylation in respotselLPS, STAT1-regulated
expression of TAP-1 was not altered imAR™ mice. However, the significance of this is
not clear as TAP-1 expression was not increasedF8-treated mice. High basal
expression of this protein may have masked chaogesring in response to LPS or it is
possible that although the dose of LPS used wadicismt to elicit STAT1
phosphorylation, it may not have activated the JBKAT pathway strongly enough to
produce detectable effects downstream. Alternigtivie may be that AWAR-mediated
regulation of STAT1-dependent gene expression igetspecific and examining
expression of other STAT1-regulated genes may stileal functional effects of the
absence of the AAR. In order to investigate this possibility, atjets were made during
this study to determine the effects ofsAAR gene deletion on expression of the inducible
form of nitric oxide synthase (iNOS). INOS expiieascan be induced in endothelial cells
in response to combinations of cytokines such &y knd TNFr (Wagneret al, 2002) or

by IFNs and LPS (Koidet al, 2007) through activation of both STAT1 andi¥Fwhich

act synergistically at the INOS promoter (Gansteal, 2001). However, in this study, it
was not possible to assess INOS expression as ipfrlatting using an anti-iNOS
antibody produced multiple bands of approximatbby torrect size. Attempts were made
to obtain clearer results using a second INOS adtildirected against a separate epitope
and through use of different positive controls. wewer, it was still not possible to

confidently identify a single band as iNOS.

Mice lacking the AAAR have been shown previously to express elevaeeld of pro-
inflammatory cytokines and to suffer enhanced gssamage in response to inflammatory
stimuli (Ohta and Sitkovsky, 2001). The model afseular inflammation used in this
study revealed significant perturbations in bothkBFand JAK/STAT signalling in the
aortae of AxAR” mice which could perhaps account for these effelttavas of particular
interest to study pro-inflammatory signalling pattyactivation in the aorta because in a
previous study, the NdB pathway was found to be primed for activatioaiherosclerotic
lesion-prone areas of the aorta in LPS-treated-typg mice (Hajraet al, 2000). If
A2rAR expression in the aorta can regulatekRFactivation then it may play a role in

preventing development of atherosclerosis. HoweWaither analysis of NéB and
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STAT-dependent expression of specific target ganeliding VCAM-1 and ICAM-1
which mediate leukocyte recruitment during athenagés did not reveal any changes in
protein levels in the absence of thesAR. This does not however rule out a role for the
A2AAR in regulating inflammatory events involved irhatosclerosis. Several aspects of
the model used in this study mean that it was wssiple to fully evaluate the effects of
the loss of the AAR on specific events occurring in the endotheliwaring
atherogenesis. For example, LPS induces an aaut®@ Df inflammation while
atherosclerosis is a chronic inflammatory conditidtithough LPS does induce expression
of inflammatory mediators and adhesion moleculedsiel®d to be important in
development of atherosclerosis, the actual sinylaio the disease is not known. In
addition, results presented here are based on samppbduced from whole aortas which
included endothelial cells but also the surroundingpoth muscle layer. TheAR may
have specific effects in the endothelium which arasked by responses occurring in
smooth muscle cells. Similarly, by examining theoke aorta, it was not possible to detect
differences in inflammatory pathway activation aadyet protein expression specifically
in lesion-prone areas of the aorta where regulatmnd be most crucial. This problem
could be addressed by using immunohistochemistrgxtamine NkB and JAK/STAT

pathway activation in particular lesion-prone arefhe intact endothelium.

An additional concern in this study was that simsee were euthanized and organs
harvested 4 hours following LPS-treatment it wady opossible to examine protein
expression in aortic tissue samples at a single fpoint. The NKB and JAK/STAT
pathways are subject to regulation at many stagesugh feedback mechanisms and
through interaction with other signalling pathwaysis likely that many changes occurred
before the 4 hour time point or may have occuragerlif the study had been continued for
longer. However, in order to produce samples fé¢réint time points, it would have been
necessary to use much larger numbers of mice wiwabld have been prohibitively

expensive.

Regardless of the limitations mentioned above, degaented here clearly mark out a role
for the AAAR in modulating pro-inflammatory signalling thrdugthe NKB and
JAK/STAT pathways in the aorta. This not only addsthe collective evidence for a
physiological role for the AAR for limiting inflammationin vivo but more importantly
provides new evidence regarding the mechanismabehis effect. Future studies

vitro should be aimed at further analysis of the roléhefA,AR in regulating NkB and
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JAK/STAT signalling and will hopefully allow ideritcation of specific mechanisms

involved.
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4 Regulation of the A, adenosine receptor by

phosphorylation

4.1 Introduction

The anti-inflammatory and tissue protective effeaftssignalling through the AAR are
well documented (Palmer and Trevethick, 2008; Siky et al, 2004; Sitkovsky, 2003).
Elucidation of the mechanisms behind the benefefi@cts of the AWAR is a current topic
of investigation and progress is being made intileng means by which the AAR may
modulate pro-inflammatory signalling pathways asreglified by findings described in
chapter 3. In contrast, a subject that has naived much attention is how the AR is
regulated at a molecular level. This is of palticunterest since it has become apparent
that in addition to heterotrimeric G proteins anateins involved in desensitisation,
numerous other proteins can interact with the cattalar portions of GPCRs. These
proteins have the potential to regulate the agtioit GPCRs either by directly activating
alternative signalling pathways or by acting aspdol® or scaffolds to recruit proteins with
the potential to modulate G protein-dependent dligigaor initiate G protein-independent
signalling events (Kristiansen, 2004; Hall and laefitz, 2002; Heuss and Gerber, 2000).

The AAAR has an unusually long C-terminal tail in compan to many other GPCRs and
particularly in contrast to other adenosine recep(®22 amino acids in man compared to
only 34 in the C-terminal tail of the;AR; Zezula and Freissmuth, 2008). The presence of
numerous serine and threonine residues in thi®megliggests potential for regulation of
the A,AR by phosphorylation. Indeed, agonist-inducededstgisation of the canine
A2AAR is associated with rapid phosphorylation of teeeptor (Palmeet al, 1994).
Furthermore, studies using the caning /R expressed in C6 glioma cells have shown
that stimulation of protein kinase C (PKC) by pharth2-myristate 13-acetate (PMA) or
endothelin-1 (ET-1) which activates PKC through @gehous EX receptors results in
dramatically increased phosphorylation of tha AR over basal levels (Palmer and Stiles,
1999). Through the use of inhibitors, the invoheshof PKC in mediating this effect has

been confirmed and the PR@oform in particular identified as being partgsponsible.

The role of the extended C-terminal tail of theaAR and the significance of
phosphorylation events in this region has not bdetermined. In fact, it has been
demonstrated that deletion of 95 amino acids frben €-terminus of the canine, /AR
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which removes ten of the twelve potential phospladign sites has no effect on agonist-
induced phosphorylation or desensitisation of teeeptor (Palmer and Stiles, 1997).
Similarly, using truncated forms of the humap.AR it has been shown that the last 95
amino acids of the C-terminal tail are not requifed agonist-stimulated G protein-
coupling and stimulation of adenylyl cyclase (Palmaed Stiles, 1997). In addition, it has
been found that the agonist-binding properties ofugant canine A&AR lacking the last
102 residues are comparable to those of the wpd-teceptor (Piersest al, 1994). Since
truncation of the AWAR appears to have no effect on the classical Biggar regulatory
mechanisms associated with GPCRs, other potewlies for the C-terminal tail must be
considered. A number of proteins have been regpddeanteract with this region of the
A2AAR indicating that it may act as a scaffold forreetment of proteins involved in G
protein-independent signalling pathways (Zezula Brelssmuth, 2008). This theory is
supported by the finding that G-protein independstivation of ERK by the AAR is
dependent on an interaction between the C-ternaadf the A,AR and ARF nucleotide
site opener (ARNO) which is a guanine nucleotidehexge factor for the ADP-
ribosylation factor (ARF) family of monomeric G peins (Gsandtneet al, 2005). The
cytoskeletal proteim-actinin has also been identified as a C-termimatling partner of
the AnAR. This interaction has been found to be impdrthor agonist-mediated
clustering and internalisation of the receptor @afioet al, 2003). Howeverg-actinin
can also interact with components of the ERK cascadggesting an additional role as a
scaffold protein involved in organisation of ERKgsalling (Christersoret al, 1999;
Leinweberet al, 1999). Translin-associated protein X (TRAX) i®ther protein which
binds to the C-terminus of the,AAR with effects on AnAR-mediated signalling that
appear to be both{&nd ERK-independent (Swt al, 2006). TRAX has been shown to
be involved in the ability of the AAR to suppress proliferation of PC12 cells andaest
nerve growth factor (NGF)-induced neuronal diffétaiion that is impaired by p53
inactivation. However, the mechanism by which tisurs is unclear (Swet al, 2006).
Yet another recently identified interaction partérthe A»AR is the deubiquitinating
enzyme ubiquitin-specific protease 4 (USP4). Bigdof USP4 to the C-terminus of the
A2AAR results in deubiquitination of the receptor whis required for its export from the
ER during synthesis (Miloje¥iet al, 2006). Ubiquitination status is, however, also a
important determinant of the fate of endocytosedC&® (Wojcikiewicz, 2004) and so it is
possible that binding of USP4 could have effectstloa rate of receptor recycling

following desensitisation.
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The list of proteins reported to interact with fBeerminal tail of the AWAR is growing
rapidly. Despite the exaggerated length of thigiole compared to other adenosine
receptors, it is unlikely that it is long enough aescommodate binding of numerous
interaction partners simultaneously. Moreover, ARKGsandtneet al, 2005) anda-
actinin (Burgueiicet al, 2003) have been reported to bind in the samejoembrane
portion of the receptor tail. This highlights theed for regulation of binding events and
indeed it has been suggested that phosphorylaticoinro298 which is present in the
binding sites of both ARNO and-actinin may be important for determining which
interactions occur (Zezula and Freissmuth, 20083. mentioned above, there are twelve
potential phosphorylation sites present within @x&erminal tail of the receptor and so it
seems highly likely that phosphorylation eventslddiave consequences for binding of
particular accessory proteins. This could provalemechanism by which different

pathways can interact with the MR to regulate its activity.

