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ABSTRACT

Mediation of biological functions occurs via tightlregulated signal transduction
pathways. These complex cascades often employtalosgth other signalling pathways
to exert strict control to allow for correct celmlresponses. The cyclic AMP signalling
pathway is involved in a wide range of cellular ggsses which require tight control,
including cell proliferation and differentiation, atabolism and inflammation. Protein
Kinase C (PKC) signalling is also involved in tlegulation of many biological functions,
due to the wide range of PKC isoforms, and therenmerging evidence that there are
critical points of crosstalk between these two @rdignalling pathways. The aims of this
research, therefore, are to identify the molecidasis underlying this pivotal cross-

communication.

The identification of the complex formed by Recegty activated C Kinase 1 (RACK1),
a scaffold protein for PKC, and the cyclic AMP-sifiecphosphodiesterase PDE4D5
demonstrated a potential area of crosstalk betweercyclic AMP and PKC signalling
pathways although the function of the complex remdilargely unknown. In this thesis |
have outlined a role for RACK1 binding to PDE4D5cmntrol the enzymatic activity of
the phosphodiesterase. Although RACK1 does nottffee intracellular localisation of
PDE4DS5, it does afford structural stability to PIEs4 providing protection against
denaturation. Furthermore, interaction with RACKdifitates high affinity binding of
PDE4D5 to cyclic AMP and increases phosphodiesteissensitivity to inhibition by
rolipram, a PDEA4-specific inhibitor that is a thaeatic treatment for depression and
Alzheimer’s disease. Additionally, RACK1-bound PlExtwas found to be activated by
PKCa, providing a route of negative regulation by PKi€ayclic AMP in HEK293 cells.

The discovery of EPAC (Exchange Protein directlyivated by Cyclic AMP) has opened
up the field of cyclic AMP research, providing altemative route for the cyclic AMP
signalling originally thought to occur solely thighu Protein Kinase A (PKA). Recent
investigations have linked cyclic AMP signallinggdePAC to the control of inflammation,
through the induction of Suppressor of Cytokinendliing 3 (SOCS-3) to inhibit I1L-6
signalling. Here | have further delineated thishpaty in COS1 to show that induction of
SOCS-3 by EPAC requires phospholipase C (PEC)nvestigation into downstream
effectors of PLC action lead to the identificatioh PKCo. and PK@ as essential
components of this pathway, further elucidating echanism by which cyclic AMP can
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affect inflammation and revealing a point of crafistbetween the two signalling

pathways.

Further elaborating on the identification of PKGf@@msa andd as crucial components in
the control of cytokine signalling by cyclic AMParEPAC, investigations into the effect
of cyclic AMP on PKCa andé activation and autophosphorylation, and on doveasir
effectors, were carried out. It was revealed thalic AMP had no influence on PKC
activity, although a role for cyclic AMP signallingprough EPAC on the activation and
autophosphorylation of PKEL was identified. Additionally, phosphorylation ohet
downstream kinase ERK was found to occur indepahdehPKC activation and required
the presence of EPAC1 in COS1 cells.

The work presented in this thesis therefore betpndelineate a novel pathway in which
the cyclic AMP and PKC pathways work together ttoraf cell regulation, including the

regulation of gene expression, through novel apéasosstalk.
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1.1 Signal Transduction

The mediation of biological functions requires thee of first messengers, such as
neurotransmitters, cytokines, hormones and groatiofs, many of which are unable to
permeate the cell membrane. To carry out their iBpefunctions, they require the
induction of signal transduction cascades, wheeeicell surface receptor is activated,
eliciting an intracellular response. A second megseis often employed in the conversion
of the extra-cellular biological system to the aullular response. The first point of
contact for the extracellular stimuli is the widmge of cell surface receptors. The nature
of signal transduction, and the affected pathwagsdetermined by which of these
receptors are activated by the extracellular siinfiiese membrane associated receptors
can be divided into three groups; ion-channel lihkenzyme-linked and G-protein linked
(Berget al., 2002).

1.1.1 lon-channel Linked Receptors

lon channel linked receptors, such as the nicoangtylcholine receptor, are stimulated to
open or close in response to external stimuli,i@aerly neurotransmitters or peptide
hormones. A conformational change upon ligand Inigdcreates an open channel,
allowing molecules, generally ions specific to teeeptor, to pass through. In the case of
the nicotinic acetylcholine receptor, this is ‘Nans (Albertset al., 2002). When the
internal concentration of the ion is high enouglcauses a depolarisation of the membrane
and initiates an action potential. Such receptoescammon in neurons and other cells

which require action potentials (Beegal.,2002).

1.1.2 Enzyme-linked Receptors

Enzyme-linked receptors are activated by a widgeaof hormones and growth factors
and are important in signalling pathways that léadcell growth, differentiation and
proliferation. The cytosolic domains of these rdoepare either associated with specific
enzymes or possess its own enzymatic activity,ngithis group of receptors their name
(Berg et al., 2002). There are four well documented classes pyraa linked receptors
found in mammalian systems: guanylyl cyclase remspt serine/threonine kinase

receptors, receptor tyrosine kinases and tyrosimesk associated receptors.
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Several signalling molecules, including natriurgtieptides, stimulate guanylyl cyclases.
This stimulation catalyses the production of cy@igIP, initiating a signalling pathway by
activation of the serine/threonine kinase, cycliM@dependent protein kinase (PKG)
which is involved in neuronal function, smooth meselaxation and kidney and intestine
ion flux (Berget al., 2002).

The serine/threonine kinase receptors are stintlllayethe transforming growth fact@r
super-family which as well as having involvementeil proliferation, differentiation and
apoptosis, are involved in immune regulation asdue repair. There are two structurally
similar types of serine/threonine kinase recepiesjgnated type | and type Il which work
together to activate a signalling pathway. Upomig binding to a type Il homodimer, a
type | homodimer is activated and recruited to fartetrameric complex. This complex
then directly phosphorylates the gene regulatingilfaof proteins called Smad, which
translocates directly to the nucleus to activaéatget genes (Souchelnytskiyal., 2001).

Receptor tyrosine kinases (RTKs) comprise the Ergeoup of enzyme linked receptors
and are stimulated by a wide range of growth factand hormones including EGF
(Epidermal Growth Factor), PDGF (Platelet derivedwgh factor) and VEGF (Vascular
endothelial growth factor), as well as some cetfasie bound signalling proteins such as
ephrins that are involved in cell adhesion and atign (Gschwindet al., 2004). Upon
stimulation, RTKs are able to phosphorylate taggeteins and have been indicated in a
number of well studied pathways including MAPK cades (detailed in section 1.5).
Finally, tyrosine kinase associated receptors aat associated cytoplasmic tyrosine
kinases, such as the Src family of proteins, wipbbsphorylate both target proteins and
the receptors themselves (Hubbard and Till, 2000).

The cytokine receptors demonstrate one of the mdostt routes of external signal
transduction to the nucleus, through activatiorihef Janus kinase/Signal Transducer and
Activator of Transcription (JAK/STAT) signalling gavay. JAKs are a group of
cytoplasmic tyrosine kinases which associate wjttolane receptors. Once activated by
the receptor, JAKs phosphorylate the gene regylé@0AT proteins, activating them and
causing them to translocate to the nucleus wheg itiduce transcription of target genes
(Rawlingset al., 2004). As with other enzyme-linked receptor pathsyditis pathway is
involved in cell proliferation, differentiation andpoptosis, and is also important in
haematopoiesis (Rawlingsal., 2004).



18
1.1.3 G-protein Coupled Receptors (GPCRs)

G-protein coupled receptors play a crucial roleatl signal transduction, mediating the
majority of responses to neurotransmitters, horraarel external stimuli (Rosenbawn

al., 2009). They comprise a large super-family of tragsrorane receptor proteins which
bind these ligands to transduce signals from oetthé cell into an intracellular response.
Binding of the ligand induces a conformational apgnallowing the GPCR to act as a
guanine exchange factor (GEF). It is then ablectivate an associated G-protein through
the exchange of GTP for its bound GDP. The subwofithe G protein are then able to
regulate enzymatic effectors which in turn genesseond messengers such as calcium
and cyclic AMP (Rosenbaurst al., 2009) (Figure 1.1). Over 800 GPCRs has been
identified in the human genome, with around 46Qhafse believed to act as olfactory
receptors and many more with as yet unknown funst{@eupi and Kobilka 2007). These
800 GPCRs are divided into 5 classes based onidmnend sequence homology.
Together, these groups are known as the GRAgi&taMmate, rhodopsin, adhesion,
frizzled/taste,secretin) classification. Almost 90% of the known @®s fall into the
Rhodopsin-like family, while the rest are dividedtween adhesion, glutamate, secretin
and frizzled/taste groups. The Rhodopsin groupuishér divided into 4 subgroups,
designated, 8, y ands (Huanget al., 2009). Theo group includes opsins, melatonins and
prostaglandinsp comprises peptide hormones;chemokine receptors and somatostatins
and opoids; and forms a group of purines, glycoproteins and thegdanumber of
olfactory receptors. The glutamate group includsdsiem sensing receptors, GABAand

the Taste 1 cluster of receptors, while the Adhegi@up is made up of GPCRs which are
fused with an adhesion-like motif containing donsaat their N-terminal (Bjarnadottat

al., 2005). The Frizzled/Taste group contains, as timensuggests, the frizzled, and Taste
2 receptors, and the secretin group contains nlyt secretin receptors, but other large
peptide receptors including those for calcitonid glucagon (Deupi and Kobilka, 2007).

Currently, crystallography is only available forede GPCRs- Rhodopsin, Opsin gt
Adrenergic receptor (Blois and Bowie, 2009). Howewadl GPCRs are believed to share a
structural similarity of seven hydrophobic membraspanning a-helical domains,
connected by alternating intracellular and extiatai loops, an intracellular carboxy (C)-
terminal end and an extracellular amino (N)-terrhierad. Although homology is highly
conserved between GPCRs with regard to the tranbmagr® domains, there is great
variation of the intra- and extracellular areashwiegard to complexity and size. The

extracellular areas are involved in ligand bindingpile intracellular regions are required
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Figure 1.1
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Figure 1.1 GPCR mediated signalling - Upon binding of an external stimulus to the
outside of the transmembrane GPCR, a conformaticmahge occurs to allow the GPCR
to act as a GEF for an associated heterotrimerrdgin. Following this activation, the

Ga subunit dissociates from thedsubunits and acts on effector enzymes which ganera

second messengers such as cyclic AMP and calcium.
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for signal transduction. The N-terminal and, in so®PCRs, extracellular loops, contain
N-glycosylation sites and disulphide bridges betwten extracellular loops to maintain
correct protein folding and are conserved acrossntiajority of the GPCRs. Conserved
across the GPCRs in the C-terminal is a site fonpaylation (Luttrell, 2008).

GPCRs may activate more than one G protein, of hwhiere are few in number in
mammalian genomes compared with the number of GRE@Bsded. G proteins comprise
a heterotrimer consisting of the subunitsp andy. Structurally, & subunits share a
homology consisting of am-helical domain which inserts into its Ras-like GGPP
binding domain (Bridges and Lindsley, 2008). 12 &d 5 @ subunit genes have been
identified, and the majority of these form stabletenodimers which are, like theaG
subunit, able to regulate effector activity. Thg subunits share a seven bladed propeller
structure made up ¢¥-sheets, and a coiled-coil structure at the N-teaiihat associates
with the Gy subunit. The @ subunits contain a Cys-Ala-Ala-x motif at the @atenal of

its a-helical structure which allows for membrane logatfion by prenylation (Deupi and
Kobilka, 2007). There are currently 16 identified Gubunit genes, with splice variants
giving rise to around 20 & subunit proteins, which are divided into 4 groupbkese
groups are @, which include the adenylyl cyclase stimulatorybwnit Gos, and the
olfactory subunit, Gor; Ga;j which comprises transducin, the retinal subuniid a
gustducin, involved in taste, as well a3 @, 2 and 3, which are adenylyl cyclase
inhibitory subunits; @q which consists of the regulators of phospholip@sactivity Gug
and Gu11, as well as @l4 and @&15; and finally @12 includes @12 and @13 which
regulate cytoskeletal assembly and cell growthRieGEFs (Luttrell, 2008). As can be
seen from the stimulatory and inhibitory functiafghe Gis and Gy subunits, the control
of adenylyl cyclase by G-proteins is an importamiponent of signal transduction. Since
the main thrust of the research in this study istreel around new mechanisms of cyclic
AMP signal transduction, the next section will centate on cyclic AMP signal

transduction.

1.2 Cyclic AMP Signal Transduction

The prototypical second messenger, 3'-5’-cyclicraxgne monophosphate, or cyclic AMP
(cyclic AMP) (Figure 1.2) was first identified irhe 1950s as a small intracellular
mediator. Normal concentrations of cyclic AMP wiitleells are usually in the region of
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Figure 1.2
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Figure 1.2 Structural representation of cyclic AMP - The second messenger 3’-5'cyclic
adenosine monophosphate (cyclic AMP).
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10’M (Cooper, 2003). However, extracellular signais;tsas hormones that activate Gs-
coupled GPCR, are able to increase levels by niname tiwenty fold through activation of a
family of adenylyl cyclase enzymes (Cooper, 20@3)clic AMP is essential for a range of
critical cellular processes, including the actioatof protein kinases and the regulation of
Cc&* passage through ion channels (Chengl., 2008). Classically, rises in intracellular
cyclic AMP levels were thought to elicit cellulagsponses mainly through the activation
of cyclic AMP-dependent Protein Kinase A (PKA) (Gioet al., 2003), however it is now
known that cyclic AMP can exert actions in the dhitough the activation of other,
recently discovered, cyclic AMP effectors, suchcgslic nucleotide gated (CNG) ion

channels and exchange protein activated by cydMi®AEPAC) (Figure 1.3).