The aim of the present study was to identify stirthét induce increased phosphorylation
of the human AWAR and to determine how this affects recruitment Gterminal-
interacting molecules involved in regulating,AR activity and downstream signalling
events. Information currently available in thigais derived from work using the canine
A22AR expressed in C6 glioma, CHO and COS cells (Palnd Stiles, 1999). Although
A2,ARs have fairly high species homology (92% betwéeman and canine), most
differences occur within the C-terminal tail. Rbrs reason, findings from studies using
canine receptors may not reflect mechanisms tlatlage human AARs. In addition,
since C6, CHO and COS cells do not expresgARSs, they may not have the regulatory
mechanisms in place that would be found in cellsressing endogenous receptors. In
order to properly understand how the humapAR is regulated, it is necessary to study
human receptors in human cells that express endagereceptors. Therefore, in the
following experiments receptor phosphorylation heen studied using a myc-tagged

human AxAR expressed in human umbilical vein endothelidsqélUVECS).
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4.2 Results

The myc-tagged human,AAR was introduced to HUVECSs via adenoviral mediajede
transfer using an moi of 30 ifu/cell. Successkpression of the A&AAR was confirmed by
detection of the myc tag of the receptor by immuotting using the 9E10 antibody
(figure 4.1,lower pane). Immunoblotting produced two bands at approxetya50 and 40
kDa in samples from adAAR-infected cells as has been observed previousiyguthe
9E10 antibody to detect the myc-taggeshAR expressed in HUVECs using adenovirus
(Sandset al, 2004). A third band was detected below the 3@ kiarker in both adAAR
and adGFP-infected cells and so was determineck tooln-specific. The 50 kDa band
corresponds to the size of the native AR which has been detected as a 45-46 kDa band
using photoaffinity labelling of the AAR in human striatal membranes €tial, 1992)
and cardiac tissues (Maradaal, 1998). This is likely to represent the fully gbgylated,
full-length form of the receptor. This has beewmesstigated by immunoprecipitating the
A2xAR from cells treated with biotin hydrazide to laloell-surface carbohydrate groups
(T.M. Palmer, unpublished observation). BlottingthwHRP-streptavidin produced a
single band at approximately 50 kDa representirgdiiycosylated receptor. The 40 kDa
band is likely to represent a partially processednf of the A,AR rather than a
degradation product as degradation of thgAR typically involves loss of the C-terminal
tail (Nanoffet al, 1990). The myc tag is at the C-terminus of #eeptor and thus the tall
must be intact to be recognised by 9E10. Furthegtbe 40 kDa band is consistent with
the predicted molecular weight of the deglycosylatceptor and is of a similar size to the
38 kDa bovine striatal AAR detected by photoaffinity labelling following
deglycosylation (Barringtoat al, 1990).

Expression of the myc-tagged.#R was specific to adAAR-infected cells as
recombinant receptor was not detected in adGFFRtiedecells. Stimulation of the
receptor using the selective agonist CGS21680 pextiia time-dependent increase in
ERK phosphorylation indicating that the receptosvianctional (figure 4.1upper panél
ERK phosphorylation in response to CGS216080 was dktected in adGFP-infected
cells but not to the extent seen in agAR-infected cells indicating activation of
endogenous receptors. Saturation binding analysiisy *H-ZM241385 revealed that in
adAcpAR-infected cells, the myc-taggedb MR had a K value of 1.4+ 0.4 nM and was
expressed at a level of &7 pmol/mg protein (figure 4.2). Despite detectodriunctional

endogenous receptors via CGS21680 stimulation ¢ Efosphorylation, noH-
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Figure 4.1 Adenovirus-mediated expression of the human A;,AR in HUVECs

HUVECs were infected with AAR-expressing adenovirus (A) or control adenovirus
expressing GFP alone (G). Cells were incubated WitpM CGS21680 for the times
indicated before preparation of protein extractsxtracts were normalised for protein
content prior to fractionation by SDS-PAGE on 1{Wtv) polyacrylamide gels. Proteins
were transferred to nitrocellulose for immunoblogtiusing a phospho-specific ERK
antibody (pERK) and the 9E10 antibody which recegsithe myc tag of the,fAR.

This is an example of two such experiments. Therigk denotes a non-specific band.
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Figure 4.2 Saturation analysis of *H-ZM241385 binding to the myc-tagged
human A>AAR

HUVECs were infected with AAR-expressing adenovirus before preparation of
membrane extracts for use in saturation bindingyssasing a range of concentrations of
the radiolabelled AAR antagonistH-ZM241385. This is a representative example of

three such experiments.
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ZM241385 binding was observed in adGFP-infectedscel However, this lack of
detectable binding has been found in previous stuti HUVECs (Sandst al, 2004) and
T-cells (Armstronget al, 2001) usingl-ZM241385.

To allow analysis of receptor phosphorylation inokehcells, it was necessary to be able to
isolate the AnAR from other proteins present in whole cell extsacThis was achieved by
immunoprecipitation using the 9E10 antibody whiebagnises the myc tag of thg,AR.
Immunoblotting using an AAR-specific antibody revealed that the,sAR was
successfully immunoprecipitated from agdAR-infected cells but not from control
adGFP-infected cells and only in the presence ef 3810 antibody showing that the
procedure was specific for the myc-taggeghMR (figure 4.3). In addition, recovery of
the receptor was good as immunoprecipitated receptoere detected at levels

proportionally comparable to total input levelsioé A, AR in whole cell lysates.

For initial analysis of receptor phosphorylationUVECs infected with ad&AR or
adGFP were subjected to an intact cell phosphaoylatssay in the presence or absence of
1uM PMA which has been shown to induce phosphorytatbthe canine AAR in C6
cells (Palmer and Stiles, 1999). The phosphorgl&gAR was detected as two bands at
approximately 45-50 kDa and 40 kDa correspondintpécbands detected in immunoblots.
A third band above 50 kDa was also detected in stases but appears to be non-specific
as it is present in lanes when the other bandsa@irdetected and is also faintly detectable

in cells that have not been infected with agiR.

Stimulation with PMA resulted in an increase inagtor phosphorylation over basal levels
in adAsAR-infected cells but not adGFP-infected cells simgwthat it was the
phosphorylated AAR that was being detected specifically (figure 44 PMA
activation of novel and conventional isoforms of®kesults in Raf- mediated activation
of the ERK pathway (Schénwasset al, 1998) in manner that can be either Ras-
dependent (Chiloeches al, 1999) or -independent (Uedaal, 1996). Induction of ERK
phosphorylation by PMA was therefore a useful memda confirm PMA activity as
shown in figure 4.4 Buypper panél The presence of the,/AR in adAsAR-infected
cells but not adGFP-infected cells was confirmedrbsnunoblotting (figure 4.4Blower

pane).

To begin to characterise phosphorylation of theAR, HUVECSs infected with adAAR

were subjected to an intact cell phosphorylaticgagsn the presence of L/
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Figure 4.3 Immunoprecipitation of the A,AAR
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HUVECs were infected with adenovirus expressingniye-tagged AWAR (adAsAR) or
GFP alone (adGFP). Cell extracts were preparecequdlised for protein content before

subjection to an immunoprecipitation protocol ie fhresence or absence of the anti-myc

9E10 antibody as indicated. Immunoprecipitate@péars and total levels of receptors in

cell lysates (Input) were detected using SDS-PAdIBWed by immunoblotting using an

A2rAR-specific antibody.
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Figure 4.4 Specific immunoprecipitation and phosphorylation of the A;pAR
HUVECSs infected with adenovirus expressing the ragged AsAR (adAxAR) or GFP
alone (adGFP) were labelled withP orthophosphate for 90 minutes. Cells were
incubated in the presence or absence pM1PMA for 30 minutes before preparation of
protein extracts. Extracts were equalised for gmot content and used to
immunoprecipitate the AAR using the anti-myc 9E10 antibodyA. The *?P-labelled
AopAR was detected by autoradiography following SDSSEA B. Levels of
phosphorylated ERK (pERK) and totabAR expression were detected by SDS-PAGE
and immunoblotting of protein samples prepared fexperiments carried out in parallel
using unlabelled cells. The 9E10 antibody was usedetect the AAR. Shown are

examples of results from two replicated experiments
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CGS21680, UM PMA, 50 uM forskolin, 10 ng/ml TNi&, 1ug/ml LPS or 5 ng/ml IL-6.
CGS21680 was included as GPCRs in general are pbodated in response to agonist
stimulation as discussed in Section 1.5.4.1. lditemh, CGS21680 has previously been
shown to induce phosphorylation of the caningAR expressed in CHO cells (Palmetr
al., 1994). Forskolin stimulates AC resulting in &Bon of cAMP, thereby mimicking
one of the effects of AAR stimulation and so may have had the potentighdtvate
feedback mechanisms to induce receptor phosphmnylatThe A AR has also been
reported to regulate activation of the ®B-pathway by TNE and LPS (Sandst al,
2004) and the JAK/STAT pathway by IL-6 (Saretsal, 2006; Sahfet al, submitted for
publication). It was therefore of interest to umbé these stimuli as an effect on receptor
phosphorylation could indicate a means of recidroegulation by these pathways. As
shown in figure 4.5, only PMA had a significant exff on Ax,AR phosphorylation,
inducing a 2.5 to 5-fold increase over basal legels 0.001,n = 3). All stimuli were
active as shown by their ability to induce ERK phtomrylation (figure 4.5 Cupper
pane). Moreover, differences in phosphorylation levelsre not due to alterations in
receptor expression as levels of theAR detected by immunoblotting were not affected
by any of the chosen stimuli (figure 4.5 Bwer pane). Thus, the AWAR is strongly
phosphorylated in response to PMA treatment bufailoiwing stimulation with agonist or

any other stimuli tested.