It is widely accepted that cyclic AMP is compartrtadised, with fluorescence-resonance-
energy-transfer (FRET) investigations showing btgmporal and spatial cyclic AMP
gradients within cells (Houslay and Adams, 2003)isTcompartmentalisation is thought to
be due to a number of factors, including the astiohGPCRSs, adenylyl cyclase, and PKA.
Cyclic nucleotide phosphodiesterases (PDEs), whiglirolyze cyclic AMP to 5-AMP
and are the only means of degradation of cyclic At thought to play an important role
in cyclic AMP compartmentalisation and formation afclic AMP gradients throughout
the cell (Houslay and Adams, 2003). Compartmeraiadia allows differential activation
of PKA pools in different locations where they atgle to phosphorylate only the target
proteins in that area. A-kinase Anchor Proteins s) anchor PKA isoforms at specific
sites within the cell, allowing a response of tpat&lly distinct PKA pools to cyclic AMP
gradients, resulting in modification of localisediget proteins (Baillie and Houslay, 2005).
AKAPs target PKA to distinct subcellular locatiomsd to specific substrates with
activation status of PKA dependent on localisedicy®™P concentrations. Regulation of
Cd"* channels also occurs via these localised PKA-AkARplexes. Differing responses
and activations from compartmentalised cyclic AM¥Pdl changes are probably linked to
the stimulation of varying receptors resulting iffetent physiological responses. Here we
will try to cast light on this complexity by sumnnsing the major components of the cyclic
AMP signal transduction cascade.

1.2.1 Adenylyl Cyclases

Cyclic AMP is generated by adenylyl cyclases (AQsyge transmembrane proteins
ranging between 120 and 140 kDa (Cooper 2003),iwtatalyse the conversion of ATP
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Figure 1.3
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Figure 1.3 Cyclic AMP Signalling - Following GPCR mediated activation of adenylyl

cyclase, cyclic AMP is synthesised by the enzyroenfATP, and is hydrolysed to 5’AMP
by cyclic AMP specific phosphodiesterases (PDEgLEII€ AMP levels control signalling

through three main pathways- via cyclic nucleotigg@ed (CNG) ion channels to control
the flux of ions, via EPAC (exchange protein dikgetctivated by cyclic AMP) and Rapl

where cyclic AMP can control cell adhesion and fiorcformation, and via PKA where it

influences the metabolism of glycogen, sugar guiddi among other actions.
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to cyclic AMP and phosphate. Mammalian systems aionten ubiquitously expressed
ACs, nine of which are membrane bound and one wikibdiicated in the cytosol (Luttrell,
2008). Each isoform possesses a differing tisssgilglition and regulation requirement,
allowing increases of cyclic AMP levels that amhospecifically localised and occurring
under specific conditions (Tabakodf al., 2001). Structurally, ACs consist of a short,
variable intracellular N-terminal region, two sixmbrane-spanning cassettes termed M1
and M2, two 40 kDa cytosolic domains designateda@d C2 which form the catalytic
site, and an intracellular C-terminal. The catalgite of ACs is formed between the C1
and C2 domains upon binding ofi$or the drug forskolin to the outside of the C2 dam
and the N-terminal of the C1 domain, causing a @onétional change (Figure 1.4).
Inhibition by G proteins can occur whenoGbinds to the C1 domain, preventing
association of the two domains. This conformatiatenge also forms a binding site at
the opposing ends of the C1 and C2 domains. ATBshia this interface where it is then
catalysed into cyclic AMP (Cooper, 2003). The aetsite is highly conserved across the
AC isoforms, which also share a high sequence dnectgral homology with the
generators of cyclic GMP, the guanylyl cyclaseschhare discussed above. As well as
activation by G proteins and forskolin, some ACfasms are regulated by calcium, either
in a calmodulin-dependent or -independent mannecaBse of the importance of ACs in
controlling cyclic AMP levels within the cell, thelyjave become important targets for
therapeutic treatment, for example forskolin anaésgare successfully used in Japan for
the treatment of asthma (Pieatel., 2009).

1.2.2 Protein Kinase A (PKA)

Originally it was believed that all cyclic AMP sigiing occurred via PKA. PKA is
involved in the regulation of a wide range of ploysgical processes, ranging from
metabolism to growth and memory (Cheeigal., 2008). There are two forms of PKA,
PKAI and PKAIIl, which are determined by the preseraf specific regulatory (R)
subunits. Inactivated, PKA is a tetrameric comptgxtwo R subunits and 2 catalytic
subunits. While PKAI is found mainly in the cytopta of the cell, PKAIl is located at
organelles and cellular structures (Perlanal., 2001). Unlike PKAI, Type Il is generally
not a soluble species, but is instead anchoredirwitie cell by AKAPs at specific
locations (Feliciellcet al., 2001). There are four known PKA R subunits, twavbich are
generally expressed in a variety of tissues, amdthat are found almost exclusively in the
brain, adipose and adrenal tissues (Cheirg., 2008). The three types of catalytic (C)
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Figure 1.4
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binding site

Figure 1.4 The structure of adenylyl cyclase - The adenylyl cyclase family of enzymes
share a structure of two cassettes of six transmemlspanning domains, termed M1 and
M2 and two ~40 kDa cytoplasmic domains, C1 andTse cytoplasmic domains form a
catalytic site at the C-terminal end of C1 andNXhterminal of C2, where &or forskolin
bind. This binding causes a conformational changehvcreates an ATP binding site at
the opposing ends of the cytoplasmic domains wbgekc AMP synthesis occurs.
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subunitsa, p andy, appear to have a broad tissue specificity, wHdn tGe most commonly
found subunit of PKA (Dodge-Kafka and Kapiloff, Z)0 Upon cyclic AMP binding to
both sites on the R subunit, a conformational ckavggurs, lowering its affinity for the C
subunits (Chengt al., 2008). The complex then dissociates, and the enzyecemes
active, allowing the C subunits to target a widege of proteins at their PKA consensus
phosphorylation sites (Chargy al., 1993). These include ion channels, the GTPase Rho
and transcription factors such as CREB (Cheingl., 2008). Cyclic AMP is also able to
affect ERK activation (as discussed in section4).frough the inhibition of the protein
kinase Rafl by PKA phosphorylation (Houslay andI&ai2003) which is thought to play

a role in inhibiting cell cycle progression in &elih which cyclic AMP is anti-mitogenic.

1.2.3 A-Kinase Anchor Proteins (AKAPS)

Because of its wide range of substrates, PKA sligigaspecificity is obtained through use
of AKAPs, which anchor PKA at distinct subcellulacations to facilitate interaction with
specific groups of substrates. In this way, AKARe able to control aspects of PKA
signalling. There are more than 50 members of tKAR family (McConnachieset al.,
2006), all structurally diverse but identical inréld aspects- their ability to bind PKA
through a PKA anchoring domain, their ability torfoa multi-protein complex through
binding other signalling enzymes, and the abilityarget these complexes to specific sites
within the cell (Beene and Scott, 2007). PKA anmgiwpoccurs via one of its R subunits
undergoing a hydrophobic interaction with@helical region comprised of between 14-18
amino acids, conserved across the AKAP family (Ma@xhieet al., 2006). The N-
terminal of the R subunit binds to this amphipatt@gion on the AKAP (Dodge-Kafket
al., 2008). While the RII subunit of PKA exhibits a heghbinding affinity for AKAP than
RI (Dodge-Kafkaet al., 2006), some AKAPs show a preference for bindinght® RI
subunit, while others are dual specific and readilyd either subunit (Wong and Scott,
2004). Naming of AKAPs was originally based on thelecular weight of each protein
based on where it rested when run on an SDS-PAGBAgEng and Scott, 2004) but due
to the great and constantly increasing number ofARKfamily members and splice
variants sharing similar molecular weights as alyeadentified AKAPSs, proteins
previously identified for other purposes now shawract as AKAPs retain their original
name, such as Gravin or Pericentrin (Sreithl., 2006). The first AKAP to be discovered
was MAP2 (Microtubule associated protein 2) (Wond &cott, 2004), initially identified
through its ability to co-purify with PKA, a meams$ identification still used today to
identify other AKAPs (Smitlet al., 2006).
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As well as binding and targeting PKA, one of thesmimportant, defining actions of
AKAPs is the ability to form multi-protein complexeThese complexes can include both
enzymes involved in signal transduction, as wekm@symes involved in signal termination
(McConnachieet al., 2006) allowing both phosphorylation and dephosplation of a
substrate, and both up- and down-regulation ofvpays to occur through one AKAP
multi-protein complex (Smitlet al., 2006). This also gives rise to the ability of ctais
between pathways to occur via AKAPs. The first AKilentified to bind another protein
alongside PKA was AKAP 150/79, shown to bind notyd?KA but also the phosphatase
protein 2B (PP2B) (Smitkt al., 2006). Later, this same AKAP was identified to absad
Protein Kinase C (PKC) alongside these two profeasting as a multi-protein signalling
complex (Smithet al., 2006). Several other AKAPs bind PKC alongside Pi#&juding
Pericentrin, AKAPLb2, which binds PKA, PKC and PKith PKA and PKC activating
PKD, and Gravin which binds PKA and PKC alongside32-adrenergic receptor (Wong
and Scott, 2004). Additionally, AKAP350/450 bindskKA# and PKC along with
phosphatase proteins 1 and 2A and also the phosstedhse PDE4D3 (Smitét al.,
2006). Other AKAPs also bind components of cyclidRA signalling, such as AKAP110
which binds PDE4A, and mAKAP which binds both PKRdaPDE4D3, as well as PP2A,
ERKS5 and EPAC1 (McConnacheeal., 2006).

The crucial role of AKAPs is the targeting of theselti-protein complexes to distinct
subcellular locations, with the use of targetingtifecon the AKAP involved in protein-
protein and protein-lipid interactions (Smghal., 2006). Ensuring signalling components
are anchored in distinct sites within the cell wlogreater control and specificity of
signalling. It is important to note that splice iaats of the same AKAP can target to
completely different areas within the cell, whil®ra than one AKAP may be targeted to a
specific location (Wong and Scott, 2004). Of thenptexes listed above, each displays a
distinct and specific location of anchoring, withiKAP150/79 targeting to the plasma
membrane, while AKAP350/450 anchors to the centresoand Golgi apparatus of a
variety of cell types and Gravin targets the actitoskeleton (McConnachgt al., 2006).
MAKAP targets its complex components to the nuctkeambrane of myocytes, brain and
skeletal muscle cells, and demonstrates a nedgatedback loop for control of cyclic AMP
signalling, wherein several components including ttownstream effectors PKA and
EPAC 1 acting alongside a phosphodiesterase regpon®r reducing cyclic AMP
concentration (McConnachiet al., 2006). This ability of AKAPs to bring signalling
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components together at distinct sites within thé & only provides a useful method of
signal transduction specificity control through qmartmentalisation, but also allows

signalling pathways to converge.

1.2.4 Cyclic nucleotide-gated (CNG) lon Channels

CNG ion channels are non-selective cation chantlels are members of the voltage
activated ion channel super-family, despite dispigya low voltage dependence (Kaupp
and Seifert, 2002). CNG channels were first ideedifin retinal rod and cone
photoreceptors. Cyclic AMP-dependent CNG ion chéage most commonly located in
olfactory sensory neurons (OSN), although recahidy have been identified in other non-
neural tissues, including heart and liver (Kaupg 8eifert, 2002). These heterotetrameric
complexes contain two or three different subunitd are made up of six segments which
span the membrane, a pore region located betweznftthe segments, and a C-terminal
cyclic nucleotide binding domain, to which cyclidV® is able to bind directly (Schulte
and Levy, 2007). It is these differing subunits evhdetermine the functions and features
of each channel, including ligand sensitivity. Upzytlic AMP binding to the C-terminal
domain, conformational changes to the CNG structgeur, resulting in the pore area
opening and allowing the passage 6f Ka" and C&" ions. In particular, Cd is important

in the adaptation and excitation of sensory c€@NG ion channel activity is also modified

through both phosphorylation and*®aalmodulin action (Kaupp and Seifert, 2002).

1.2.5 Exchange protein directly activated by cyclic AMP (EPAC)

In 1998, de Rooigt al. reported that activation of Rap1l via cyclic AMP drfafskolin was
independent of PKA. EPAC was then identified in atatbase search for proteins that
contained sequence homology to cyclic AMP bindiitgssas well as to Ras and Rapl
GEFs. Radiolabelled cyclic AMP experiments werentlised to determine that cyclic
AMP binds directly to EPAC. The study also showedt tEPAC and the PKA regulatory
subunit b bind to cyclic AMP with a similar affinity. EPAC & then confirmed as a GEF
for Rapl through co-transfection experimentation NiH3T3 cells with fluorescent
labelled Rapl used to show that it is directly\ated by EPAC (de Roogt al., 1998).
Simultaneously, both isoforms were discovered duran screen for genes exhibiting
second messenger binding motifs specific to thenkigawasakiet al., 1998). There are
two EPAC isoforms, 1 and 2, encoded by distinctegeiPACL1 is expressed abundantly
throughout all cell types, particularly in the kedn heart and thyroid glands (Rosciehi
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al., 2008), while EPAC2 is mostly found within the braadrenal and pituitary glands
(Kawasakiet al., 1998). Identification of these new cyclic AMP retms showed a
complexity of cyclic AMP mediated signalling grelatean previously thought, and raised
the possibility that there may be a role for EPACsome of the effects of cyclic AMP
believed to act solely through PKA. The ubiquitexpression of both PKA and EPAC in
all tissues allows for a greater precision of colntf cyclic AMP signalling pathways, as a
rise in intracellular cyclic AMP is able to actieaPKA, EPAC as well as other cyclic
AMP effectors present. This allows cyclic AMP tdeat multiple pathways (Cherg al.,
2008). Tight regulation of EPAC localisation to gf@a and nuclear membrane, perinuclear
regions and mitochondria, as well as subcellulastrihution suggests cellular
compartmentalisation is important for the wide maraf signalling properties of EPAC
(Roscioniet al., 2008).

The discovery of EPAC proteins revolutionised thewn cyclic AMP signalling pathway,
opening up the field because of the wide rangeoafngtream effects of EPAC, including
extracellular signal related kinase (ERK), phosgtagle C (PLC) and protein kinase B
(PKB)/Akt (Roscioniet al., 2008). This multi-domain family of proteins havehagh
affinity for cyclic AMP binding and also are able activate the small GTPases Rapl and
Rap2, members of the Ras super-family (de Raai., 1998). EPAC has been found to be
involved in the regulation of crucial processeshwitthe lungs, brain, heart and immune
systems. For example, EPAC has been shown to béved in hypertrophy in myocardial
cells (Morelet al., 2005). In hypertrophy, cell size increases, cauamgncrease in tissue
or organ volume. Although this occurs in the heasbtricles as a natural response to
exercise, hypertrophy is also linked to diseasesh sas hypertension. Not only has
increased expression of both EPAC isoforms beeitatetl in myocardial hypertrophy
(Ulucanet al., 2007) but activation of EPAC in cardiomyocytes bagn shown to cause
activation of cardiac hypertrophy associated geviasthe involvement of the small
GTPase Rac and NFAT (nuclear factor of activatedells), a transcription factor
regulated by calcium (Moredt al., 2005). Whether NFAT regulation occurs via EPAC
mediated calcium signalling has yet to be deterchiidhe involvement of cyclic AMP in
cell proliferation is also well documented (Watsd®75; Stork and Schmitt 2002;
Takahashit al., 2004) and strong evidence links Rapl to controtedf division (Knox
and Brown, 2002). Current research suggests th&CER able to both stimulate and
inhibit cell division depending on cell type. Siesl in COS1 cells have shown that

overexpression of EPAC is believed to play a rolstimulating mitosis (Qiaet al., 2002)
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while in Jurkat cells overexpression of EPAC hagrb@&emonstrated to inhibit cell
proliferation (Boussiotigt al., 1997).

1.2.5.1 EPAC structure

The EPAC1 and EPAC2 isoforms share sequence homolagluding a C-terminal
catalytic region, comprising a CDC25 homology damdor nucleotide exchange
(CDC25HD) which is found in all eukaryotes, excefants, and is found in all guanine
nucleotide exchange factors which regulate Ras-Ukproteins Ras, Rap and Ral (van
Dam et al., 2009). This region also contains a Ras associatmnain (RA) and a Ras
exchange motif (REM). The regulatory region of boikoforms contains a
Dishevelled/Egl-10/Pleckstrin domain (DEP) as vealla cyclic nucleotide binding (CNB)
domain (Figure 1.5). This domain is similar to themain found in both PKA and the
cyclic AMP receptor protein found in bacteria (Ceh al., 2008). Additionally, EPAC2
possesses a second CNB domain at the N-termirthleoDEP domain. Functionally, the
purpose of this second CNB domain is unknown as ot required for cyclic AMP
regulation by EPAC2 (Bos, 2006) and has a low #fifor cyclic AMP binding (de Rooij
et al., 2000). Interestingly, this is the only common stmal aspect between EPAC and
PKA.

This lack of structural similarity between EPAC aPHA meant that understanding how
cyclic AMP binding affects the structure of EPACpdawhether binding causes a
conformational change that allows EPAC to intemsith its downstream effectors, could
not be obtained via comparisons with other knowglicyAMP receptors. However,
recently the crystal structure of EPAC2 was solviedthe absence of cyclic AMP,
allowing visualization of the closed formation (Re&dmnn et al., 2007). Additionally,
Deuterium Exchange Mass Spectroscopy (DXMS) stuties shown that conformational
changes in what is termed the ‘switchboard’ sec¢tignere the CNB C-terminal and the
catalytic region of the protein meet, occur uponlicyAMP binding (Brocket al., 2007).
This causes a rearrangement of the domains to exjtes catalytic region and allow
binding of effectors. Binding of cyclic AMP leavé®e catalytic region relatively unaltered
(Brocket al., 2007). Residues on the CDC25HD and the N-termiaktd bundle form an
ionic latch, and it is theorised that, upon cy@iP binding, the CDC25 domain is forced

to move, breaking the interactions which form taeic latch (Harpeet al., 2008). It is
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Figure 1.5
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Figure 1.5 EPAC structure - EPAC1 and EPAC2 share a common domain structur. Th
catalytic domain at the C-terminal of the proteomprises a CDC25 homology domain
(CDC25HD) for nucleotide exchange, a Ras assoaat@mmain (RA) and a Ras exchange
motif (REM). The regulatory region contains a Digbléed/Egl-10/Plekstrin domain
(DEP) as well as a cyclic nucleotide binding (CNB)main. EPAC2 possesses two of

these CNB domains, which has an as yet unknowrogergAdapted from Bos, 2006)



32

interesting to note that the cyclic AMP analogupGRT-2'0O-Me-cyclic AMP (8Me), a
highly selective EPAC agonist with an affinity fePAC 10 times greater than cyclic AMP
(Bos, 2006), causes similar, though not identicahformational changes as cyclic AMP
(Harperet al., 2008).

1.2.5.2 EPAC signalling

Cyclic AMP is well characterised as promoting aatei mobilization and influx (Rubin
and Adolf, 1994; Cheng al., 2008) although previously this ability has beeresolinked

to the actions of PKA. Recently, however, EPAC basn shown to regulate calcium
signalling in three ways. Firstly, it has been s=gigd that EPAC directly interacts with
intracellular calcium receptors such as ryanodieeeptors and inositol 1, 4, 5-
triphosphate (IP3) receptors (Roscienal., 2008) to mediate calcium release in response
to calcium mobilizing second messengers such asatftlBNAADP (Holzet al., 2006).
Supportive evidence in the form of the identifioatiof a macromolecular complex
comprising EPAC1, a muscle specific AKAP (MAKAPDP4D3, PKA and RYR2, the
type 2 isoform of the ryanodine receptor (Dodgekéafnd Kapiloff, 2006) further links
EPAC to calcium release. Secondly, PKA independardasphorylation of ryanodine
receptors and IP3 receptors to increase theirtsgtysto both calcium mobilizing second
messengers and to calcium itself has been showociar via Rap and ERK. It is possible
that these actions may be mediated by EPAC (ldioi&., 2006). Lastly, EPAC has been
linked to activation of the PLC isoforra, PLCt is one of 6 isoforms of the PLC family of
proteins, which hydrolyse phosphatidylinositol 4, lhsphosphate (PIP2) to the second
messengers, IP3 and diacylglycerol (DAG). To ditée is known about the mechanisms
of PLCe other than its unique ability for regulation byetdirect binding of small G-
proteins including Ras, at its CDC25 and Ras-aaiogi domains. This allows PleGo
act not just as a PLC, activating PKC via mediawdrcalcium and DAG, but also as a
component in GTPase function (Bunney and Katan6ROBPAC has been shown to
activate PLE in HEK293 cells via the GTPase Rap2B upon elewnatiof cyclic AMP
(Schmidt et al., 2001) and also to interact with Ptdn the B-adrenergic receptor
stimulation of C&-induced C& release (CICR) in cardiac myocytes (Oestreitlal.,
2009). This interaction provides a link between tlassical second messenger signalling

pathways, those of cyclic AMP and calcium.
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The importance of EPAC-regulated Caignalling is highlighted by the fact that EPAC2
has been shown to be involved in control of ins@xocytosis in pancreatig-cells via
cyclic AMP stimulation (Ozaket al., 2000). This is believed to occur through a Rab3
interacting protein, Rim2, and a subunit of theATP channel, SUR1 (Kashimet al.,
2001). Additionally, as EPAC2 has been shown toptoyancreati@ cell cyclic AMP
production to stimulate calcium dependent exocgtoas well as evidence that down-
regulation of EPAC2 reduces calcium signalling amsllin secretion by glucagon-like
peptide 1 (GLP1) (Holz, 2004) strongly links EPA@Ra role in diabetes. Exocytosis is
also involved in the release of neurotransmitt&¥s) and recent research has shown a
potential role for EPAC in NT release at excitategntral synapses (Gekel and Neher,
2008).

1.2.5.3 EPAC and inflammation

EPAC has been linked to regulation of inflammationvascular endothelium cells, via
both cytokine signalling down regulation and ceallcadhesion. EPAC is believed to
regulate endothelial cell-cell junction formatiog kedistribution of vascular endothelial
cadherin (Kooistrat al., 2005). This redistribution allows the cadherin todoto binding
partners located on neighbouring cells in vasceadothelial cells, forming a tight
junction and reducing cell permeability (Kooistehd al., 2005). This reduction of
permeability is essential as increased permealhiis/been shown to be a characteristic of
oedema (Cullerest al., 2005). Recently, EPAC has also been linked to obndf
inflammatory response by mediation of IL-6 sigmajlivia the cytokine suppressor, SOCS-
3 (Sandset al.,, 2006) Cytokine signalling involves the secreted cytokimelecules
regulating a wide range of biological functions;luding proliferation, differentiation and
inflammation. Cytokines interact with cell surfaceceptors to trigger transmission of
signals to the nucleus, which results in transmp{Starr and Hilton, 1998). A family of
proteins called suppressors of cytokine signalli8@CS, were identified to negatively
regulate these cytokine signalling pathways. Thiwily has eight members, SOCS-1-7
and CIS. All of the SOCS-3 proteins contain a uaidtterminal region, a middle SH2
domain and a domain termed SOCS box at the C-tatmihis area is conserved not only
across the SOCS proteins, but also in several qitweins, including some GTPases
(Starr and Hilton, 1998). SOCS-1 was first discedem 1997 simultaneously by three
groups during a screen for similarity for the STAFH2 domain (Nakat al., 1997), as an
inhibitor of differentiation of myeloid cells in sponse to IL-6 (Stamt al., 1997) and as a
protein that interacts with the JAK2 kinase dométmdo et al., 1997). SOCS-3 was
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identified shortly after and has been shown toldisp greater similarity to SOCS-1 than
to other SOCS proteins, with both SOCS-1 and SOGB&ving a kinase inhibitory

region not conserved in other family members. Adddlly, both SOCS-1 and SOCS-3
are able to be induced by several cytokines (Gisseht, 1999). SOCS-3 is the major
SOCS gene in several areas, including the hypatheda pituitary, mammary gland and
liver (Gisselbrecht, 1999).

SOCS-3 interferes with the JAK-STAT pathway, aicait pathway in the signalling of a
number of cytokines including IL-6. SOCS-3 directbynds to and inhibits JAKS,
preventing the phosphorylation of STATs and thusventing the transcription of target
genes, inhibiting the IL-6 stimulated response. SE8wvas found to be induced by cyclic
AMP via EPAC1 in HUVECs (Sands al., 2006) and COSL1 cells (Borlamtial., 2009)
through a pathway involving EPAC and Rapl activated CCAAT/enhancer-binding
proteins (C/EBPs)3 and d. C/EBP transcription factors associate with theCSE3B
promoter, thereby inducing increased transcriptbthe SOCS-3 gene (Yarwoa al.,
2008).

1.2.6 Cyclic AMP phosphodiesterases

Although intracellular levels of cyclic AMP may hkacreased through stimulation of
multiple adenylyl cyclase enzymes (Cooper, 2008)ugh the action of many different G-
protein coupled receptors, hydrolysis to 5’AMP, \le action of a large family of
phosphodiesterase enzymes (PDE), is the only kmoeans of cyclic AMP degradation in
cells (Lugnier, 2006). While adenylyl cyclases laealized to the plasma membrane, PDE
activity occurs throughout the cell in the cytosnftoskeleton, nucleus and membrane, and
is therefore essential in the compartmentalisatibayclic AMP gradients (Bolgeet al.,
2003). PDEs are thus not only able to terminatdicy&MP signals via degradation of
cyclic AMP, but also have the ability to ‘fine-tunkevels in specific areas to increase
signal specificity, through exertion of a combinatiof intracellular localisation, regulatory

mechanisms and enzyme kinetics (Tedtial., 2006).

It is theorised that the actions of PDEs on cynlicleotides is through a water molecule,
induced by an OD2 atom in the Asp318 residue of R, that is able to act as a
nucleophile, attacking the cyclic AMP phosphorousnma (Kang et al., 2006), thus
hydrolyzing the 3’ cyclic phosphate bond. The fIPRE to be identified was an orthologue
of the mammalian PDE4 isoforms (Richetal., 2005), theDrosophila dunce gene, which
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has been shown to have a role in learning and merbe number of genes encoding the
various PDE families varies widely between spedies.example, humans possess sixteen
genes encoding PDE4, whi2 elegans has only one (Contt al., 2003). To date, eleven
PDE families have been identified, of which 8 camiaoforms with the ability to degrade
cyclic AMP. This diversity of these isoforms, whjdhrough alternative splicing (Bolger
et al., 1997), now number over thirty, suggests both a ipieg of the isoforms to
regulate distinct mechanisms within the cell, ahd possibility of regulation of PDEs
through alternative signalling pathways (Houslag &udams, 2003). The members of the
PDE families appear to share structural homologyhefr C-terminal domains, with N-
terminals differing greatly between them (Caattal., 2003) (Figure 1.6).

Of the eight cyclic AMP degrading PDE families, PDisoforms account for the majority
of cyclic AMP hydrolysis (Contet al., 2003) and are widely expressed in a variety of
tissues. More than twenty PDE4 variants have bdwaracterised to be expressed in
mammalian cells (Bender and Beavo, 2006) and ar@vied in a wide range of cellular
functions, such as macrophage and monocyte activatieutrophil infiltration, cardiac
contractility and brain function (Bender and Beav®006). PDE4 isoforms are
distinguishable by their ability to be inhibited tye anti-depressant drug rolipram (Conti
et al., 2003). Inhibitors of PDE4 have also been foundadwehanti-inflammatory actions,
and have potential in the treatment of a numbetisgases, including chronic obstructive
pulmonary disease (COPD), asthma and depressidggBa al., 2006). This therefore
makes PDE4 isoforms highly interesting becauséheir tpotential as therapeutic targets
(Houslayet al., 2005). PDE4 isoforms share a catalytic domain caag@af 170-helices
that form three subdomains. Located between thdmuhins are two metal-ion binding
sites, with the centre of the domain forming a blear motif containing a Z# and Mdg*

ion (Castroet al., 2005). Complete understanding of this domain isartgnt for the
synthesis of PDE4 inhibitors, as well as deterngnthe mechanism of cyclic AMP
binding to the PDE4 isoforms for degradation (Bolgeal., 2003). The majority of the
catalytic domain, particularly the metal ion binglisites, is conserved across all PDE4
isoforms, with 75% sequence homology between PDi&foims (Bender and Beavo,
2006).

Cyclic AMP is able to self regulate its own levddg activating PDE4 isoforms in a
number of ways. PDE4 isoforms are regulated by Ipbiosphorylation as well as at the

genetic level via alterations in PDE expressionARIKosphorylation has been shown to
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Figure 1.6
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Figure 1.6 The phosphodiesterase family - The eleven known phosphodiesterase (PDE)
families. Eight of these (PDE1, PDE2, PDE3, PDEBER, PDE8, PDE10 and PDE11)
hydrolyse cyclic AMP, while PDE5, PDE6 and PDE9 awxelic GMP specific. All
iIsoforms share a structural homology at their @ateal, while possessing different, family
specific, N-terminal regions (Amended from Caattal., 2000).
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regulate long forms of PDE4 isoforms. Cyclic AMPedback regulation has been
demonstrated in T cells, monocytes, neurons, S$eata thyroid cells, where increased
cyclic AMP levels result in increased transcriptiointhe PDE4 genes (Paekal., 2003).