The time-dependence of PMA-induced;pAR phosphorylation was assessed by
performing an intact cell phosphorylation assayhvétAsAR-infected HUVECs treated
with 1uM PMA for different times. As shown in figure 4.phosphorylation was rapid,
being detectable at the first time point tested g&8onds). It reached a maximum at 10
minutes and was sustained at high levels for ait 188 minutes. These results closely
match the values obtained in previous studies usiaganine AWAR (Palmer and Stiles,
1999). However, in contrast to the canine recemoosphorylation of the human AR
appeared to occur in two stages, reaching a feak@t 1 minute and levelling off slightly
until the 5 minute time point before rising to aximaum after 10 minutes. The response
was concentration-dependent reaching a maximun3.6f+{ 0.4)-fold above basal at 10
nM (figure 4.7 B) which is lower than the value yaorisly observed for the canine /R
((11.2 + 2.5)-fold above basal levels atuM PMA; Palmer and Stiles, 1999). Curve-
fitting of data pooled from three experiments prostihan EG value for PMA of 1.7 nM
(figure 4.7 B) which is consistent with publishealues for the affinity of phorbol esters
for PKC (Dimitrijevi¢ et al, 1995).
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Figure 4.5 The human A,AAR is phosphorylated in response to PMA

HUVECs infected with adenovirus expressing thesAR were labelled with3P
orthophosphate for 90 minutes prior to stimulatath 10 uM CGS21680 (CGS), UM
PMA, 50 uM forskolin (Fsk), 10 ng TN&, 1 pg LPS or 5 ng IL-6/25 ng IL-6 SR(IL-6)

for 30 minutes. Cell extracts were prepared andakspd for protein content before
immunoprecipitation of the AAR. A. The *P-labelled AAAR was detected by
autoradiography following SDS-PAGEB. Bands were quantitated by densitometry and
values expressed as a mean fold increa&E as shown in the graphC. Levels of
phosphorylated ERK and total , /AR expression were detected by SDS-PAGE and
immunoblotting of protein samples prepared fromegkpents carried out in parallel using
unlabelled cellsi{= 2). The 9E10 antibody was used to detect thé&R.
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Figure 4.5 The human A2,AR is phosphorylated in response to PMA
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Figure 4.6 PMA induces rapid phosphorylation of the human A;sAR

HUVECs infected with adenovirus expressing thesAR were labelled with3P
orthophosphate for 90 minutes prior to stimulatoth 1 uM PMA for the times indicated.
Cell extracts were prepared and equalised for pratentent before immunoprecipitation
of the AnAR. A. The *P-labelled AxAR was detected by autoradiography following
SDS-PAGE. B. Bands were quantitated by densitometry and valupsessed as a mean
percentage of the maximal resposts8E as shown in the grapk.. Identical experiments
were carried out in parallel using unlabelled céllss 1). Protein extracts were prepared
for analysis by SDS-PAGE and immunoblotting usihg 8E10 antibody to detect total
levels of the AnAR.
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Figure 4.6 PMA induces rapid phosphorylation of the human A,aAR
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Figure 4.7 PMA induces phosphorylation of the human A AR at low

concentrations

HUVECs infected with adenovirus expressing thesAR were labelled with3P
orthophosphate for 90 minutes prior to stimulatwith PMA at the concentrations
indicated for 20 minutes. Cell extracts were pregaand equalised for protein content
before immunoprecipitation of the;AAR. A. The *P-labelled AxAR was detected by
autoradiography following SDS-PAGEB. Bands were quantitated by densitometry and
values expressed as a mean percentage of the maespanset SE as shown in the
graph. C. Identical experiments were carried out in parallsing unlabelled cells.
Protein extracts were prepared for analysis by 8B&E and immunoblotting using the
9E10 antibody to detect total levels of theasAR (n = 1).
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Figure 4.7 PMA induces phosphorylation of the human A;sAR at low

concentrations
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PMA is an activator of conventional and novel isafs of PKC (Bell and Burns, 1991).
To determine whether AAR phosphorylation could be induced by stimulatioh
endogenous receptors which activate PKC, ,a8R-infected HUVECs were stimulated
with histamine. In HUVECSs, histamine activatestdmsine H1 receptors (lat al, 2003),
which leads to stimulation of PI3Cand activation of PKC (Hikt al, 1997). Treatment of
HUVECs with 1 uM histamine stimulated a time-dependent increase AAR
phosphorylation (figure 4.8) which paralleled thgomist's ability to induce ERK
phosphorylation (figure 4.8 @pper pangl Histamine induced maximal phosphorylation
at 2 minutes (7& 17 % above basal levelg,= 0.05, n = 4) but was not as effective as
parallel PMA treatment which induced a 2438 % increase in stimulatiop € 0.01,n=

4; figure 4.5). Thus, phosphorylation of thesAR can be induced both through treatment
with PMA and by stimulation of endogenous histaniitfe receptors which activate PKC
in HUVECs.

To begin to investigate the role of PKC in PMA-icédd phosphorylation of the,AAR,
an intact cell phosphorylation assay was carriedusing adAsAR-infected HUVECs
which had been treated with increasing concentratiof GF109203X, an inhibitor of
classical and novel forms of PKC (Martiny-Baretnal, 1993; Toullecet al, 1991), before
stimulation with 10 nM PMA. As before, PMA induceeceptor phosphorylation in the
absence of GF109203X. However, pre-treatment WiHL09203X resulted in a dose-
dependent inhibition of receptor phosphorylatiothvén 1G,of 200 nM (figure 4.9 A,B),
a value which is consistent with concentrations @F10923X required to inhibit
phosphorylation of other known substrates of nauall conventional isoforms of PKC
(Uberall et al, 1997). PMA-stimulated ERK phosphorylation wasitirly inhibited in
GF109203X-treated cells (figure 4.9 @pper panél The reduction in receptor
phosphorylation could not be explained by changeseceptor expression as shown in
figure 4.9 Clower pane] indicating that PMA induced phosphorylation oé thoaAR is
dependent on the involvement of classical or nmafbrms of PKC.

An alternative method for analysing the involvemeiPKC is to deplete cellular levels by
chronic treatment with PMA. Prolonged exposurephmrbol esters triggers the down-
regulation of PMA-sensitive PKC isoforms by incregs the rate of proteolytic
degradation (Liu and Heckman, 1998). The effecP&IC depletion on PMA-induced
receptor phosphorylation was investigated by intingaHUVECs with 100 nM PMA for
36 hours before performing an intact cell phospladign assay. In cells which had not

received chronic treatment with PMA, a 20 minueatment with 1QuM PMA induced
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Figure 4.8 The human A;AAR is phosphorylated in response to stimulation of
endogenous histamine H1 receptors which activate PKC

HUVECs infected with adenovirus expressing thesAR were labelled with3P
orthophosphate for 90 minutes prior to stimulatweith 1 uM histamine for the times
indicated. Cell extracts were prepared and eadlifor protein content before
immunoprecipitation of the AAR. A. The **P-labelled AAAR was detected by
autoradiography following SDS-PAGEB. Bands were quantitated by densitometry and
values expressed as a mean fold increa&E as shown in the graphC. Levels of
phosphorylated ERK and total ,/AR expression were detected by SDS-PAGE and
immunoblotting of protein samples prepared fromegkpents carried out in parallel using
unlabelled cellsr(= 2). The 9E10 antibody was used to detect thé\R.
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Figure 4.8 The human A,AAR is phosphorylated in response to stimulation

of endogenous histamine H1 receptors which activate PKC
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Figure 4.9 PKC plays a role in PMA-induced phosphorylation of the human
A2pAR

HUVECs infected with adenovirus expressing thesAR were labelled with3P
orthophosphate for 90 minutes prior to additionhaf PKC inhibitor GF109203X (GFX) at
the concentrations indicated. After 30 minuteisagere stimulated with 10 nM PMA (+)
or DMSO vehicle £) for 20 minutes. Cell extracts were prepared andbsed for protein
content before immunoprecipitation of thesAR. A. The **P-labelled AxAR was
detected by autoradiography following SDS-PAGHE. Bands were quantitated by
densitometry and values expressed as a mean pageenit the maximal responseSE as
shown in the graphC. Levels of phosphorylated ERK and totalpsAR expression were
detected by SDS-PAGE and immunoblotting of proteaamples prepared from
experiments carried out in parallel using unlalietiells 6 = 2). The 9E10 antibody was
used to detect the.AAR.
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Figure 4.9 PKC plays a role in PMA-induced phosphorylation of the human
AxAR
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strong phosphorylation as observed in the expetisndescribed above (figure 4.10).
However, in cells which had been treated with 100 PMA for 36 hours, this response
was reduced by an average of£9 % ( = 0.05,n = 3). This was not due to effects of
PMA other than on PKC as in cells pre-incubated 36r hours with an equivalent
concentration of the control druga4phorbol which does not activate PKC, receptor
phosphorylation was detected at similar levels et seen in cells which had not
undergone chronic treatment. Immnoblotting usin@aa-PKC antibody showed that the
PKC-depletion protocol was effective (figure 4.10upper panéel In accordance with a
reduction in PKC activity, PMA-induced ERK phospylation was reduced or
undetectable in cells subjected to chronic PMAtimest. The changes in phosphorylation
observed were not due to any effects of the drisgsl wn receptor expression as levels of
the A,AR did not vary significantly between conditionsg(fre 4.10 C,lower pane).
Thus PKC depletion severely impairs the abilityPdlA to induce phosphorylation of the
A2pAR.

Results obtained using the PKC inhibitor GF1092@8X by depleting cellular levels of
PKC indicate that PKC plays a role in mediating gptrylation of the AAAR. HUVECs
express 5 isoforms of PK@(9d, €, 6 and(; Halleret al, 1996) of which all apart frorg
are activated by DAG and can be down-regulatedhograc phorbol ester treatment (Liu
and Heckman, 1998). To begin to investigate whadform may be responsible for
phosphorylation of the AAR, intact cell phosphorylation assays were caroeat with
cells treated with rottlerin which is an inhibitof PKC3 and has been shown previously to
inhibit phosphorylation of the canine,#AR expressed in C6 cells (Palmer and Stiles,
1999). Cells were treated with different concetndres of rottlerin for 30 minutes before
stimulation with 10 nM PMA. As shown in figure 4,1phosphorylation of the AAR
was unaffected by rottlerin except at the highestcentration used (1QM). At this
concentration, rottlerin may inhibit kinases otliean PK® (Davieset al, 2000) and so it

Is unclear whether or not PKGs responsible for phosphorylating thesAR.