A rise in cyclic AMP levels within the cell leads increased PDE activity, potentially to
desensitise processes within the cell to the higlgelic AMP levels. A sustained, long-
term increase of levels of cyclic AMP results irige in levels of mMRNA and protein
expression of PDE4 isoforms. In addition to thiglic AMP is able to cause both PKA
and ERK MAP kinase phosphorylation, resulting ioreased kinase activity, by targeting
specific residues on both their N-terminal andha UCRSs, as shown in PDE4D3 studies
(MacKenzieet al., 2002). The beginning of this study focuses on neegulation of a
member of the type 4D family of cyclic AMP PDEs asm we will concentrate on this

family in the next section.

1.3 Cyclic AMP-specific Phosphodiesterases, Type 4 PDEs

In humans, there are 4 PDE4 genes, encoding mamnetwenty isoforms in the subfamilies
PDE4A, PDE4B, PDE4C and PDEA4D, distinguishablehgyrtunique N-terminal regions
(Figure 1.7). The genes themselves are over 18sekmy with a size of approximately
50kb, but despite this obvious complexity, therallmost complete conservation between
mouse and human PDE4 genes, indicating a likebngtevolutionary selective pressure to
maintain concurrence of the genes between speCati(et al., 2003). The isoforms are
encoded by alternatively spliced mRNA transcrif@gsl@er et al., 1997). The unique N-
terminal domains, by which each isoform can belgadentified, are thought to play an
important role in intracellular targeting, whereyhare involved in protein-membrane and
protein-protein interactions, such as those betvid2B4D3 and AKAPs (Wong and Scott,
2004), and PDE4D5 with receptor for activated Cakm 1 (RACK1) (Le Jeune al.,
2002). In addition, members of the PDE4 family barcategorised in three ways based on
the presence or absence of two domains calledegpstconserved regions (UCRS). Those
termed ‘short’ only have UCR2, and ‘super-shortkleboth UCR1 and possess only a
truncated UCR2 domain (MacKenzsal., 2002) (Figure 1.8). UCR 1 and 2 are located
between the N-terminal and the catalytic site, hade important regulatory roles for the
catalytic domain, where they are able to influelRBE4 activity. UCRs appear to

influence the differential functions of the isofampon catalytic domain phosphorylation,
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Figure 1.7
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Figure 1.7 Phosophodiesterase 4 - The PDE4 family is responsible for the majority of
cyclic AMP hydrolysis. Having more than 20 isoforntkis family is encoded by four
genes, A-D. The isoforms share a basic structuralesity, yet are distinguished by their

isoform specific N-terminal regions (Amended frorargler and Beavo, 2006).
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Figure 1.8
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Figure 1.8 The structure of UCRs in long, short and supershort PDE4 isoforms -The
PDE4 family can be categorised based on the presanabsence of the UCR1 and UCR2
domains which influence PDE activity. Long PDE4 feisms contain both of these
domains and short PDE4 isoforms possess only thR&2J@omain, while super-short
PDE4 isoforms lack UCR1 and possess a truncated2 {orhain.
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with ERK phosphorylation effects differing deperglion the UCRs present (Houslay and
Baillie, 2003). With UCR1 and 2 domains interactimigh each other to form a regulatory
domain in long isoforms, ERK phosphorylation resuft inhibition, while in the short
isoforms, with only UCR2 present, phosphorylatieauits in activation (Linet al., 1999).

In super-short isoforms, ERK phosphorylation does nesult in any activity, indicating
ERK phosphorylation requires a section of the UGQRnhdin not present in the truncated
domains found in super-short isoforms (Le Jednal., 2002). PKA activation of long
isoforms results in a ¥ax increase of two to three times. Studies using HIEH#Aave
shown the regulatory module of the two regionsngolved in phosphorylation of the
PDE4 by PKA and ERK MAP kinase (MacKen=seal., 2000).

1.3.1 PDE4D

PDE4D mRNA is found in a wide variety of cells, iprotein levels being particularly
high in the brain, liver and heart, and also iamfimatory cells (Bender and Beavo, 2006).
Given this wide tissue distribution it is perhap surprising that PDE4D isoforms have
been implicated in a number of diseases, incluésehemic stroke, atherosclerosis and
osteoporosis (Bender and Beavo, 2006). PDE4 actigitthe most dominant of PDE
activity in inflammation, and is found in eosinolshineutrophils and CD4+ lymphocytes,
suggesting important roles for PDE4 isoforms iredses such as COPD and asthma. This
places PDE4 isoforms as an ideal potential thetapéarget (Le Jeunet al., 2002). In
particular, PDE4D isoforms are of interest duehtairt hypothesised ability to mediate the
effects of rolipram and other PDE4 inhibitors (Rehet al., 2005). Located on
chromosome 5012, the gene encoding PDE4D has aleongenomic arrangement,
composed of two major exon clusters which enco@ecttalytic and regulatory regions
which are highly conserved, and three exons whintoée the specific N-terminals. Nine
splice variants of the PDE4D gene have been idedtikix of which are long isoform and
each can be distinguished by the unique N-terndoahain (Richtert al., 2005). While
PDE4D1 and PDE4D2 are found only in the cytosolERD3, PDE4D4 and PDE4DS5 can
be located in either the cytosol or membranes efd#ll, with the majority of PDE4D
isoforms present in the membranes being PDE4D4 Y6886l only 30% being made up of
PDE4D5 and PDE4D3 (Bolget al., 1997). While the Wax of PDE4D3 appears to be the
same in both the cytosolic and membrane fractitnsse of PDE4D4 and PDE4D5 are
around 3 times higher in the membrane fraction tie@ncytosolic (Bolgeet al., 1997).
The range of locations, abundance and activitigdhk@PDE4D isoforms suggests that each

splice variant has both a highly specific and ugigale to play within the cell. It also
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appears that localisation to the particulate foactof the cell has an influence on the
PDE4D isoform enzyme properties, such as sensitteitrolipram, with the adoption of

conformations different to the cytosolic isofornuaterpart (Bolgeet al., 1997).

1.3.2 Interactions between PDE4D5 and receptor for activated C-kinase 1 (RACK1)

PDE4D isoforms have been shown to interact withuanler of other proteins. For
example, PDE4D3 binds to myomegalin, a large proteund in cardiac and skeletal
muscle (Verdeet al., 2001), PDE4A5 forms a complex with immunophilin X2Pan
associated protein of the Hepatitis B virus X pirot@olgeret al., 2003) and PDE4AS5,
PDE4A4 and PDE4D4 all bind with the Src family gfdsine kinases (McPhest al.,
1999). Another such interaction is the protein-pitinteraction occurring between the
splice variant PDE4D5 and RACK1 (Yarwoatl al., 1999), a protein which has been
shown to act as both an anchor and shuttle for mbeu of proteins within the cell
(McCabhill et al., 2002). PDEA4DS is distinguishable from other PDEadsms by 88 amino
acids at the N-terminal of the enzyme, which isqueito PDE4D5 and highly conserved
between mammalian species, and is responsibleefouitment of PDE4D5 to RACK1
(Bolgeret al., 2002). One attractive hypothesis is that interactuith RACK1 through this
unique N-terminal region serves to recruit and and?DE4D5 into a position where it is
able to regulate local cyclic AMP levels at thegplea membrane (Le Jeueeal., 2002).

RACK1 is a 36 kDa protein, was originally clonearfr a chicken liver cDNA library
(McCabhill et al., 2002) and was identified as a homologue offtffsaibunit of G proteins.
Both G3 and RACK1 are members of the large WD repeat fgmilhich consists of
regulatory proteins, all sharing the Trp-Asp40 (V@p#otif. In RACK1, the WD40 motif
is highly conserved between species with the pynstucture of RACK1 having 100%
homology between human, mouse, chicken, rat and(Bennset al., 2000). RACK1 was
first discovered to bind PKC serine/threonine kesmadollowing activation of PKC
isoforms by phorbol esters or diacylglycerol (Mc@llalet al., 2002). RACK1 binds
activated PKC isoforms through a non-substrate ibqndite and controls specificity of
PKC-mediated signalling by translocating and anicigpthe activated protein to particular
cell fractions (Schechtman and Mochly-Rosen, 20043. such, RACK1 is mainly
recognised as an anchoring protein for the PKCl{aatihough it has been shown to bind
a number of proteins, acting as an adaptor or amgp@rotein in several protein-protein
and protein-membrane interactions (McCa#tilhl., 2002).



42

Like GB, RACK1 has a seven bladdgd propeller structure. Arranged in a rigid ring
formation, it is the multiple binding sites of tH@mation that allows RACKL1 to act as an
adaptor or scaffold protein for a range of protefRgyure 1.9). RACK1 is believed to
recruit and anchor these proteins into a signaliagcade by shuttling and anchoring the
proteins to their appropriate subcellular locatijossggesting that RACK1 plays an
important role in intracellular signalling (Liedtleeal., 2002). While PK@II appears to be
its preferred binding partner, RACK1 has been shbowimteract with numerous proteins,
such as Src, PL§, Dynamin-1, ras-GAP, integrins and several virat@ns, for example
BZLF1, the EBV activation protein, the Adenovirug A& protein and the Influenza M1
protein (McCahillet al., 2002). Src is a tyrosine kinase proto-oncogenevateti in a
number of cancers including breast and colon. Rita$ter stimulation of PKC activates
Src which causes Src to bind to RACK1 by the SH2naia independently of PKC
activation. However, binding of both kinases to R®Ccan result in cross-talk between
the serine/threonine kinase and tyrosine kinasewaats (Mamidipudiet al., 2004). The
signalling enzyme, Phospholipasg (PLCy), generates diacylglycerol upon activation of
growth factor receptors and contains a C2 domairrg/lRACK1 binds when cells are
stimulated with epidermal growth factor (Schechtnaand Mochly-Rosen, 2001), while
Dynamin-1 binds to RACKL1 via the PH (Pleckstrin Hiogy) domain. Dynamin-1 is
involved in vesicle recycling and its intrinsic G&$e& activity is increased 6 timgsvitro
when bound to RACK1 and, at high concentrationp alempetes with @ to bind
RACK1 (Dell et al. 2002). Ras is an important protein in cell growtk. activation is
terminated by GAP, a GTPase activating protein twvhinds RACK1 through both the C2
and SH2 domains. GAP is also a PKC substrate, #1@€KR, GAP and PKC are believed
to form a trimolecular complex in order to incredgbe proximity of GAP to PKCIIB
(Schechtman and Mochly-Rosen, 2001).

There is also some evidence that RACK1 can afigaaling from GPCRs through direct
protein interactions. For example RACK1 binds te @By subunit (Dellet al., 2002) and
this binding has been shown to result in RACK1 glacating from the cytosol to the
membrane of the cell. Although RACK1 has no effect By functions, such as
chemotaxis and MAPK signalling, it inhibits activat of both phospholipase g2 and
adenylyl cyclase Il (Cheat al., 2005). This inhibition of ACII prevents cyclic AMffom
being generated, thus having an effect on the cbaftrcyclic AMP levels within the cell.
Interestingly, although @& mediated ACII activation is inhibited, it has riteet on cyclic
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Figure 1.9
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Figure 1.9 Structure of Receptor for Activated Protein Kinase C - The structure of
RACK1 shows its seven blade propeller structurenmmsed of WD repeats, and the
blades involved in interaction with various protirncluding PDE4D5 which interacts
with WD repeats 5, 6 and 7 (McCalsatlal., 2002).
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AMP signalling controlled by @ and Gus acting receptors. It may also be possible that
other RACK1 binding proteins maybe also be involvedthe regulation of the [&
functions inhibited by RACK1 (Chest al., 2004).

The PDE4D5/RACK1 signalling complex is of partiaulaterest as it spans both the
cyclic AMP signalling pathway, and the PKC signadlipathway, and may be an area of
cross-talk between the two pathways. RACK1 and HE4re believed to interact
similarly to 3, a B propeller protein, and ¥ a helical signal transduction molecule,
which exhibit a coiled-coil interaction between ith&l-terminal regions, and via an
interaction between blades 5, 6 and 7 of tie @Gterminal and helical and non-helical
sections of the C-terminal ofyGwith the helical segment ofyditting into the groove
created by the blades offGMcCahill et al., 2002). The C-terminal domain of the WD-
repeat protein is clearly important in this helndgve-like interaction, and this is believed
to be the case within the RACK1/PDE4D5 complex éBalgeret al.,2006) (Figure 1.10).
A subdomain within the 88 amino acids of the unifjseerminal region of PDE4D5 was
found to be essential in binding to RACK1 (Figuré1). The RACK1 interaction domain
(RAID1) consists of a segment of charged amino sacahd a second section of
hydrophobic amino acids. The hydrophobic amino gcictu 29 to Leu 38, form a ridge
along one side of the RAID1 helical structure. bidigion, the Arg34 residue in the
charged amino acid segment of RAID1 was found te$sential in binding to RACK1,
with mutations of this residue preventing bindingtveen the proteins (Bolgest
al.,2006). As with @ in its interaction with @, it is blades 5, 6 and 7 of RACK1 that
interact with PDE4D5, forming a trough that the éYatinal of PDE4D5 fits into
(McCahill et al., 2002). In fact, only the presence of these blaslesquired for binding to
occur, with truncated RACKL1 proteins still bindinghen these three propellers were
present (McCahilkt al., 2002). Comparisons with other proteins which interaith these
blades of RACK1, such gsintegrin, show little homology between the bindipgteins,
indicating that PDE4D5 binds to an area within éhetades distinct from that whidh
integrin binds to (Steelet al., 2001).

PDE4D5 binds readily to both RACK1 affidarrestin (Bolgeret al., 2003). However, it
appears binding to both proteins cannot occures#ime time, due to overlapping binding
sites within the PDE4D5 N-terminal. This suggebtst these proteins compete to bind to
PDE4D5, with studies in HEK293 cells showing thetding to RACK1 is double that of
B-arrestin, suggesting a preference of PDE4D5 tosv&®ACK1 (Bolgeret al., 2006). As
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Figure 1.10

G,-G, complex Modelled RACK1-RAID

Figure 1.10 M odelling of the theorised RACK 1/PDE4DS5 inter action based on the
Gp/Gy subunit interaction - The B3 protein has a seven bladed beta propeller strictur
similar to that of RACKUL. It interacts with the el protein G through formation of a
cleft created by blades 5, 6 and 7 (a). It is ikblat RACK1/PDEA4DS interact in a similar
manner (b) via the RACK1 interaction domain (RAW) PDE4D5 (McCahilkt al.,

2002).
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Figure 1.11
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Figure 1.11 The PDE4D5 RACK 1 interacting domain - The RACK1 interaction domain
(RAID1) is located at the N-terminal region of tARBE4DS5 protein. Comprising an 88
amino acid region, the hydrophobic segment betvieer29 and Leu38 forms a ridge,
while Arg34, located within the charged regiontod domain, is essential in RACK1
binding. The 16 and 38-mer peptides indicated Wwihzontal arrows are those tested for
binding to RACK1, leading to the identificationtbie RAID1 domain (Bolgeet al.,

2002).
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both RACK1 andp-arrestin also bind to sites within the catalytegion, the proteins
appear to span across PDE4DS5, thus physically bigdke other protein from interacting
with PDE4D5 (Bolgeret al., 2006). That PDE4D5 is only able to exclusively bimuke
protein at a time, but RACK1 may possibly have dbdity to bind to other proteins at the
same time is both interesting and also raises munssas to whether this has an effect on
the action and purpose of the binding complex, \@hdther additional proteins may bind
to RACK1 and influence the function of the compl®DE4D5 was first identified as a
RACKI1 interacting protein in a yeast two-hybridesem, and the interaction between the
two proteins was found to be highly specific (Yaodat al., 1999). PDE4D5 was not
found to bind other WD40 repeat proteins, and RAQI&% not been found to interact with
any other members of the PDE4 family. The intecacthf these two proteins is therefore
both specific and unique, suggesting an importanttional role for the complex. While
different proteins interact with different RACK1 WD repeats, repeats 5, 6 and 7 are
essential in the interaction between PDE4D5 and RB@Glthough it is not these repeats
alone that are necessary for binding,. This wasamhstnated by Steekt al. (2001), where

a RACK1 construct composed of these three repeassfound to be 25% less effective at
binding PDE4D5 than wild type RACK1, suggesting gnepeller structure of RACK1 is
needed for optimal binding. While PDE4D5 has bdews to bind to RACK1, the effects
of this anchoring on cellular functions has yeb&determined, although this interaction
has been shown to increase sensitivity to the itdrilbolipram. PDE4D5 recruitment by
RACK1 may also result in modulation of local cycAtMP levels, thus regulating localised

effector molecules that have also been recruiteédepecific location.

RACK1 is thought to have numerous roles in cellytdysiology and, by extension,
several diseases. One such disease is cancer, adreentrations have been found to be
four times higher in non-small cell lung carcinothan in normal human lung tissue, and
almost twenty times higher in colon cancer. Itsspreee in the maturation db.
melanogaster zygotes (McCabhilkt al., 2002) suggests an involvement in the growth factor
and cell proliferation aspects of the regulation cefl development, as well as cell
adhesion, where RACK1 is believed to act as a slchffrotein for proteins involved in
adhesion complexes, such fategrins (Liliental and Chang, 1998). Over expres of
RACK1 has been found to increase spreading and sitBss fibres in cells, thus reducing
their growth rate in anchorage-dependent and -md@gnt conditions. This indicates an
involvement of RACKL1 in both cell growth and movarheWithin the cell, as well as

forming protein-protein interactions, RACK1 has memiggested to be involved in cell
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migration and cell-cell interactions, prolongatiohthe GO/G1 phase of the cell cycle,
inhibition of c-Src kinase activity and NIH3T3 cgjtowth, as well has having a function
in both growth factor dependent and apoptotic cdHalar signalling pathways
(Mamidipudiet al.,2004). In addition to this, PKEI shuttling of RACK1 may increase or
decrease phosphorylation of neighbouring substratesctivate proliferation or growth

arrest respectively (Berrgs al., 2000).

RACKZ1 has also been found to be highly upregulateahgiogenesis (Berret al., 2000)
and has also been linked to cystic fibrosis throtigh discovery of its role in epithelial
chloride channel function, where it binds to the’/N& exchange regulatory factor
(NHERF1), a binding partner of the cystic fiborossnsmembrane regulator (CFTR). PKC
regulates cyclic AMP-dependent CFTR chloride fumttby binding to RACK1 which in
turn binds NHERF1. RACK1 potentially acts as a &gdfprotein, holding the enzyme in
the locale of CFTR (Liedtket al., 2002). Evidence also suggests a role for RACKhe t
immune response, particularly in the generatioph@fgocyte produced superoxide anions.
A ligand-initiated activation, superoxide anion® aeleased by the immune system to
destroy invading pathogens and it is likely that (¥4 acts through sequestration of
PKCBII in order to negatively regulate generation @ #nions. It is interesting to note that
PDE4 inhibitors are able to interfere with the amfimatory functions of neutrophils, where
PDE4 inhibition leads to blockage of oxygen radicalease from ligand stimulated
neutrophils, possibly indicating a potential comm@ntary mechanism between RACK1
and PDE4 in immune responses (McCadiilil., 2002).

1.4 Protein Kinase C Signalling

The PKC family of Serine/Threonine kinases compgrisgound 10 isoforms and is
involved in a number of signalling pathways by ftg protein function by
phosphorylation. The isoforms can be divided intwe¢ categories based on their
activation requirements- conventional, novel angbigal. Conventional PKC isoforms.,(
Bl, BIl and y) and novel isoformss( €, n and 6) both require DAG for activation, with
conventional PKCs also requiring calcium. Atypi¢aland A/t) require neither of these
second messengers to be activated (Parker and yRust, 2004). This variety of PKC
isoforms is an integral part of PKC signalling, hwviéach isoform expressing differing

characteristics, activity and tissue distributioasulting in a wide range of effectors
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downstream of PKC. Various isoforms have been tinte a number of cell functions,
including cell proliferation and differentiation,elt adhesion and migration, barrier
function and apoptosis. A vast number of PKC tardeve currently been identified,
ranging from growth factor receptors and ion chanregulators, to calcium and
calmodulin binding proteins, cytoskeletal composeahd transcriptional factors. This
range of biological functions means that disruptdrPKC regulation can be linked to a

number of disease states (Mackay and Twelves, 2007)

1.4.1 PKC isoforms

Activation of conventional and novel PKCs occursewha GPCR, activated by external
stimuli, activates a G protein which in turn actes PLC. PLC hydrolyses PIP2 into
diacylglycerol (DAG) which stays at the plasma meamie where hydrolysis occurs, and
inositol 1,4,5-triphosphate (IP3) which is freedoirthe cytoplasm. At sufficiently high
levels, DAG activates novel PKCs, while conventid?dCs also require the interaction of
IP3 and calcium channels located on the endoplasstitulum to release calcium stores
into the cytosol, before they can become activdthgmbn stimulation, PKC translocates to
the plasma membrane, where this activation ocaMfgen inactive, the pseudosubstrate
domain at the N-terminal of the PKC is bound toc¢htalytic domain. This holds the PKC
in a folded conformation, effectively blocking tluatalytic site from interaction with
substrates. Activation upon translocation by thedirig of C1 to DAG or phorbol esters,
and/or binding of C2 to calcium or phosphatidylsericauses a conformational change.
This facilitates the disassociation of the pseullssate from the catalytic domain,

unfolding the protein and allowing PKC to act ansubstrates.

1.4.2 PKC structure

Structurally, all PKC isoforms possess a conserwatalytic domain comprising
ATP/substrate binding and catalysis motifs and gulegory domain at the N-terminal,
joined by a hinge region (Figure 1.12). The catalgbmain, a ~45kDa region at the C-
terminal of the protein, is responsible for ATP dimg and substrate docking, sometimes
termed as C3 and C4 domains respectively (Amada., 2006). PKC isoforms contain
three conserved sites in the catalytic domain wipdresphorylation is required before
catalytic activity is obtained (Camera# al., 2007). These sites are located in the

activation loop, the turn motif, and the hydroplwimotif, although atypical PKCs lack the
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Figure 1.12
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Figure 1.12 Structural representation of Protein Kinase C isotype structure and
classification - All PKC isoforms contain a conserved catalytic domikat contains an
ATP binding site (A) and a turn motif (T) and inmw@ntional and novel isoforms, a
hydrophobic motif (H) at the C-terminal of the dgtie domain. This region is attached to
the regulatory region by a hinge. The regulatoryndim is comprised of two membrane
targeting modules, C1 and C2. The C2 domain isliregbin calcium binding and is absent
from atypical PKC structure, and unable to bincticeth in novel PKCs. All three groups
of PKC isoforms contain the C1 domain of which tepeats, C1A and C1B, are resent in
conventional and novel PKCs where it acts as a [PA@bol ester binding site, while
atypical PKCs possess a single repeat. All isofoomstain a psuedosubstrate domain
upstream of the N-terminal of the C1 domain, whiablds the isoform in a folded
conformation until activation through binding teetl-terminal of the PKC protein.
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latter (Corbalan-Garcia and Gomez-Fernandez, 20085 phosphorylation rearranges

PKC into a more stable conformation (Newton, 2003).

The regulatory domain comprises two membrane tagebodules, C1 and C2, acting as
a DAG and phorbol ester binding site, and a calcsemsor respectively. The C1 domain is
an 8 kDa cysteine rich motif (Corbalan-Garcia anoim®z-Fernandez, 2006) of which
there are two repeats in conventional and novel K&med C1A and C1B, and just one
in atypical PKCs. Each repeat forms a zinc fingieg-motif (Brose and Rosenmund, 2002)
that forms a single ligand binding site between pavsheets (Newton, 2003). In atypical
PKCs this DAG binding site is disrupted, althougle single C1 domain found in these
isoforms still allows ceramide and PIP3 bindingd asther protein-protein interactions
through a Phox and Bern 1 (PB1) domain in thislgataregion, involved in mediation of
interaction with scaffolding proteins that also tzon PB1 domains (Mellor and Parker,
1998). It is this protein-protein interaction thagulates atypical PKCs, in addition to
phosphorylation by phosphoinositide-dependent lkinagPDK1) (Scott, 2003). All PKC
isoforms possess an autoinhibitory pseudosubsthete rests just upstream of the C1
domain, which is involved in holding the PKC indded conformation until activation by
binding to the C-terminal region of the protein (Ralan-Garcia and Gomez-Fernandez,
2006). This pseudosubstrate domain shares simgilavith PKC phosphorylation sites,
with the exception of an alanine residue presettieaserine/threonine phosphorylation site
(Mellor and Parker, 1998).

The C2 domain, present in conventional and noveC®kout absent from atypical
isoforms, is a 12 kDa region (Newton, 2003) thatconventional PKCs, acts as a calcium
activated membrane targeting motif (Corbalan-Gaatid Gomez-Fernandez, 2006). This
domain consists of A sandwich fold containing three distinct bindingesifor calcium,
termed Cal-3. Calcium binding causes a conformati@mange, forming a cleft for
binding of the acidic head of membrane phosphdipsidich as phosphatidylserine, which
targets and anchors PKC to the plasma membranesdgBind Rosenmund 2002). Novel
PKCs lack the crucial calcium binding residues s® @nable to utilise this mechanism
(Newton, 2003), but the C2 domain in these isofostilsserves an important function of
mediating protein-protein interactions such asngctis a phosphotyrosine binding domain
in PKGS (Benest al., 2005).
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1.4.3 Compartmentalisation of PKC signalling

Compartmentalisation of PKC isoforms, as in othgnalling pathways, is a useful
mechanism to ensure specificity of the signalliegponse. Many of the PKC isoforms
have their own distinct subcellular locations, wahstudy in NIH3T3 cells showing
isoforms to translocate upon activation to speaii diverse locations within the cell.
PKCsa, Bl, Bll andn were observed to translocate to cytoskeletal amglade PKGy also
translocated to ER. PKgCalso, along withy andd, translocated to the Golgi apparatus
(Goodnightet al., 1995) and this spatial distribution of isoformsften obtained through
the use of scaffold proteins. Some scaffold pratainch as RACK1 bind activated PKC.
RACK1, as described above, is involved in contngjlithe PKC signal specificity by
translocating and anchoring activated PKC to spesiibcellular locations (Schechtman
and Mochly-Rosen, 2001). The range of scaffold g@anst shown to interact with PKC
range from those which are specific to one isofosuch as the PK& scaffold
plakophilin2 (Bass-Zubekt al., 2008) and some binding to many, like AKAPs. AKAPs
are well documented as facilitating compartmendéilim of PKC and have been shown, in
some cases, to also bind PKC. Two examples ofati@isAKAP12, also known as Gravin,
which targets both PKC and PKA to the cytoskele(dlauert et al., 1997) and is
particularly shown to bind PK&Cand PKCBII (Piontek and Brandt, 2003), and AKAP79,
which forms a complex with PKA, PKC and the protpiosphatase 2B (Perkindang et

al. 2001). AKAP79 has been shown to bind a number ®RKC isoforms, including,
Bll, 8, e and( (Fauxet al., 1999).

PKC5 has been shown to be involved in differentiatiow &@ell growth, and has been
linked to apoptosis and tumour development (Gsclityet999). PK@, found in high
concentrations in the brain, has been indicatachpertant in learning and memory, while
PKCe is believed to be involved in GABAreceptor function (Brose and Rosenmund,
2002). PKCH and{ have been linked to T cell and B cell receptonailling respectively,
and PK@ has been indicated in some immunodeficiency dexsrdnd in lung, gastric and
breast cancers, as has RK(Mackay and Twelves, 2007). PkOiffers from other
isotypes as it is found in all tissue types. Adudhally, PKGx requires phosphorylation at 3
residues located within its kinase domain befotesatton can occur (Nakashima, 2002).
Like other isoforms, PKE& is involved in a multitude of biological processasluding
proliferation, cell migration and adhesion, and déferentiation and has also been linked
to haemopoeisis and apoptosis through its abititphosphorylate Bcl-2 (Ruvolet al.,

1998). Additionally PK@ has been indicated to play a crucial role in savdrsease
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states, including cardiac hypertrophy, cancer, iamaiune diseases. Within cells, PKC
has been linked to several key functions includimg alteration of tight junctions which
act as barriers between cells to protect the celternal balance. An increased
concentration of PK& activity alters the ability of the cells to forrhese tight junctions
properly, allowing foreign molecules into the c&lhich has been linked to some cancers.
Supporting this evidence is that several endothebacers have been shown to exhibit
higher than normal levels of PkCactivity (Rossoret al., 1997). PK@ has also been
linked to hypertrophy in myocardial tissue (Dorrddforce, 2005) and increased levels of
PKCa have been shown to interfere with contractilitgldiionally PKGux is thought to be
involved in regulation of erythrocyte developmeaitjing the differentiation of erythroid
progenitor cells (Myklebusdt al., 2000). Several of the isoforms have been showrave h
an effect on cell function, such as cell divisiardamigration, through the ERK cascade.
PKC phosphorylates, or mediates the phosphorylatfdRaf, a mitogen activated protein
kinase kinase kinase (MAP3K), an upstream compooiktite ERK1/2 signalling cascade
(Carroll and May, 1994).