PKC isoforms can be differentiated on their requieat for calcium. HUVECs express
both calcium-dependent PKCand calcium-independent PIRCPKCe and PK® (Haller
et al, 1996). In order to test whether a calcium-depahdsoform was involved, PMA-
induced receptor phosphorylation was assessedlsnvdeich had been pre-incubated with
the cell-permeable calcium chelator BAPTA/AM (i) for 30 minutes. As shown in
figure 4.12, PMA induces receptor phosphorylatidnalv is not affected by BAPTA/AM.
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Figure 4.10 PKC depletion reduces PMA-stimulated phosphorylation of the
human A,AAR

HUVECs infected with adenovirus expressing theAR were incubated with 10 nM
PMA or DMSO vehicle £) or with 10 nM 41-phorbol for 36 hours before stimulation with
10 nM PMA or vehicle for 20 minutes. Cell extrastere prepared and equalised for
protein content before immunoprecipitation of the/AR. A. The **P-labelled AsAR
was detected by autoradiography following SDS-PAGE. Bands were quantitated by
densitometry and values expressed as a mean pmyeeritthe response observed for cells
treated with di-phorbol+ SE as shown in the grap8. Levels of phosphorylated ERK
and total ApAR expression were detected by SDS-PAGE and immiatioly of protein
samples prepared from experiments carried out fallehusing unlabelled cells(= 2).
The 9E10 antibody was used to detect theAR.
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Figure 4.10 PKC depletion reduces PMA-stimulated phosphorylation of

the human A;,AR
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Figure 4.11 PKCOd does not appear to be involved in PMA-induced
phosphorylation of the human A;,AR

HUVECs infected with adenovirus expressing thesAR were labelled with3P
orthophosphate for 90 minutes prior to additiontlted PK@ inhibitor rottlerin at the
concentrations indicated. After 30 minutes, ce#ge stimulated with 10 nM PMA (+) or
DMSO vehicle ) for 20 minutes. Cell extracts were prepared amabksed for protein
content before immunoprecipitation of thesAR. A. The **P-labelled AxAR was
detected by autoradiography following SDS-PAGHE. Bands were quantitated by
densitometry and values expressed as a mean pageenit the maximal responseSE as
shown in the graphC. Levels of phosphorylated ERK and total/AR expression were
detected by SDS-PAGE and immunoblotting of proteaamples prepared from
experiments carried out in parallel using unlalaetiells 6 = 2). The 9E10 antibody was
used to detect the.AAR.
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Figure 4.11 PKC& does not appear to be involved in PMA-induced

phosphorylation of the human AAAR
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Figure 4.12 Effect of calcium chelation on PMA-induced phosphorylation of
the human Az, AR

HUVECs infected with adenovirus expressing thesAR were labelled with3P
orthophosphate for 90 minutes prior to additiol@ftM BAPTA/AM. After 30 minutes,
cells were stimulated with 10 nM PMA,ul1 ionomycin or DMSO vehicle H) as
indicated. Cell extracts were prepared and equhbliger protein content before
immunoprecipitation of the AAR. A. The **P-labelled AAAR was detected by
autoradiography following SDS-PAGEB. Bands were quantitated by densitometry and
values expressed as a mean percentage of the niaespanset SE as shown in the
graph.C. Levels of phosphorylated ERK and totasAR expression were detected by
SDS-PAGE and immunoblotting of protein samples greg from experiments carried out
in parallel using unlabelled cells® € 2). The 9E10 antibody was used to detect the
A2rAR.
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To confirm that BAPTA/AM was effective, cells werneeated with the ionophore
ionomycin which mobilises intracellular calcium s (Liu and Hermann, 1978). This
results in calcium-dependent ERK activation viavation of calmodulin and calmodulin
binding proteins which can modulate Ras activitg€Aet al, 2002). Calcium chelation
was judged to be successful as calcium-dependénmaton of ERK induced by treating
cells with 1 uM ionomycin for 20 minutes was reduced in cells-im&ibated with
BAPTA/AM (figure 4.12 C,upper panél It should be noted that in cells treated with
ionomycin, receptor expression was reduced (figut@ C,lower pane). However, since
the extent of the reduction was similar for both BBRA/AM-treated and untreated cells,
the effect of BAPTA/AM on ERK phosphorylation wasllsconsidered relevant. Thus,
A2AAR phosphorylation appears to be mediated by auralindependent isoform of PKC
which rules out the involvement of PKC Excluding PK@®, the remaining calcium-

independent, PMA-sensitive isoforms expressed byHUs are PKG and6.

Although many PKC inhibitors exist, their seledyvfor different isoforms is limited. A
more specific approach to achieve inhibition ofiwidual PKC isoforms is to use siRNA
gene silencing. To assess the involvement of £KCA,A,AR phosphorylation, siRNAs
targeted against human PEQon-targeted control siRNA or PKGwere introduced into
HUVECs prior to infection with adAAR. PKGCa siRNA was included as a relative
kinase control to show that effects observed wpeeific to PKG and that PK@ was not
involved. As before, PMA induced phosphorylatidntioe ApAR (figure 4.13 A). No
decrease in this response was observed in cefisfécted with siRNAs directed against
PKCe, PKCa or control siRNA suggesting that PK@& not required for PMA-mediated
A2AAR phosphorylation. This also corroborated findimgesented above which indicated
that calcium-dependent isoforms such as BK&e not required for PMA-induced
phosphorylation. As shown in figure 4.13 B pane] PKCe was effectively depleted in
cells transfected with PKg2targeted siRNA while levels were constant in uméfacted
cells and those transfected with P&KCconfirming the effectiveness of the technique.
PKCa expression was also significantly reduced spedlficin cells transfected with
PKCa-targeted siRNA (figure 4.13 Rentre pangl Expression of the AAR remained
constant between conditions (figure 4.13Bttom pangl Thus, PKE does not appear to

be required for PMA-inducedAAR phosphorylation.

It was one of the aims of this study to determinkicv region of the AWAR was

phosphorylated in response to PMA. To begin taesklthis question, cells were
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Figure 4.13 Effect of PKCe and PKCa siRNA gene silencing on PMA-induced
A2aAR phosphorylation

HUVECs were transfected with siRNA targeted agaitsCe or PKCQx and infected with
adenovirus expressing the;4AR. Cells were labelled witfi?P orthophosphate for 90
minutes prior to stimulation with @M PMA for 20 minutes. Cell extracts were prepared
and equalised for protein content before immundpittion of the AsAR. A. The *%p-
labelled AxAR was detected by autoradiography following SDSEEA(N = 2). B.
Identical experiments were carried out in paralgihg unlabelled cells. Protein extracts
were prepared for use in SDS-PAGE and immunobbpttan confirm successful siRNA-
mediated knock-down of PK&Cand PK@ using PKC isoform-specific antibodies and to
show total levels of AAR expression using the 9E10 antibody=(2).



Gillian R Milne, 2008

siRNA:

A, AR —>

PMA

SiRNA:

PKCe

PKCa

A, AR —>

PMA

N
QO @ <&
& 3 o
0 < QF E
- - ' «— 50
. . . « 37
o + 0 + 0 + 0O +
N
N 3 O
0 < QE QE
S .. -
T——— — — —
e
e R T - - — 37

-
g + 0O + 0O + 0O +

Chapter 4, 152

Figure 4.13 Effect of PKCe and PKCa siRNA gene silencing on PMA-

induced A;AAR phosphorylation
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transfected with one of twoAAR truncation mutants in order to assess whichoregyof
the C-terminal tail were required for phosphorgati One construct (1-360) lacked five
potential phosphorylation sites from the receptt and the other (1-311), the most
severely truncated, lacked eleven sites (Klingfeal, 2002b, figure 4.14). HUVECs do
not respond well to transfection protocols andnatis to express the receptor constructs
proved to be unsuccessful (data not shown). Herr#ason, experiments were initially

carried out using CHO cells which are a more tiaetaell line.

Transfection of CHO cells was successful as shoawiigure 4.15 Aupper panel Wild-
type A»AR was detected as two bands between 37 and 75viidie, the 1-360 and 1-311
truncated forms are represented as bands of lowbrcalar mass owing to the absence of
50 or 100 amino acids respectively. However, madgncell phosphorylation assays using
transfected cells stimulated with u®@ CGS21680 or 1M PMA, no phosphorylation of
the wild-type or truncated receptors was detecteglré 4.15 B). This was despite
confirmation that the CGS21680 and PMA were aciseshown by their ability to induce
ERK phosphorylation (figure 4.15 Apwer pane). The lack of detectable ,AAR
phosphorylation was not due to a failure in the umoprecipitation procedure as the
A2AAR was detected by immunoblotting immunoprecipdasamples with an AaR-
specific antibody (figure 4.15 C). Thus, it apetrat the human AAR is not subject to
PMA-induced phosphorylation in CHO cells, raisihg possibility that this is a cell type-
specific phenomenon. To further investigate tlussibility, phosphorylation was assessed
in HEK 293 and C6 cells transfected with the wiygd or truncated forms of the;AAR.
Immunoblotting revealed that the wild-type AR was expressed in HEK 293 cells at
easily detectable levels while the 1-311 and 1-860cated forms were present at lower
levels (figure 4.16 A (i)upper paneél Stimulation with CGS21680 and PMA induced
ERK phosphorylation (figure 4.16 A (iJower pane) but did not result in receptor
phosphorylation (figure 4.16 A (ii)). The wild-tgpand truncated AARs were also
successfully expressed in C6 cells but detectionnoyunoblotting was hindered by a
strong band at approximately 60 kDa possibly regresg endogenous myc (figure 4.16 B
(i), upper panél Again, PMA induced ERK phosphorylation (figu4el6 B (i)) but did
not result in detectable receptor phosphorylatfgule 4.16 B (ii)). Therefore, it appears
that phosphorylation of the human AR in response to PMA only occurs in certain cell
types including HUVECs but not CHO, HEK 293 or Gils.