1.4.4 Interaction between RACK1 and PKC

The expression of RACK1 throughout a variety ofuess indicates an important functional
role (McCahillet al., 2002). In addition because of its importance in P¥@halling, it is
likely that RACK1 plays a crucial role in areas whePKC has a vital function.
Investigations into the presence of RACKL1 in rais has found a reduction in levels by
almost half in aged rats, compared to their youngaunterparts as well as PKC
translocation loss (Pascadeal., 1996). PKC isozymes are believed to have an impbrta
role in learning and memory function due to thaghhlevels in the brain. PKC is also
involved in other brain functions such as synapffcciency and neurotransmitter release
(Matthieset al., 1987). In some diseases of the brain, such as e disease, PKC
activity and translocation is attenuated. Interggyi, PKG31l levels remain unchanged in
both cytosolic and membrane fractions, while RACHels are decreased in both
fractions, indicating a cause for the impaired P&ignalling pathway (McCahil&t al.,
2002). Another potential role for RACKL1 in the bras in drug dependence mechanisms.
For example, ethanol interferes with PKC actioraamumber of neurotransmitters such as
glycine, glutamate and GABA (McCahidt al., 2002). As ethanol is able to translocate
RACK]1 to the nucleus, it is possible that thisssaciated with the altered action of PKC.
Brain levels of RACK1 have also been shown to belufeted in morphine treated rats
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alongside PK@ andp levels, where the drug is able to control expmssevels of PKC

isozymes.

1.5 Mitogen Activated Kinase Signalling

A common mechanism of signal transduction involthes sequential activation of protein
kinases in a cascade. One such cascade is thedditdgtivated Protein Kinase (MAPK)
cascade (Figure 1.13). MAPKs were first identifiasl being activated in response to
growth factor stimulation of the cell, giving then&se its name (Seger and Krebs, 1995).
MAPK cascades are initiated by either a small Girfeihg protein, such as a Ras family
protein, or via an adaptor protein (Rubinfeld areh&, 2005). There are four MAPK
cascades, each distinct and named for the subgwbigh their MAPK components fall
into. These are the p38 MAPK cascade and the d\3terminal kinase (JNK) cascade,
both involved in the stress response and apoptib&d)ig mitogen activated protein kinase
(BMK) cascade involved in mitogenic and stress aiginand the ERK 1/2 cascade,
involved in cell proliferation and differentiati¢®haul and Seger, 2007).

1.5.1 The extracellular regulated kinase (ERK) cascade

The first MAPK cascade identified and greatly studis the ERK1/2 cascade (Seger and
Krebs, 1995), which comprises between three andesels of protein kinases activated
sequentially to form the cascade (Figure 1.14)ivation of the ERK cascade can occur
through the action of extracellular stimuli, incing neurotransmitters, hormones and
growth factors acting via several mechanisms ssgcBRCRS, ion channels and tyrosine
kinase receptors (Rubinfeld and Seger, 2005). Axdtgmtoteins such as Crk and GRB2
(Growth Factor Receptor Bound Protein 2) link tleeeptor to a GEF, transducing the
signal to small GTP-binding proteins such as RaksRaypl which in turn activate the main
cascade (Shaul and Seger, 2007). This proteinttheaamits the signal to the next level of
the cascade, known as MAP3K, which includes thef&afly of Raf-1, B-Raf and A-Raf.
Raf is then able to activate the MAPKKs, MEK1 andli& serine phosphorylation at two
residues, Ser218 and Ser222 at the activation Igdpssi et al., 1994). Although
phosphorylation of one residue allows activatidms is only partial and phosphorylation
of both residues is required for full activatione@®r et al., 1994). MEKs can
phosphorylate both Tyr and Thr residues on ERKjigque ability that classes them as dual
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Figure 1.13
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Figure 1.13 The MAPK cascade - All four MAPK pathways follow a similar cascade-
MAPK kinase kinase (MAPKKK) is activated by a stilmsi to activate a MAPK kinase
(MAPKK) which in turn activates the MAPK for whighe cascade is named. This MAPK

can then act on specific substrates to illicit@dwgical response.
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Figure 1.14

The ERK1/2 cascade
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Figure 1.14 The ERK cascade - The ERK cascade is initiated by growth factors and
mitogens activating receptor tyrosine kinases (RTKs G-protein coupled receptors
(GPCRs) to activate Raf isoforms. Raf activates MIEXwhich activates ERK1/2. ERK is
then able to interact with cytoplasmic substrategp translocate to the nucleus to interact

with substrates there and initiate transcription.
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specificity protein kinases. Activation of ERK ocsuwhen MEKs phosphorylate first
Tyrl85, followed by Thr183 (Rubinfeld and SegerQ2p

There are 3 MEKs- MEK1, a 45 kDa protein, MEK2 (dBa) and MEK1b (43 kDa), an
inactive, alternately spliced variant of MEK1 witmknown physiological roles and
lacking the ability to activate ERK or undergo aitosphorylation. MEKs contain a
regulatory N-terminal domain surrounding a catal\inase domain, followed by a short
C-terminal domain (Shaul and Seger, 2007). As wsllactivating ERK, they act as
cytoplasmic anchors, holding ERKs at specific lana within the cell (Rubinfelat al.,
1999). Downregulation of MEKs mainly occurs by degphorylation at Ser218 and
Ser222 by PP2A, a phosphoserine/threonine phosehédantagt al., 1993).

MEKs are highly selective for ERKs, which they mate by phosphorylation at the
residues Tyrl85 and Thr183 at the activation I&RK1/2 are serine/threonine kinases of
the MAPK group of proteins, which possess the gbib phosphorylate a wide range of
proteins, the majority of which are regulatory pins. There are two genes encoding
ERKs, ERK1 which gives a 44 kDa protein, and ERK242 kDA protein, as well as
alternative spliced variants, all of which share &hr-X-Tyr motif at the activation site
(Boultonet al., 1991). ERK1/2 are proline-directed protein kinagg®msphorylating serine
or threonine residues that are adjacent to probsales. ERKs possess a catalytic domain
surrounded by regulatory regions containing thevatbn motif, and a C-terminal area
important in interaction with MEK (Rubinfelet al., 1999) and also with other proteins,
termed the common docking (CD) domain. (Taneua., 2000). ERKs are inactivated by
dephosphorylation at either one or both of the Tynm/residues, mediated by MAPK
phosphatases, Ser/Thr phosphatases such as PP@itain-Tyrosine phosphatases such
as PTP-S2 (Shaul and Seger, 2007). While the coemperof the ERK cascade are located
within the cytosol, activation by external stimaauses translocation of Raf-1 to the
membrane (Leevergt al., 1994), and of MEKs and ERKSs to the nucleus (Jatral.,
1997) where they accumulate for extensive periogisiaining even when inactive. This

suggests the nucleus as a potential site of ERKakigrmination (Volmagt al., 2001).

Hundreds of substrates for ERK have been identifed as well as targeting a number of
kinases which are further involved in signal tramgin to target proteins, such as
Ribosomal S6 Kinases (RSKs), Mitogen- and stretigaded kinases (MSKs), and
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MAPK-interacting kinases (MPKs), ERK also activathe cytoskeletal proteins paxillin
and synapsinl; cytosolic phospholipase A2 whicimislved in regulation of arachidonic
acid release; and transcription factors such aslElckFos and p53. ERKs have also been
shown to act on MAPK cascade proteins upstreantseffj including MEKs, Raf-1 and
growth factor receptors, creating a feedback masharto control its own activity
(Doughertyet al., 2005).

1.5.2 Functions of the ERK cascade

Due to the large number of proteins identified eamy phosphorylated by ERK, ERK has
been linked to a number of physiological roles digkbase states. The most extensively
studied role of ERK is its involvement in cell gfefation and, by extension, its role in
tumour development. ERKs are rapidly activated lpgenic signals, the transduction of
which lead to proliferation at an accelerated levl unchecked, this accelerated
proliferation can lead to oncogenesis (Hoshéhal., 1999) and a number of oncogenes
have been shown to encode proteins which are iedailv signalling via the ERK cascade
(Zzhang and Lodish, 2004). Additionally, a speciMEK inhibitor has been shown to
inhibit mouse tumour growth (Sebolt-Leopodtl al.,, 1999). Elevated levels of ERK
activation have been observed in a number of aadisl derived from a wide range of
organs (Rubinfeld and Seger, 2005). ERKs locatetienbrain have also been implicated
in learning and memory function (Bermanal., 1998), and activation of ERK has been
shown to be required for cell cycle switch from @1S phases in a number of cells,
allowing DNA replication (Pagest al., 1993). ERK has also been implicated in monocyte
differentiation (Kharbandet al., 1994) and T cell maturation (Alberola-#aal., 1995), as
well as having anti-apoptotic ability wherein retlac in ERK activation is required for
the apoptotic response. Upstream of ERK itself; Rh&s been shown to prevent apoptosis
through phosphorylation of Bad, which preventsinteraction with Bcl-2 (Blagosklonny
etal., 1997).

As with other signalling pathways, specificity oRE cascade effects is important, as is
determined through a number of factors. These deckontrol of the length and intensity
of the signal, localisation within the cell and tnse of scaffold proteins, and crosstalk with
other signalling pathways. Duration and strengththef ERK cascade signal is a useful

mechanism of controlling specificity as transientd gprolonged ERK activation causes
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varying cellular effects, through regulation by ppbatases or feedback loops leading to

downregulation of upstream components (Marsha®5}.9

1.5.3 Compartmentalisation of ERK signalling

Compartmentalisation of the ERK cascade to spesiflicellular locations also allows for
control of specificity of the cascade effects (Hagdet al., 2005), with cytoplasmic
distribution of ERK controlled by a variety of st@fl proteins (Chuderland and Seger,
2005). ERK is released from these proteins uporaegliular stimulation and can then
translocate to the nucleus via a mechanism stiligelg unknown, although
homodimerisation of ERKs (Khokhlatchev al., 1998) and interaction with nuclear pore
proteins (Matsubayashaét al., 2001) have been proposed as possible mechanisms of
translocation. Scaffold proteins are utilised to¢rERK cascade components to specific
subcellular locations and into the vicinity of ott@mponents and effectors. There are a
number of scaffolds shown to be involved in the ER&scade, each having distinct
localisations and effects on the cascade. Somee s&gvspatial regulators of the ERK
cascade. An example of this is Sef, a transmembpoeein located on the Golgi
apparatus which is involved of activated MEKSs, whatlows ERK phosphorylation. This
interaction prevents ERK translocating to the nusleallowing ERK to phosphorylate
proteins in the cytosol (Torgt al., 2004). MEK Partner 1 (MP1) acts in a similar way,
localising to endosomes where it specifically préesacactivation of ERK1, and shows no
interaction with ERK2 or MEK2 (Teist al., 2002), while paxillin is involved in ERK
activation at focal adhesion sites, binding inat®&vERK, MEK and active Raf. Activated
ERK phosphorylates paxillin, allowing binding ofcld adhesion kinases, resulting in focal
adhesion complex formation and epithelial morphegen (Ishibeet al., 2004). Other
scaffolds, such as the multi-domain protein KSRhése Suppressor of Ras), are involved
in facilitating the activation of ERK at the plasmmembrane, where it acts as a scaffold for
ERK, MEK and Raf (McKay and Morrison, 2007).

1.5.4 Crosstalk between the ERK and cyclic AMP signalling pathways

Crosstalk with other pathways is also an importaathod of specificity and control of the
ERK cascade. ERK has been shown to exhibit crésstédh several other pathways,
perhaps most importantly the cyclic AMP signallipthway (Figure 1.15). The
mechanisms by which crosstalk occurs between tldiccAMP and ERK signalling

pathways is both complex and controversial. In 199&e studies were published
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Figure 1.15
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Figure 1.15 Crosstalk between the cyclic AMP and ERK pathways - The cyclic AMP
and ERK pathways have been shown to have cellfgppoints of crosstalk. Cyclic AMP

has been shown to activate ERK via Rapl action -6taBeither via PKA or in a PKA-
independent manner through EPAC. PKA has also sleewn to inhibit ERK activation in
response to elevated cyclic AMP levels by inhilitaf Raf-1 action. ERK itself is able to
act on cyclic AMP specific phosphodiesterasesyattig short forms isoforms to increase
cyclic AMP levels, or inhibiting long and super-shdorms to reduce cyclic AMP

concentrations, forming a feedback loop.
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identifying the ability of cyclic AMP to block ERIdctivation stimulated by growth factors
in Ratl (Wuet al., 1993; Cook and McCormick, 1993) and NIH3T3 fibrat¢éa(Burgering
et al., 1993). Since then, investigations in other celke/mave shown several instances of

crosstalk between the pathways.

There are a number of distinct points of crosstadkween the cyclic AMP and ERK
signalling pathways. The most closely examinedhafsé is the Raf family of protein
kinases, which in an isoform specific manner isdbl effect ERK activation in both a
positive and negative manner in response to cysMP (Houslay and Baillie, 2003).
Three genes encode for the isoforms A-Raf, B-Raf @Raf, also known as Raf-1. All
three share a common structure and all activate ME#s are activated at the plasma
membrane with phosphorylation of different sites &ach isoform a requirement of
activation (Dumaz and Marais, 2005). Rafl has lsfenvn, in several cell types including
vascular muscle cells and fibroblasts, to be in@dlin blocking ERK activation (Stork and
Schmitt, 2002). Phosphorylation of Rafl at resi@ex259 by either PKA or Akt/PKB
blocks activation of Rafl by Ras, effectively blouk the ERK cascade. PKA has also
been suggested to phosphorylate Rafl at Ser62ihitaiti its action and block the cascade
(Houslay and Kolch, 2000). Another model of cydiMP influence on ERK via Rafl is
theorised in Dumaz and Marais (2005) wherein timelibg of the regulatory protein 14-3-
3 to phosphorylated sides on Rafl holds the Rafoiso in a closed and inactive
conformation. Ras activation would then cause tomagion of Rafl to the plasma
membrane, displacing 14-3-3 and allowing activabbRafl. However, in the presence of
high cyclic AMP levels, PKA phosphorylation of Rafbuld create an additional binding
site for 14-3-3, where Ras activation couldn’t @its dissociation, thus inhibiting both

Rafl activation and translocation to the plasma brame (Dumaz and Marais, 2005).

Another Raf isoform, B-Raf, has also been linkedhe involvement of cyclic AMP in
ERK signalling, causing activation of ERK in PClriadaother neuronal cells through the
small GTPase Rapl (Houslay and Kolch, 2000). Bi®&und in abundance in the brain,
and in a range of other cells from endothelial ndaxrine, as well as in various organs
(Stork and Schmitt, 2002). There is much debat® @lse mechanism by which activation
of B-Raf leads to ERK activation and whether thiscwrs in a PKA dependent or
independent manner via EPAC, which is well documérds a GEF for Rapl (Houslay
and Kolch, 2000). The Src family of kinases and PR%e also been suggested to be
involved in this mechanism (Dumaz and Marais, 2008hile PKA has been shown to
phosphorylate B-Raf in PC12 cells, experimentsRTE-5 cells showed EPAC to mediate
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Rapl activation of B-Raf in response to elevatedicyAMP levels (Dumaz and Marais,
2005).

The outcome and mechanisms of crosstalk between &Rikcyclic AMP appears to be a
cell type specific occurrence, as demonstratechbyability of ERK to interact with PDE4
isoforms. ERK has been shown to inactivate longnf&tDE4s by phosphorylation, thus
causing an increase in cyclic AMP levels whichumtinhibits ERK activation, creating a
negative feedback loop that allows ERK to suppressewn activation. Conversely, ERK
has also been shown to activate short form PDEés)qited the breakdown and therefore
reduction in cyclic AMP levels within the cell (Hslay and Kolch, 2000). The actions of
ERK on controlling cyclic AMP levels therefore deps on the relative amounts of long
and short form PDE4s within the cell, showing teatf control of ERK signalling via
cyclic AMP depends on the cell type and PDE4 distion. Indeed, even within the same
cell, the effects of cyclic AMP on ERK activatiorarc differ depending on culture
conditions, as demonstrated in PC12 cells. In respdo nerve growth factor (NGF) PC12
cells display cyclic AMP activation of Rapl througPAC, which causes a sustained
activation of B-Raf and ERK by Rapl. However, ispense to epidermal growth factor
(EGF) a transient ERK activation by cyclic AMP \aativation of Raf-1 mediated by Ras
can be seen in PC12 cells (as reviewed in DumazMaughis, 2005). These different
results suggest that the control exhibited by cy8IMP over the ERK cascade, and vice

versa, is clearly cell type specific.

1.6 Thesisaims

The aim of this research is to identify novel metbims of crosstalk between the cyclic
AMP and PKC signalling pathways. In Chapter 3, Wwecidate on the RACK1/PDE4D5
complex and its role as a point of crosstalk betwtbe cyclic AMP and PKC pathways by
testing the hypothesis that binding to RACK1 ae®tDE4DS5 targeting, activity and
regulation by PKC. In Chapter 4 the role of botklcyAMP and PKC in the control of
cytokine activity by the SOCS-3 protein is outlingu/estigating the hypothesis that PKC
isoforms are involved in the induction of SOCS-3dyglic AMP via EPAC. Finally, in
Chapter 5, the theory that cyclic AMP via EPAC ufhces PKC autophosphorylation in
COS1 cells is investigated.
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2.1 Materials

2.1.1 General reagents

64

All reagents were ordered froRisher Scientific UK Ltd, Loughborough, Leicestersh

UK or Sigma-Aldrich Company Ltd, Gillingham, DorséiK unless stated below.

Reagents

Supplier

Syringes

BD Biosciences, Oxford, UK

26Y%2 gauge needles

BD Biosciences, Oxford, UK

Thinwall Ultra-Clear™ 5 ml tubes, 13 x5

mm

Beckman Coulter (UK) Ltd, High
Wycombe, Buckinghamshire, UK

Protease inhibitor cocktail

Boehringer Ingelheim.|.Bracknell,
Berkshire, UK

Bio-Rad Bradford protein assay reagen

t

Bio-Rad katooies Ltd, Hemel
Hempstead, Hertfordshire, UK

All horseradish peroxidase (HRP)-
conjugated secondary antibodies

GE Healthcare Life Sciences, Little
Chalfont, Buckinghamshire, UK

Enhanced Chemiluminescence (ECL)

GE Healthcare3dgfences, Little
Chalfont, Buckinghamshire, UK

X-ray film

Kodak Ltd, Hemel Hempstead,
Hertfordshire, UK

Pre-stained broad range protein marker
175 kDa)

6- New England Biolabs (UK) Ltd, Hitchin
Hertfordshire, UK

Marvel low-fat milk powder

Premier Brands UK, Knigin, Adbaston,
Staffordshire, UK

Complete and complete EDTA-free proteg

inhibitor tablets

aséroche Diagnostics Ltd, Burgess Hill, UK

30% acrylamide/bisacrylamide

Severn Biotech Ltd, Kidderminster,

Worcestershire, UK

Protrar? nitrocellulose

Whatman plc, Maidstone, Kent, UK




2.1.2 Cdll culture materials
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Reagents

Supplier

BD Falcon 10 cm plates, 6-well plates, 1
well plates and 96-well plates

BD Biosciences, Oxford, UK

75 cnf flasks

Corning B.V. Life Sciences,
Schiphol-Rijk, The Netherlands

DOTAP (N-[1-(2,3-Dioleoyloxy)propyl]-
N,N,N-trimethylammonium methyl

sulphate) Liposomal Transfection Reage

nt

Roche Diagnostics Ltd, West Sussex, U

Dulbecco’s Modified Eagle Medium
(DMEM)

Invitrogen Ltd, Paisley, UK

Foetal bovine serum (FBS, US origin)

Invitrogen,[Raisley, UK

Lipofectamine™ 2000

Invitrogen Ltd, Paisley, UK

Newborn calf serum
(NCS, New Zealand origin)

Invitrogen Ltd, Paisley, UK

Penicillin and streptomycin

Invitrogen Ltd, Paisl&K

Phosphate Buffered Saline (PBS)

Invitrogen Ltdskegi UK

0.25 % (w/v) Trypsin-EDTA

Invitrogen Ltd, PaisleyK

K



2.1.3 Chemical reagents

Reagent Properties Working Supplier
Concentration
1, 2- DAG analogue and | 10uM, 50uM, Sigma-Aldrich
diaoctanoyl-sn- PKC activator 10QuM
glycerol
8-pCPT- 20- Activator of EPAC 1M Biolog Life Science
Me-cyclic AMP Institute
8-pCPT-cyclic | Activator of EPAC 10uM Biolog Life Science
AMP and PKA Institute
BAPTA-AM Calcium chelator 10M Merck Biosciences
Forskolin Activator of Adenylyl 10uM Merck Biosciences
Cyclase
GF 109203X PKC inhibitor, with 50uM Merck Biosciences
specificity towards:
andpl isoforms
Isoproterenol B-Adrenoreceptor 10uM Merck Biosciences
agonist, with
specificity toward$1
andp2
MG-132 Proteasome inhibitof ui Merck Biosciences
Phorbol 12- PKC activator 10M Merck Biosciences
myristate 13-
acetate
R031-7549 PKC inhibitor, with 50uM Merck Biosciences
specificity towards:,
Bl andpll, y ande.
Rolipram PDE4 inhibitor 1M Merck Biosciences
U73122 PLC inhibitor 10M, 50uM Merck Biosciences
U73343 Negative control for] 10uM, 50uM Merck Biosciences

u73122
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2.1.4 Antibodies
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Protein Type Dilution | Source Supplier
EPAC1 Polyclonal 1:1000 Rabbit generously providgd
Professor Johannes Bos,
University of Utrecht, The
Netherlands
EPAC2 Polyclonal 1:1000 Goat Santa Cruz
p42/44 MAP | Polyclonal 1:1000 Rabbit Cell Signaling Technology
Kinase (ERK)
Phospho- Polyclonal 1:1000 Rabbit Cell Signaling Technology
p42/44 MAP
Kinase (ERK)
GAPDH Monoclonal| 1:100000 Mouseg Ambion
Anti-HA Polyclonal 1:1000 Rabbit Sigma-Aldrich
PDZ-GEF1 Polyclonal 1:1000 Rabbit Generously predity
Dr. Daniela Rotin,
University of Toronto, Canad:
PKCa Polyclonal 1:1000 Rabbit Cell Signaling Technology
Phospho- Polyclonal 1:1000 Rabbit Cell Signaling Technology
PKCa/Bll
PKCs Polyclonal 1:1000 Rabbit Cell Signaling Technology
Phospho- Polyclonal 1:1000 Rabbit Cell Signaling Technology
PKCs/0
PLCe Polyclonal 1:1000 Rabbit Upstate Cell Signaling
solutions
RACK1 Monoclonal 1:1000 Mouse BD Transduction Laiiories
SOCS-3 Polyclonal 1:1000 Goat Santa Cruz Biotedygylnc
Anti Vesicular| Polyclonal 1:1000 Rabbit Sigma-Aldrich
Stomatitis
Viris (VSV)
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2.1.5siRNA
SIRNA Target Sequence Supplier Cat # Product Name
EPAC1 | GCCCGGAACUUGCC| Dharmacon D-00 siGenome siRNA
UGUUU 7676-03 | Human RAPGEF3
PLCe | CAGGGTCTTGCCAGT Qiagen SI HP GenomeWide
CGACTA 00115521 SiRNA
Hs_PLCE1_1
PKCu CGCAGTGGAATGAG Qiagen Sl HP Validated siRNA
TCCTTTA 00605927 Hs PRKCA_6
PKC3 | AACTCTACCGTGCCA Qiagen SI HP GenomeWide
CGTTTT 00301329 siRNA
Hs PRKCD_7

2.1.6 General Buffers

Laemmli Electrophoresis Sample Buffer 5x
10% (w/v) SDS, 300mM Tris HCI, pH 6.8, 0.05% (wimomophenol blue, 50% (v/v)
glycerol, 10% (v/v)B-mercaptoethanol

Lysis Buffer
10mM Tris HCI, pH 7.5, 0.1mM EDTA, containing prase inhibitor cocktail
(Boehringer)

PBS
137mM NaCl, 2.7mM KCI, 4.3mM N&lPOy, 1.47mM KHPO,, pH 7.4

PDE Assay Buffer
40mM Tris HCI, 5mM MgC}, 3.75mMp-mercaptoethanol

Running Buffer 5x for SDS-PAGE
25mM Tris, 250mM glycine, 0.1% (w/v) SDS
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TBS
20mM Tris HCI, pH 7.6, 137mM NaCl

TBST
20mM Tris HCI, pH 7.6, 137mM NaCl, 1% (v/v) Twee@ 2

Transfer Buffer for Western blotting
25mM Tris, 192 mM glycine, 20% (v/v) methanol

2.2 Methods

2.2.1 Mammalian Cell Culture

Cell culture techniques were performed using stahdsaeptic techniques.

2.2.1.1 Maintenance of cell lines

Established and confluent cells lines were reswdgeein cell freezing medium (9ml cell
growth medium, 1ml DMSO) in 1ml aliquots, frozen-80°C and then transferred to
liquid nitrogen storage. Cells were stored longmten liquid nitrogen, ensuring the
integrity of the cell lines. Cells were revived ioglividual vials being quickly thawed and
directly added to 10ml of pre-warmed growth mediu@ells were sedimented by
centrifugation at 1000 x.,gx for 5 minutes, the supernatant removed and tHepedet

resuspended in complete medium.

2.2.1.2 COSl cells

The COS1 cell line is derived from African greennkey kidney cells, wherein the CV-1
cell line was immortalized via transformation witte SV40 virus (Jensest al., 1964).

Cells were cultured in Dulbecco's Modified EagMasdium supplemented with 10% (v/v)
foetal bovine serum, 2mM L-glutamine, 100U/ml Pdhircand 100pug/ml Streptomycin,
at 37°C, 5% (v/v) C@ Cells were passaged at approximately 90% comtkieby

removing growth media and washing cells in 10mlpoé-warmed sterile phosphate

buffered saline (PBS; Invitrogen). 2ml of trypsiDEA solution was added and the cells
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were incubated at 37°C for 5 minutes. Cells werangred microscopically to ensure
efficient cell detachment, and then 10ml of growtledia was added to inactivate the
trypsin-EDTA solution. Cells were centrifuged atOD0OX gnax for 5 minutes, the

supernatant removed and the cell pellet resuspemddide required volume of growth
media. 1ml of resuspended cells was added to 9rfiesh grown media in sterile flasks.

Cells were then incubated as above until required.

2.2.1.3 HEK293 cells

The human embryonic kidney 293 (HEK293) cell linerevderived by transformation of
human embryonic kidney cells with DNA from humareadvirus type 5 (Grahamt al.,
1977). This cell line was cultured as describedvaldor COS1 cells.

2.2.1.4 DOTAP liposomal transfection

Fresh medium was added to 100mm plates and a D@¥WR/Mixture was prepared by
diluting 7.5pg DNA in DMEM to 75pul in a microcerfurge tube while 45ul of DOTAP
was diluted in DMEM to 140ul in a separate micrdo&rge tube. The DNA solution was
then transferred to the DOTAP solution and mixedpipetting. The mixture was then
incubated at room temperature for 15-30 minutefrbéoeing added to the fresh medium

in the appropriate plates. Cells were incubatedroght at 37°C, 5% (v/v) C©

2.2.1.5 SsSRNA transfection

COS1 cells were seeded into 6 well plates at apmately 1x106 cells/cnf. Cells were

then transfected with the appropriate siRNA at eotr@tions noted in the figure legends,
using Lipofectamine 2000 (Invitrogen) transfectioreagent according to the
manufacturer’s instructions. Transfection was régeghe following day, and experiments

carried out 48 hours later.