Previous studies have shown that a large parteothAR tail is dispensable for agonist

binding (Piersert al, 1994), desensitisation (Palmer and Stiles, 188d)G-protein
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Figure 4.14 Sequences of the C-terminal tail of DNA constructs

representing the wild-type and truncated forms of the human A;aAR
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Figure 4.15 Expression of wild-type and truncated forms of the Az,AR in
CHO cells

CHO cells were transfected with plasmids encodingne-tagged WT human AAR
(WT) or one of two myc-tagged carboxyl-terminusntation mutants (1-311 and 1-360).
A. Cells were stimulated with 1M CGS21680, luM PMA or DMSO vehicle for 20
minutes before preparation of protein extracts. trdets were normalised for protein
content prior to fractionation by SDS-PAGE and inmoblotting using a phospho-ERK
(PERK)-specific antibody or the 9E10 antibody whigltognises both WT and truncated
forms of the AxAR (n=2). B. Transfected cells were labelled wiff® for 90 minutes
prior to stimulation with 1uM CGS21680, UM PMA or DMSO vehicle for 20 minutes.
Cell extracts were prepared and equalised for pratentent before subjection to an
immunoprecipitation protocol using the 9E10 antypodSamples were fractionated by
SDS-PAGE and dried gels were exposed to film tovaltletection of any?P-labelled
receptor § = 3). C. CHO cells were left untransfected (control) oreveansfected with
the WT AsAR. Cell extracts were prepared and equalisedpfotein content before
subjection to an immunoprecipitation protocol ire thresence or absence of the 9E10
antibody as indicated. Immunoprecipitated receptord total levels of receptors in cell
lysates (Input) were detected using SDS-PAGE fadidvoy immunoblotting using an
A2aAR-specific antibodyrf = 2).
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Figure 4.15 Expression of wild-type and truncated forms of the A2aAR in
CHO cells
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Figure 4.16 Expression of wild-type and truncated forms of the A2pAR in HEK
293 and C6 cells

HEK 293 @) or C6 cells B) were transfected with plasmids encoding a mygedgWT
human A,AR (WT) or one of two myc-tagged carboxyl-termirtasncation mutants (1-
311 and 1-360). (i) Cells were stimulated withyl CGS21680, uM PMA or DMSO
vehicle for 20 minutes before preparation of pro&xtracts. Extracts were normalised for
protein content prior to fractionation by SDS-PA&#0 immunoblotting using a phospho-
ERK (pERK)-specific antibody or the 9E10 antibodyieh recognises both WT and
truncated forms of the AAR (n = 2). (ii) Transfected cells were labelled witR for 90
minutes prior to stimulation with 0M CGS21680, UM PMA or DMSO vehicle for 20
minutes. Cell extracts were prepared and equalgaiotein content before subjection to
an immunoprecipitation protocol using the 9E10@ody. Samples were fractionated by
SDS-PAGE and dried gels were exposed to film tovaltletection of any?P-labelled
receptor f = 3).
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Figure 4.16 Expression of wild-type and truncated forms of the A2aAR in

HEK 293 and C6 cells
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coupling (Klingeret al, 2002b). Therefore, the significance of phosplatign events in
this region is unclear. However, thgsAR has been reported to interact with a number of
accessory proteins, including 14-3-3 proteins amAX (Gsandtner and Freissmuth,
2006), prompting the question of whether phosplabigth of the AAAR tail could be
important for determining which proteins bind. was of interest to determine whether
PMA-induced phosphorylation observed in this sthdg an effect on such interactions.
This was investigated using pull-down assays teadnteractionsn vitro between the
A22AR and 14-3-8 or TRAX under conditions where theAR would or would not be
phosphorylated. To perform these assays, it wasssary to obtain purified GST fusion
proteins. GST-14-313and GST-TRAX were expressed . coli and purified on
glutathione Sepharose beads. GST-14-3v8s successfully expressed and was detected
by Coomassie staining as shown in figure 4.17 Alolean band at approximately 55 kDa.
TRAX was expressed at reasonable levels as showhebgtrong band at approximately
60 kDa present 4 hours after induction (figure 48)although the weaker bands detected
at later points show that significant amounts of AKRprotein were lost during the

purification process.

Purified GST-tagged 14-3t3and TRAX were used in pull-down assays with cgdlates
produced from adf&AR-infected cells which had been incubated in tlmesence or
absence of IM PMA for 20 minutes to induce optimal receptor pploorylation (figure
4.18). As shown in figure 4.18 A, the;#AR was detected in samples from pull-down
assays using GST-14-3-3egardless of PMA treatment confirming that 14@3ebes
interact with the AWAR in this cell system. However, since there washange in levels
detected when cells had been stimulated with PMAopés not appear to be dependent on
PMA-induced AAAR phosphorylation. No receptor was detected wharallel pull-
downs were performed with GST alone indicating thiagervations were not a result of
non-specific interactions. The, /AR was also detected when pull-downs were performed
with unstimulated cells in the presence of GST-TRARtrikingly, levels of the AAR
were drastically reduced in samples from PMA-stabed cells (71+ 17 % reduction
compared to unstimulated,< 0.0001n = 3) indicating that the interaction of TRAX with
the AAAR may be dependent on phosphorylation statuseoAthAR tail.

In summary, data presented here shows that phogption of the human A2AAR can be
induced in HUVECs by treatment with PMA or by stiation of endogenous histamine
H1 receptors. A role for PKC was indicated bydhdity of both a PKC inhibitor and
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Figure 4.17 Expression and purification of GST-tagged 14-3-3t and TRAX.

E. coli were transformed with plasmids encoding either @813-3 or GST-TRAX. A.
Expression of GST-14-3t3was induced by incubation of bacterial culturethwli mM
IPTG for 4 hours at 37C and recombinant protein was purified by immohiiien on
glutathione Sepharose beads. Bound proteins vieiederom beads and protein analysed
by SDS-PAGE and Coomassie staining. GST-TRAX protein expression was induced
by addition of 0.5 mM IPTG for 16 hours at 26 and recombinant protein was purified
by immobilisation on glutathione Sepharose bedglsited protein and samples taken from
cultures at each hour following induction and fraunole cell lysates (a), sonicated lysates

(b) and cleared lysates (c) were analysed by SDGH#PAnd Coomassie staining.
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Figure 4.17 Expression and purification of GST-tagged 14-3-3t and TRAX
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Figure 4.18 14-3-31t and TRAX interact with the human A AR

HUVECSs infected with adenovirus expressing thga AR were incubated with or without

1 uM PMA for 20 minutes. Cell extracts were prepased used in a pull-down assay
using GST-fusion protein glutathione Sepharose $eagdresenting 2lg of either GST,
GST-14-3-3 or GST-TRAX. A. Protein complexes eluted from beads and samples of
untreated and PMA-treated cell lysates (input) wewbjected to SDS-PAGE and
immunoblotting using the 9E10 antibody to detea@ #,AR. B. Interactions of the
receptor with(i) GST-14-3-3 and (ii) GST-TRAX were quantitated by densitometry of
immunoreactive bands and values were expressedresaa percentage of the maximum
A2,AR detected: SE.



Gillian R Milne, 2008

PMA

(ii)

% Maximum A AR

% Maximum A pAR

X
o 4 N o
Vfb Q_? & 'b
O N < Q
-
= 3 5 ”
[ -,
- -+ - 4 - o+
1004
N
754 N
50
25
C ) ) ) )
PMA g + O +
GST GST-14-3-31
p<0.01
1
100
75+
N 1
“ 1
C L] ) )
PMA O + 0 +
GST GST-TRAX

Figure 4.18 14-3-3t and TRAX interact with the human A,,AR

Chapter 4, 164



Gillian R Milne, 2008 Chapter 4, 165

chronic PMA-mediated PKC depletion to inhibit ret®p phosphorylation. Initial
investigations showed that this effect is medidig@ calcium-insensitive isoform of PKC
as chelation of intracellular calcium had no effesh levels of PMA-induced
phosphorylation. An siRNA gene silencing approashfirmed that PK@ is not required
and also indicated that PKG@s not required for PMA-induced phosphorylatiort huvas
not possible to identify the specific isoform respibble. Notably, through the use of pull-
down assays, it was possible to detmatitro interactions between 14-3-and TRAX and
the AxAR. Most interestingly, while the interaction beiswn 14-3-8 and the AAAR was
detected in both basal conditions and following PiMéatment when the receptor would
be phosphorylated, the interaction of TRAX was tically reduced when cells had been
treated with PMA, indicating that the phosphorgatistatus of the receptor may
negatively regulate TRAX binding.
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4.3 Discussion

Several proteins have been reported to interatt th long C-terminal tail of the AAR
prompting the suggestion that it may act as a skhffipon which signalling complexes
can be assembled (Zezula and Freissmuth, 2008)wet#y, the question of how these
interactions might be regulated has not been adsleldesA number of serine and threonine
residues are present within this region of the AR suggesting potential for regulation by
phosphorylation. The canine#AR has been shown to be phosphorylated in response
activation of PKC but unlike other GPCRs, this ist rassociated with heterologous
desensitisation (Palmer and Stiles, 1999). It wWesefore of interest in this study to
investigate whether phosphorylation of the C-teahiail of the A,AR could play a role

in regulating the binding of interacting proteinlgnportantly, this question was addressed
using human receptors expressed in HUVECs whichiesgplow levels of endogenous
receptors as phosphorylation of thesaAR has only been examined previously using the
canine receptor heterologously expressed in railiGfa cells.

In the present study, it was found that phosphtiofdaof the human AAR is rapidly
elevated over basal levels following activationRKC either by treatment with PMA or
through activation of endogenous histamine H1 reesp This effect was significantly
reduced in the presence of the PKC inhibitor GFO3%2 or following depletion of
cellular levels of PKC, thereby confirming the itw@ment of PKC. The specific isoform
of PKC responsible for PMA-induced phosphorylatodrine A AR was determined to be
calcium-insensitive and through the use of siRNAeasilencing a role for PKCwas
eliminated, leaving PK& and PK® as potential candidates. Previously reported
interactions between the; /AR and TRAX and 14-3-8were confirmedn vitro by GST
pull-down assay. Binding of 14-3r30 the AAAR was detected at similar levels in
samples from PMA-treated compared to untreateds.celHowever, AWAR complex
formation with TRAX was significantly reduced inmnsples from PMA-stimulated cells

indicating that receptor phosphorylation may reguthe interaction with TRAX.

In order to study phosphorylation of the,AR, recombinant adenovirus was used to
introduce the myc-tagged human receptor into HUVE@3ata obtained from ligand-
binding studies showed that expression of the tecewas very high compared to
endogenously expressed receptors80pmol/mg compared to 0.95 pmol/mg previously

reported for the AAR in porcine striatum; Klingeet al, 2002b). However, in this study,



Gillian R Milne, 2008 Chapter 4, 167

it was necessary to achieve high expression inrdaleletect receptor phosphorylation.
This allowed identification of mechanisms which ngotentially regulate the activity of
the ApAR. Further studies can be carried out in futar@adsess the functional relevance

of these events in cells expressing endogenouptase

Phosphorylation of the human, /AR was induced by low nanomolar concentrations of
PMA and in a short time frame as previously desttifor the canine receptor (Palmer and
Stiles, 1999). However, the human receptor wasasattrongly phosphorylated reaching
only (3.6+ 0.4)-fold above basal levels compared to the @anateptor which reached
(11.2 £ 2.5)-fold above basal levels. In addition, in wast to the canine receptor,
phosphorylation of the human,/AR appeared to be bi-phasic, perhaps suggesting the
existence of two separate phosphorylation eveAidivation of histamine receptors also
resulted in increased phosphorylation of th@ AR indicating that this is a physiologically
relevant event. However, in contrast to studiesguthe canine receptor expressed in C6,
CHO and COS cells (Palmer and Stiles, 1997; Pakhed, 1994), phosphorylation in
response to agonist stimulation was not detecfBhis is perhaps surprising as agonist-
induced phosphorylation by GRKs represents the mmajechanism for homologous
desensitisation of many GPCRs (Krupnick and Benol®98). It is possible that basal
levels of phosphorylation are higher in HUVECs tia€HO cells, making small agonist-
induced changes difficult to detect compared tostineng response elicited by PMA. An
alternative explanation is that recruitment of GRKsthe A, AR may require prior
phosphorylation of the receptor by second messahgmendent kinases. A specific
consensus sequence for phosphorylation by GRKsnbadeen defined. However, in
studies using synthetic peptides, GRK2 has beendfda preferentially phosphorylate
peptides with negatively charged amino acids to Miterminal side of a serine or
threonine residue (Onoratet al, 1991; Benovicet al, 1990). Indeed, replacement of
specific acidic residues with uncharged amino aaida peptide representing a GRK2
phosphorylation site in thea,-adrenergic receptor completely abolished phospaton
(Onoratoet al, 1991). It is possible that in the /R, serine and threonine residues are
not present in regions sufficiently rich in negativcharged residues to allow recruitment
of GRK2. However, introducing negative chargestigh PMA-induced phosphorylation
could potentially provide this requirement and ease the affinity of the receptor for

GRKZ2, thereby allowing subsequent agonist-indudeasphorylation.

Initial investigations into the role of PKC in mating phosphorylation of the AAR were
made using the PKC inhibitors GF109203X and rattlerA potential problem with this
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approach is that many PKC inhibitors are non-seleds they inhibit PKC via its ATP
binding site, a domain which is highly homologoustvieen different protein kinases.
Despite this, GF109203X has been shown to be anpatel selective inhibitor of classical
and novel isoforms of PKC (Toulleet al, 1991) and so its ability to inhibit
phosphorylation of the AAR does indicate a role for PKC in this processottlerin,
which has been reported to inhibit PKC with somed#ity for PKGd (Gschwendet al,
1994), did not inhibit phosphorylation of the AR except at the highest concentration
tested. However, the value of this finding is disemble as in more recent studies
rottlerin was found to be a very poor inhibitor BKCd with the ability to inhibit other
unrelated kinases with much greater potency (Dastied, 2000). Further studies using
SsiRNA to specifically knock down expression of PK®vill be important to more

accurately assess the role of RKC

The ability of GF109203X to inhibit phosphorylatiordicated the involvement of a novel
or classical isoform of PKC. These can be diffaeded based upon their requirement for
calcium for activation. In this study, the calciwhelator BAPTA/AM failed to block
PMA-induced phosphorylation indicating that one thie novel calcium-insensitive
isoforms of PKC present in HUVECs (either P&®@ or 6) was responsible. However,
these results are difficult to interpret as ceksted with ionomycin in control experiments
to confirm the activity of BAPTA/AM appeared to &if toxic effects. Without
confirmation that BAPTA/AM was active, it is not gmble to firmly conclude that the
phosphorylation response is calcium-independensiaslar results would have been
obtained using an inactive drug. To obtain molalke results, this experiment could be
repeated using an alternative ionophore such asl&23vhich may be less toxic than

lonomycin.

In contrast to the use of PKC inhibitors, siRNA-na¢ed gene silencing provided a very
specific method for examining the contribution oflividual isoforms of PKC to PMA-
induced phosphorylation of the,#AR. Expression of PKE€and PK@ was efficiently
downregulated as determined by immunoblotting s had no effect on levels of
phosphorylation achieved providing strong evidetinzg these isoforms are not involved.
Attempts were made to assess the role of PKCa similar fashion. However, PKC
proved extremely difficult to detect by immunobiog which made it impossible to
determine whether PKHEC expression had been successfully downregulatedR A

interference. Optimisation of immunoblotting prdaees perhaps through the use of
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alterative anti-PK®@ antibodies will be required to allow the use of Rimterference to

determine whether PKECis involved in regulating PMA-induced phosphorigat of the
AzpAR.

Although the above findings strongly suggest a fotePKC in regulating phosphorylation
of the AxAR, it is not clear whether PKC phosphorylatesridgweptor directly or whether
an intermediate kinase is involved. This is anongnt consideration as PMA has been
shown to activate several other targets in addit@w®PKC including the PKD family of
serine/threonine kinases (Brose and Rosenmund,)20@2common with PKCs, PKDs
have a DAG-binding site termed the C1 site which aso bind phorbol esters (Valverde
et al, 1994). Following stimulation with PMA, PKD isaimslocated to the plasma
membrane where it has the potential to interadt wiher signalling proteins (Matthews
al., 2000). PKD is then activated through direct iattion with and phosphorylation by
PKC (Waldron and Rozengurt, 2003; Zugatal, 1996). Several isoforms of PKC have
been implicated in the activation of PKD includiall novel isoforms which is consistent
with an effect that would be inhibited by GF109208X observed in this study (Wang,
2006). PKD phosphorylates serine residues withine tconsensus motif
(LXR(Q/K/IE/IM)(M/LIK/IEIQIA)S), the most critical radue being leucine at the -5
position (Doppleret al, 2005; Nishikawaet al, 1997). There are two serine residues
(Ser329 and Ser370) in the C-terminal tail of thg MR with leucine at the -5 position.
However, the intervening residues do not confornthtd consensus sequence and so it is
not clear whether the tail of the; /AR could act as a substrate for phosphorylation by
PKD. Interestingly, another potential phosphoiglatsite (Ser213) bearing a stronger
resemblance to the PKD substrate consensus sequenpeesent within the third
intracellular loop of the receptor. However, tlasn the region implicated in G protein
coupling and since phosphorylation has no effedhemability of the receptor to stimulate
AC (Palmer and Stiles, 1999), it seems unlikelyt tAR&A-induced phosphorylation is
occurring at this site. Unfortunately, there are gpecific PKD inhibitors available at
present which could be used to test the involvenoér®?PKD in phosphorylation of the
A2AAR and so further investigations would require thee of SiRNA to suppress

expression of each of the four isoforms of PKD.

The failure to detect phosphorylation of thgaAR in cell types other than HUVECs
presented a major problem during this study andgmed evaluation of the effects of
receptor truncation on the response. Detectiophalsphorylation in HUVECs required

that the AxAR be overexpressed at high levels @07 pmol/mg) which was readily
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achievable through the use of recombinant adenavirDNA constructs encoding the
wild-type and truncated forms of the,AAR were introduced to C6, CHO or HEK 293
cells by the less efficient process of transfectidh must therefore be considered that
receptor phosphorylation was not detected in tloedls because the receptors were not
expressed at sufficiently high levels. Initial el@bination of receptor expression was in
itself complicated by the presence of multiple specific bands in immunoblots. This
problem could have been avoided by including samfiiem mock-transfected cells for
comparison as these would display only non-spebdicds and not those representing the
different forms of the receptor. Despite the diffties in identifying specific bands, it did
appear that the 1-311 mutant in particular was esqed at lower levels than the WT
receptor and the 1-360 mutant although this coaltigps be explained by the fact that the
1-311 mutant lacks the binding site for USP4. U$Pthought to promote cell surface
expression of the AAR following synthesis by deubiquitinating it andepenting its
degradation by the proteasome (Milojeet al, 2006). Therefore, it seems likely that a
truncated form of the receptor that does not bil8PW would be retained in the ER and
degraded. However, USP4 is reported to bind withénlast 50 amino acids of the AR
(Milojevi¢ et al, 2006) which are missing from both the 1-311 dred1-360 mutants and
so it might be expected that both mutants wouldekperessed at similarly low levels.
Thus, there may be additional reasons for the papression of the 1-311 mutant. For
example, the additional truncated residues mayniygoitant for proper folding of the
receptor, meaning that 1-311 is more prone to raisfg and therefore more likely to be
degraded before reaching the cell surface. Thain@gent for high levels of expression of
the AAAR to allow detection of phosphorylation could lested by using adenovirus to
increase expression of the receptor in C6 or CHIS.cé would also be useful to transfect
cells with the canine receptor in parallel withlggtansfected with the humanMR to
assess phosphorylation in response to PMA treatmenBince PMA-induced
phosphorylation of the canine receptor has beearebd previously in C6 and CHO cells,
this would provide a positive control to highliglmy failings in experimental procedures.
An alternative explanation for the lack of responsald be that the wild-type and mutant
constructs encoded receptors which were not fulhctional. However, this is unlikely as
the ability of these receptors to stimulate AC \ation and ERK activation has been
confirmed in a previous study using the same DNAstacts (Klingeet al, 2002b). It is
possible that PMA-induced phosphorylation of thenan A,AR was only observed in
HUVECSs because it requires the presence of a PKforim or other kinase which is not
present in C6, CHO or HEK 293 cells. For exam@EO cells do not appear to express
PKCB (Megsonet al, 2001; Tippmeet al, 1994) which was one of the isoforms of PKC
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identified as a potential candidate for mediatifgpgphorylation of the receptor in this
study.

During this study, previously identified interagt®between 14-3t3and the AAAR and
TRAX and the ArAR were observeth vitro using pull-down assays. TheAR-TRAX
interaction has been confirmed in intact cells bymunoprecipitating the AAR and
immunoblotting using an antibody directed againRAK and also by colocalisation of
these two proteins in the brain using double-imniistochemical staining (Suet al,
2006). Similar studies should be carried out toficm the interaction between,AAR

and 14-3-3 in intact cells.

The finding that 14-3-8 interacted with the AAR independently of PMA-induced
receptor phosphorylation was surprising as a nagterminant for 14-3-3 binding to many
ligands is the presence of a phosphorylated seritiereonine residue (Aitken, 2006). 14-
3-3 proteins exist as dimers, each monomer coniiaibinding pocket that can interact
with proteins with either RSXpSXP and BXpSXP binding motifs (Yaffeet al, 1997;
Muslin et al, 1996). Data from crystal structures in complethweptides indicates that a
cluster of basic residues within an amphipathicogeoof each 14-3-3 monomer mediates
the interaction with phosphorylated residues irtrgarbinding proteins (Aitken, 2006). It
is possible that in this study, 14-3-Bound to serine residues of the,AR that are
phosphorylated in basal conditions and this is whighanges were detected in response to
PMA treatment. However, it is also possible tit interaction occurred independently of
phosphorylation as occurs in the case of some da#h&-3-binding proteins. For example
the inositol polyphosphate 5-phosphatase formsngptex with 14-3-3 that appears to be
mediated by a non-phosphorylated RSESEE motif (Qathpt al, 1997). It is thought
that the presence of negatively charged Asp and&idues may compensate for the lack
of phosphorylated serine residues, thereby alloviingling to the amphipathic groove of
14-3-F in a similar way to phosphorylated ligands. Iotwer example, 14-3-3 proteins
have been found to interact with tiRseudomonas aeroginossDP-ribosyltransferase
toxin exoenzyme S in a completely different fashiowolving hydrophobic rather than
electrostatic interactions (Ottmaehal, 2007). In this case, binding requires the presen
of four leucine residues. Further studies willrbguired to ascertain whether any of these
modes of binding are employed in the interactiotwben the AnAR and 14-3-3. There
are no aspartic acid or leucine-rich motifs whi¢ang out in the sequence of the C-
terminal tail of the AnAR. However, other amino acids with similar praps may allow



Gillian R Milne, 2008 Chapter 4, 172

similar interactions to occur. Identification dietregion of the AAR involved in binding

to 14-3-3 will be important in determining whether this ietcase. Firstly, to determine
whether a conventional phosphorylated binding $teused, it would be useful to
immunoprecipitate the AAR and perform an immunoblot using a phospho-14-3-3
substrate antibody. If the antibody does not tredth the A AR, indicating that a
conventional binding site is not being used, thebdgin to investigate which part of the
receptor is involved in the interaction, pull-dowsrsco-immunoprecipitation studies with
wild-type and truncated forms of the R could be used to see if the deleted parts of the
truncated receptors are necessary for binding. il&iy the effect of truncation of the
receptor on colocalisation of 14-3-and the AsAR could be assessed. More detailed
analysis of the binding site involved could be agkd by detecting binding of purified 14-

3-3t to peptide arrays constituting the C-terminal tagion of the AxAR.

It is also not clear what functional role 14-843inding to the AAAR may play. 14-3-3
proteins have been ascribed diverse roles in maggiplogical processes including cell
signalling, cell cycle progression, intracellulanafticking, cytoskeletal structure and
transcription (Fuet al, 2000). In the context of cell signalling, theibility to act as
scaffolding proteins is of particular interest.n& 14-3-3 proteins exist as dimers, they are
able to bind two interaction partners simultanep($kivion et al, 2001). It is therefore
possible that 14-313could recruit signalling molecules to the tail the AnAR and
facilitate initiation of different signalling pathays. 14-3-3 proteins have been reported to
bind several signalling molecules including Rafddas, MEKKs, PKC and PI-3 kinase
(Tzivion et al, 2001). The interaction between 14-3-3 and Rak4& been particularly
well studied and appears to play a critical reguiatrole in Ras-mediated activation of
Raf-1 during initiation of the ERK cascade (€ual, 2000). There are conflicting reports
regarding the precise role of 14-3-3 proteins is ffrocess. However, this may be due
largely to the fact that Raf-1 contains two phos@nme-dependent binding sites (pSer259
and pSer621) and one phosphate-independent bisdmdor 14-3-3 proteins, each with
different roles. Interactions at the pSer259 sdgatively regulate Raf-1 activity while 14-
3-3 proteins bound at the pSer621 site have beggested to either act as cofactors for
Raf-1 kinase activity or alternatively to stabiliRaf-1 in a confirmation that promotes its
activation (Fuet al, 2000). The ability of 14-3-3 proteins to regeldRaf-1 activity
prompts the question of whether binding of 14318 the A AR could influence
initiation of ERK signalling from the receptor. iShhas been suggested for tbe

adrenergic receptors which bind 14-3+8a their third intracellular loops (Prezeatal,
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1999). Sinceany-adrenergic receptors activate ERK via Ras and iRafas proposed that
binding of Raf to inactive receptors via 14-8-8ould poise it for immediate activation
following agonist stimulation. It is possible thiet-3-3 could play a similar role in ERK
activation by the AWAR in endothelial cells where G protein-independactivation of
ERK is believed to occur through activation of R&sidelet al, 1999).

A major finding in this study was that interactiohthe A,AR with TRAX was severely
inhibited under conditions when the AR would be phosphorylated. Future studies to
determine the functional consequences of this effan make use of the discovery that
TRAX mediates the ability of the AAR to induce cell cycle arrest and differentiatmin
PC-12 cells that is impaired in the absence oftional p53 (Suret al, 2006). First it will

be important to define the binding site for TRAXthe A,AR C-terminal tail. Initially,
the truncated forms of the,AAR could be used in pull-down experiments to deteem
which region of the receptor is involved. More alletd analysis could be achieved by
constructing peptide arrays based on the tail ef AlnsAR and testing the ability of
purified TRAX to bind to different stretches of amiacids. If the residues required for
binding of TRAX to the AsAR can be identified, then peptides based on thigience
could be constructed and modified with lipids tmwalintroduction into PC-12 cells. If the
interaction of TRAX with the AWAR is dependent on the receptor being
unphosphorylated, then these peptides will displeR&X from the A,AR and this will
result in a reduced ability of the; /AR to induce neurite differentiation in the absente
functional p53. Treating cells with PMA to induaeceptor phosphorylation and
dissociation from TRAX would be expected to havsimilar effect. Together, these
experiments would show whether or not phosphogfatf the receptor is a significant

factor in regulating downstream functional effeat#\,aAR signalling.

In summary, during this study, it was found that ttuman AsAR is phosphorylated in
response to activation of PKC either by treatmeith WMA or through stimulation of
endogenous histamine H1 receptors. In HUVECsdffect appeared to be mediated by
PKCd and/or PK@® although the involvement of an intermediate kinasald not be ruled
out. Importantly, a potential functional role thiese phosphorylation events was indicated
by the finding thatin vitro binding of the C-terminal-interacting protein TRAX the
A2pAR was significantly reduced under conditions wh#re receptor would be
phosphorylated while the interaction with 14-8-®8as unaffected. This suggests that
phosphorylation of the AAR may be important in regulating binding of pautar

proteins to the C-terminal tail of the receptor.hisTis significant in the light of the



Gillian R Milne, 2008 Chapter 4, 174

increasing number of proteins that are being ifiedtias able to interact with the C-
terminal tail of the AWAR. Regulation by phosphorylation may provide achamism by
which different proteins can be recruited in ortteinitiate different signalling pathways

in different cellular contexts.
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5 Final discussion

The production of adenosine in response to metabsiiess represents a critical
endogenous mechanism for preventing excessivemnil@ion and limiting tissue injury
(Hasko6 and Cronstein, 2004). The central rolehefA»AR in mediating these responses
has been demonstrated in numerous studies usimpside and AMAR selective agonists
to inhibit the inflammatory responses in a varietcell typesin vitro as well as inn vivo
models of inflammatory disease and in studies ugwgdeficient mice (Palmer and
Trevethick, 2008; Haské and Cronstein, 2004; Siskgy 2003). As an endogenous
mediator of anti-inflammatory responses, thes#R represents a particularly attractive
subject for study. Increasing understanding of flmevbody naturally deals with excessive
inflammation may reveal mechanisms of limiting amfimation and tissue damage that
could be harnessed to create novel therapies fgornnaflammatory diseases such as
atherosclerosis, sepsis and cancer.

Despite the plethora of evidence regarding the-iaflimmatory effects of signalling
through the AAAR, the mechanisms behind these effects are orslyljaginning to be
elucidated. Findings frorm vitro studies using endothelial cells have indicated the
ability of the AAR to exert such wide-ranging anti-inflammatory eets could be
explained by its ability to regulate pro-inflammitasignalling pathways (Sands al,
2006; Sandst al, 2004). The aim of the study described in Chaptef this thesis was to
investigate the physiological relevance of theswlifigs by assessing the role of the
A2AAR in regulating activation of the MB and JAK/STAT pro-inflammatory signalling
pathways in the aortae of,fAR-deficient mice. Data presented here show thahice
lacking the AsAR, LPS-induced pro-inflammatory cytokine produatias markedly
enhanced compared to wild-type mice. Consistetit this observation, activation of the
JAK/STAT pathway in response to LPS was potentiatethe aortae of these animals as
shown by elevated levels of phosphorylated STAEImilarly, heightened activation of
the NKB pathway was detected by the presence of increleseds of phosphorylated
IkKBa in AzxAR™ mice regardless of LPS-treatment. However, eviiaof the
significance of this finding will require furthetugly as no change was detected in the
expression of the STAT1 and KB-regulated genes, VCAM-1, ICAM-1 and TAP-1.

The lack of effect of increased KB and JAK/STAT pathway activation on downstream

signalling and gene expression was unexpected &utperhaps be explained by the
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upregualtion of negative regulatory mechanisms jgAR-deficient mice. This may have
been a result of using a mouse model in which th&AR gene had been disrupted in all
tissues. Many unknown compensatory genetic changell have occurred that might
mask the effects of expressing a non-functional¥R. A more useful method to analyse
specific effects of the AAR in the vascular endothelium would be to useugsspecific
gene deletion to target the MR only in endothelial cells. Another approactassess the
importance of adenosine receptor signalling in k&g pro-inflammatory signalling in
the endothelium would be to examine Ki-and JAK/STAT pathway activation in mice
lacking endothelial CD73 or CD39. These enzymesblenthe endothelium to produce a
significant amount of adenosine that is criticat foaintenance of endothelial barrier
function during acute inflammatory responses (Lenmb al, 1998). If adenosine
signalling through the AAR is a significant mechanism for regulating préammatory
signalling in the endothelium then it might be ectee that CD73 or CD39-deficient mice
would display similar perturbations in MB and JAK/STAT signalling to AAR™ mice.

In this study, pro-inflammatory signalling pathwagtivation was examined specifically in
the aorta in an attempt to characterise mechanisiish may allow the AAR to
suppress the development of vascular inflammatioth atherosclerosis. LPS-induced
sepsis was used as a model of vascular inflammatitowever, LPS treatment produces
acute inflammation while atherosclerosis is a clowanflammatory disease with plagues
developing over several years or decades (Han20053). In order to understand changes
in the endothelium during atherosclerosis, it wobkduseful to carry out studies using a
model of chronic inflammation such as collagen-eth arthritis which develops over
several weeks. This may produce quite differefdcef on pro-inflammatory signalling
owing to changes in the cytokines present duringorub inflammation and the

involvement of different cell types, particularlycélls.

A particularly striking difference between wild-gypand AsAR™ mice observed in this
study was the increased level @Bl phosphorylation detected i, AR” mice even in
the absence of LPS treatment. It would be interg@$b investigate the mechanisms which
prevent kBa phosphorylation and therefore inappropriate atitweof the NKKB pathway

in A,pAR-competent mice. This could occur at severgbstie the pathway leading to
NFKB activation. For example, through negative regoeof IKK phosphorylation or by
inactivation of upstream components such as TAKIER Br TRAF proteins. These
signalling factors rely on Lys63 polyubiquitinatidior activation and are subject to
negative regulation by DUBs such as A20 and CYLDn(®t al, 2008). Therefore
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modulation of DUB activity represents a likely maoism for regulation of their
activation status. AAR activation has already been shown to promoted@ylation of
the Cul-1 subunit of thexBa E3 ligase complex (Khourgt al, 2007). Perhaps AAR
activation in wild-type mice suppresses K- activation in the absence of stimuli by

promoting the deubiquitination of signalling compais upstream of IKK.

The effects of the AAR on endothelial cells are of particular interesice vascular
dysfunction is central to development of atherasdis. In this study, it was hypothesised
that the presence of the AR might suppress pro-inflammatory pathway actmatin the
endothelium and therefore protect against developroé vascular disease. However,
these effects may not be specific to endotheliié @nd it would be interesting to see if
signalling in other cell types is affected by,AR activation. T cells and NKT cells, for
example, represent interesting targets as theybatie involved in the development of
atherosclerosis (Hansson, 2005) and have theimfleanmatory functions suppressed by
A2AAR stimulation (Sevignet al, 2007; Lappast al, 2006).

Another subject for future studies might be to stigate the effect of AAR gene-
deletion on signalling pathways other than the&xBIland JAK/STAT pathways. Although
these are generally considered to be the majorinfll@nmatory signalling pathways,
others such as the JNK and p38 pathways are alsolved in activation of the
endothelium and so may represent targets for régnldoy the A,AR (Sumaraet al,
2005; Hoefen and Berk, 2002).

In summary, findings presented in Chapter 2 of thesis indicate that signalling through
the AAAR represents a significant endogenous mechanisrsujgpressing activation of
the NFKB and JAK/STAT pro-inflammatory signalling pathways the aorta. Further
studies will be required to assess the consequeridbss for downstream gene expression
and development of vascular inflammation. Fututadies aimed at identifying
mechanisms by which the; /AR regulates pro-inflammatory signalling may reveavel
targets for therapeutic intervention. This couldva specific modulation of inflammatory
events occurring in the endothelium to limit theogmession of diseases such as

atherosclerosis, sepsis and cancer.

While data presented in Chapter 2 of this thesistadhe large body of evidence regarding
the physiological effects of signalling through AR, findings described in Chapter 3

pertain to the lesser studied question of how &eeptor is regulated at a molecular level.
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This subject has become of particular interestngesince it has become apparent that in
addition to heterotrimeric G proteins and protemlved in desensitisation, several other
proteins can interact with the long C-terminal t&#ilthe AAAR (Zezula and Freissmuth,
2008). However, the question of how these intevastmight be regulated has not been
addressed. Previous studies have shown that thieec#;» AR is phosphorylated in
response to activation of PKC. However, unlikehe case of other GPCRs, this is not
associated with heterologous desensitisation aptec-G protein coupling (Palmet al,
1999), indicating that PKC-mediated phosphorylationay have a previously
unappreciated role in regulating#\R activity. The aim of this study was to determin
whether the human AAR, like the canine receptor, is subject to regatatby
phosphorylation and whether phosphorylation eventhie C-terminal tail of the AAR
could play a role in regulating the binding of nmateting proteins. Data presented here
indicate that the human,MAR is indeed phosphorylated in response to PKGraitin.
Interestingly this modification appears to havesamuences for the binding of C-terminal
interacting proteins as 14-3-%vas found to bind to the ,AAR in the presence or absence
of PKC-activating stimuli while TRAX bound only the unphosphorylated receptor. This
suggests that PKC-mediated phosphorylation mayesepmt a selective means of

controlling binding of individual interacting protes.

In addition to 14-3-8 and TRAX, several other proteins have been regdueinteract
with the C-terminal tail of the AAR including ARNO (Gsandtnest al, 2005),a-actinin
(Burguefioet al, 2003) and USP4 (Milojetiet al, 2006). To determine whether PKC-
mediated phosphorylation represents a general merhaof regulating interactions with
the ALAR, it would be interesting to repeat pull-down exments carried out in this
study with ARNO,a-actinin and USP4. It would also be interestindimal out if any of
these proteins can bind simultaneously and whetierphosphorylation status of the
receptor dictates which combination of proteins band at one time. For example, while
phosphorylation of the AAR inhibits the interaction with TRAX, dissociatiointom
TRAX may enable another protein to bind. To propeharacterise these interactions, it
will be important to identify the binding sites @ach of the interacting proteins. This can
be achieved by assessing binding of recombinarteim® to peptide arrays representing
the C-terminal tail of the AAR. Alanine scanning mutagenesis could then bel tge
identify the role of individual amino acids in datihg interactions in co-

immunoprecipitation and pull-down assays.
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The finding that 14-3-8binds to the AWAR indicates that other 14-3-3 proteins may also
be AAR interactors as members of this family are higidynologous (Aitken, 2006). It
would be interesting to test whether this is theecas different isoforms of 14-3-3 proteins
may be present in different cell types. It woulsbabe interesting to find out whether they
share a common binding site as theAR C-terminal tail does not contain any classical
14-3-3 consensus binding maotifs.

Future studies should be directed at determinieguhctional significance of interactions
occurring at the C-terminal tail of the ,4AR and the consequences of receptor
phosphorylation. USP4 has been assigned a rolproamoting A,AR cell-surface
expression by regulating its ubiquitination stagislojevi¢ et al, 2006) whilea-actinin
appears to be important for 4R internalisation (Burguefiet al, 2003) and ARNO is
involved in G-protein-independent activation of tlERK pathway by the AAR
(Gsandtneet al, 2005). If receptor phosphorylation is found égulate the interactions
of any of these proteins with the tail of thesAR, it would be interesting to see if
phosphorylation results in any changes in thesetims. This could be achieved by
introducing cell-permeable peptides based on eithtbe phosphorylated or
unphosphorylated form of the receptor tail to displ the interacting proteins followed by
assessment of downstream effects. The role of-3#3nding to the AWAR has not yet
been identified but could be investigated usingegmgeting to generate mice lacking 14-
3-3t and then examining the resultant phenotypes fangés that might relate to aberrant
A2AAR function. The likelihood that other 14-3-3 mivis could compensate for the lack

of 14-3-3 might limit the usefulness of this approach.

In summary, findings presented here show that tm@am AAAR is subject to PKC-
mediated phosphorylation and this appears to plajeain controlling which proteins can
bind to the C-terminal tail of the receptor. Thmdtional significance of this regulation
remains to be examined but it could represent anmeé selectively recruiting different
proteins to the receptor to allow initiation oftahst signalling pathways, thereby enabling

the AcAAR to induce the appropriate responses in partic@gdhular contexts.
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