2.2.1.6 Preparation of whole cell lysates

Confluent cells were harvested on ice into 1x Ladinkfectrophoresis Sample Buffer
(Laemmli, 1970). The growth media was removed alts evere washed in chilled PBS.

The PBS was then aspirated and an appropriate eotdirtne buffer was added. Cells were
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then scraped into a 1.5ml microcentrifuge tube.atgs were either used immediately, or

frozen at -20°C until required.

2.2.1.7 Sub-cellular fractionation

Confluent cells were harvested on ice into an gmyaite buffer. The growth media was
removed and cells were washed in chilled PBS. TB& Was then aspirated and an
appropriate volume of the required buffer was ad@zdls were then scraped into a 1.5ml
microcentrifuge tube. Lysates were either used ithately, or frozen at -80°C until
required. Cells were then scraped into a 1.5ml ocentrifuge tube. Cells were
homogenised by 7 strokes of a 26%2 G needle andsynrige, and then centrifuged at
1000 x ghax in a bench-top, refrigerated centrifuge for 5 n@suat 4°C. The supernatant
was transferred to an ultra-centrifuge tube andp#iet (containing the P1 fraction: nuclei
and unbroken cells) discarded. The supernatancesmisifuged in a bench top ultrafuge at
100,000 x gax for 30 minutes at 4°C. The supernatant (SN fractenriched cytosolic
proteins) was retained and the pellet (P2 fractiplasma membrane, endoplasmic
reticulum, Golgi vesicles, endosomes and lysosomes)ispended in lysis buffer and
centrifuged again at 100,000 x4 for 30 minutes at 4°C. The resulting supernataas w
discarded and the pellet resuspended in cell lymiffer and placed in a 1.5ml
microcentrifuge tube. SN and P2 fractions wereeeitlsed immediately or frozen until
required.

2.2.1.8 Protein concentration determination

To determine the protein concentration of cell ifgsaa Bradford Assay was carried out,
using bovine serum albumin (BSA) as the standatthisispectroscopic assay. In a clear,
96 well plate, a standard curve of known BSA cohegions between 0 and 10 ug was
diluted to a final volume of 50ul with distilled vea. The protein samples were diluted in
distilled water at a 1:10 ratio, also to a finaluroe of 50ul. Bradford reagent from Bio-
Rad was diluted 1:5 with distilled water and 208gtled to each well. This reagent causes
a colour change from brown to blue, the intensftyhich is directly proportionate to the
concentration of the protein. The 96 well plate waad at 560nm using a microplate

reader, which provided protein concentrations chesample.
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2.2.2 Biochemistry techniques

2.2.2.1 DSPAGE

Sodium dodecyl sulphate-polyacrylamide gel eledtopsis (SDS-PAGE) is a common
method of separating proteins based on their mt@egeight. Protein samples at required
concentrations were denatured in 1x Laemmli elpttooesis sample buffer (Laemmli,
1970). Samples were boiled for 5 minutes and tbaddd into wells in either 10% (w/v)
(8.4ml dHO, 5ml 1.5M Tris-HCI pH 8.8, 6.6ml 30% (w/v) acrgiégde mix, 0.1ml 10%
(w/v) SDS, 0.1ml 10% (w/v) ammonium persulphat®10TEMED) or 12% (w/v) (6.6ml
dH,O, 5ml 1.5M Tris-HCI pH 8.8, 8.4ml 30% (w/v) acrgigde mix, 0.1ml 10% (w/v)
SDS, 0.1ml 10% (w/v) ammonium persulphate, 0.01 HEY polyacrylamide gel with a
5% stacking gel (6.8ml di®, 1.25ml 0.5M Tris-HCI, 1.7ml 30% (w/v) acrylamiaeix,
0.1ml 10% (w/v) SDS, 0.1ml 10% (w/v) ammonium pépbate, 0.01ml TEMED). 10ul
of pre-stained molecular weight protein marker aB® loaded into a well as a guide for
determining the molecular weight of the sample girst. Electrophoresis was carried out

overnight at 14mA.

2.2.2.2 Western immunobl otting

Western immuno-blotting is a method of visualisprgteins separated by SDS-PAGE. It
allows the detection of the individual proteinsngsspecific anti-sera. Proteins separated
by SDS-PAGE were transferred to Whatman nitroceflelmembrane in transfer buffer at
300mA for 4 hours. Following transfer, Ponceaurstey (0.1% (w/v) Ponceau S, 5% (v/v)
acetic acid) was used to confirm effective transéec and protein loading. The
nitrocellulose was then washed in 1x TBST for laif hour, then blocked in 5% (w/v)
milk powder (Marvel) or 5% (w/v) BSA in TBST for 3finutes at room temperature.
Primary antibody was added at required dilutiore (section 2.1.4) in a 1% (w/v) milk
powder/TBST or BSA/TBST solution. The nitrocellubosand primary antibody were
sealed in a plastic container and incubated eibkrernight at 4°C or for 1 hour at room
temperature. The nitrocellulose was then washetd WBST for 3x 10 minutes washes,
and an appropriate horseradish peroxidase (HRRygated anti-immunoglobulin G (IgG)
secondary antibody added, diluted 1:2500 in 1% Ywiilk powder/TBST or BSA/TBST
solution. Nitrocellulose and secondary antibody eveémncubated for 1 hour at room
temperature in a sealed plastic container. Theaetlulose was then washed with TBST
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and the enhanced chemiluminescence (ECL) westenmumo-blotting kit was used to
visually detect the bound antibodies. After beireated with ECL solution the membrane
was exposed to blue-light sensitive autoradiogrdpin; which was developed using the

Kodak X-Omat processor.

2.2.2.3 Phosphodiester ase activity assay

Measurement of PDE activity was carried out usirmgdioactive cyclic AMP hydrolysis
assay as previously described (Bolgeal., 1997). Hydrolysis of cAMP by PDE isoforms
results in 5’AMP being formed. In this assay, cy@MP is hydrolysed along with [&]
adenosine 3, 5’-cyclic phosphate (Amersham). Snedtem fromCrotalus atrox (Sigma-
Aldrich) is added to prevent the recirculation ofdiolysed cyclic AMP by further
hydrolysis to adenosine, while the Dowex (Sigmarishl) binds the non-hydrolysed
cyclic AMP (Bolgeret al., 1997).

Preparation and activation of Dowex-1

Dowex slurry was prepared by washing Dowex in 1IMOMNafor 15 minutes. The resin
was allowed to settle and the fines decanted. |@dtwater was added and left overnight,
and then the resin was washed with distilled wateit pH 9.0. The resin was then washed
for 10 minutes in 1M HCI, and allowed to settle eTiesin was washed with distilled water
until pH 4.0 and then made up with distilled wa¢ra 1:1 ratio and stored at 4°C until

required. This slurry was used in the assay dfieatdition of 100% ethanol at a 2:1 ratio.

Assay Procedure

PDE activity was assayed as a measurement of c&blié hydrolysed by PDE. The assay
used a 0.2uM cAMP solution containing Sp&i] cAMP (Amersham) per ml prepared in
PDE assay buffer. 50ul of this substrate soluti@s \wlaced in a 1.5ml microcentrifuge
tube with an appropriate amount of cell extracutédl to 50ul in assay buffer. This
mixture was incubated for 10 minutes at 30°C arah thoiled for 2 minutes to stop the
reaction by inactivating the PDE. Tubes were tramsfl to watery ice and left to cool
completely. 25ul of 1mg/ml snake venom fr@notalus atrox was then added and the
tubes incubated for 10 minutes at 30°C. The tub&®then returned to ice and 400ul of
previously prepared Dowex/ethanol slurry was addeelach tube. The tubes were left on
ice for 15 minutes, with occasional vortexing, aheén centrifuged at 13000rpm for 2

minutes at 4°C in a refrigerated bench top cergaful50ul of supernatant from the
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reaction tubes was added to scintillation tubeganimg 4ml Ecoscint scintillant fluid,
with total counts being obtained by the additiorb06fil CAMP substrate solution added to

4ml of scintillant and then assayed in a scintdlatcounter.

Determination of Phosphodiesterase Activity

The resulting data was processed using the follgwiculation to give the cyclic AMP
activity for each sample:

(Net counts per minute/total counts per minute)392/150) x (total cyclic AMP
(pmol)/time (min)) x (100/47), wherein 392/150th& volume correction for the volume
of supernatant measured in scintillant fluid and/4@ provides the reaction correction

factor as 47% of the reaction binds to the Dowerrgl(Bolgeret al., 1997).

2.2.2.4 RACK1 Co-immunopr ecipitation experiments

Equal amounts of cell pellet or supernatant protene prepared in equal amounts of lysis
buffer. Following this 0.1% (v/v) Triton X-100 waslded to each sample and incubated on
ice for 15 minutes. At this stage [BOper sample was retained and boiled in Laemmli
electrophoresis sample buffer (Laemmli, 1970) asitiicontrols. Samples were pre-cleared
by adding g of mouse IgM (Sigma-Aldrich) and pl0anti-mouse IgM agarose (Sigma-
Aldrich) to each sample. Samples were then incubatean orbital shaker for 30 minutes
at 4 °C. Beads were then pelleted and the supetnasmsferred to fresh microcentrifuge
tubes. Duplicates of each sample were then treaidld either Jug of anti-RACK1
antibody (IgM clone) or g mouse IgM and incubated on a wheel in cold room3D
min. 5Qul of anti-mouse IgM-agarose was then added to eaichocentrifuge tube and
samples incubated at 4 °C for a further 30 minukbs. agarose beads were then pelleted
for 30 seconds at 13000 x,g and washed 3 times with 5@0ysis buffer. Beads were
then boiled in electrophoresis buffer and separate8DS-PAGE along with the retained

input controls.

2.2.2.5 Densitometry and statistical analysis

Non-saturating exposures from multiple experimevdse quantified densitometrically
using ImageJ software. Densitometric values werenabized to the expression of either
GAPDH or RACK1 protein levels in the same samptatiStical significance was

determined using Student’s two-tailed t-test.
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CHAPTER 3

Coordination of Regulatory Crosstalk Between the Cyclic AMP and
Protein Kinase C (PKC) Signalling Pathways by the Receptor for
Activated C-Kinase 1 (RACK 1)/ Cyclic AMP-specific Phosphodiester ase
4D5 (PDEA4D5) Signalling Complex
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3.1INTRODUCTION

Cyclic AMP-specific phosphodiesterases (PDEs) are crucial componentieotyclic
AMP signalling system and represent the only meznseducing cyclic AMP levels in
cells through hydrolysis to 5’AMP (Lugnier, 2006)f the 11 known classes of cyclic
nucleotide PDEs, eight are able to hydrolyse cyaNdP (Bolgeret al., 1997; Houslay and
Adams, 2003). The PDE4 cyclic AMP-specific groupnmislely expressed in a variety of
tissues and accounts for the majority of cyclic AkRIrolysis activity in cells (Contt
al., 2003). PDE4 isoforms are encoded by four genesiei@ A-D, that through complex
alternate splicing of cognate mRNAs, give rise fiouad twenty PDE isoforms (Coref
al., 2003). The PDE4D group is distinguishable by unijseerminal regions that have
been found to readily interact with other cellydanteins (Contet al., 2003). For example,
the phosphodiesterase PDE4D5 has been found tadhtgith the ubiquitously expressed,
WD40 signalling scaffold protein, RACK1 (Yarwoat al., 1999; McCahillet al., 2002)
although to date the precise function of this digma complex is largely unknown.
Whether RACK1 binding to PDE4D5 effects the inttadar localisation of the complex
or a conformational change of the bound PDE, oramsinfluence on PDE activity, has
yet to be determined. However, it has been dematestrthat interaction with RACKih
vitro has been shown to increase the sensitivity of FI3E40 the PDE4-selective
inhibitor, rolipram, which suggests that RACK1l méyave some influence on the
conformation of bound PDE4D5 (Yarwoad al., 1999). In addition, the influence of
RACK1-binding partners, other than PDE4D5, on thatus of PDE4DS5 is largely

unknown and may reveal key areas of novel sigrahagulation and crosstalk.

The interaction between PDE4D5 and RACKL is higépecific since, to date, RACK1
has not been shown to bind to any other membeiseafyclic AMP specific PDE4 family,
nor does PDE4DS5 bind to other WD40 repeat protefiaswoodet al., 1999). RACK1 and
PDE4DS5 are believed to interact in a manner simitaithe heterotrimeric G-protein
subunits, @ and G (McCabhill et al., 2002). In this model blades 5, 6 and 7 of the RACK1
B-propeller form a groove to which the N-terminal BDE4D5 binds (McCabhilkt al.,
2002). An 88 amino acid sub-domain, termed the RAG#eraction domain (RAID1),
located in the N-terminal region of PDE4D5 was itfesd as an essential requirement for
RACK1 binding (Bolger 2002). In addition, a low iaity RACK1 binding site has also
been located in the PDE4D5 catalytic domain (Bokgeal., 2006). Further studies have
shown that while PDE4DS5 is only able to bind onet@in at a time (Bolgest al., 2006), it
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is likely that RACK1 is able to bind other proteisisthe same time as PDE4D5 such as Src
(Mamidipudi et al., 2004), integrinp-subunits (Liliental and Chang, 1998) and PKC
isoforms (McCabhillet al., 2002). This ability raises questions as to whethddlitional
proteins binding to RACK1 influence the functiondaspecificity of the complex, with
possible impact on the function of RACK1l-bound PDBE4 This chapter aims to
investigate this eventuality by exploring whetheAGX1 binding affects PDE4D5
targeting, activity and regulation by the classiBACK1-interacting partner, PKIC(see
section 1.4.4).
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3.2MATERIALSAND METHODS

All Materials and Methods as outlined in Chaptevith variations described below.

Thermodenaturation
Microcentrifuge tubes containing equal amountsrotgin from fractionated samples were
placed in a 45°C water bath at 1 minute intervAfter a total time of 10 minutes, all

samples were placed on ice and used in a phosEtedse enzyme assay.

Densitometry and Satistical Analysis

Non-saturating exposures from multiple experimentse quantified densitometrically
using ImageJ software. Densitometric values of PDdMi-VSV and PK@ levels were
usually normalised to the expression of RACK1 grotevels, as a loading control, in the

same sample. Statistical significance was detemniiséng Student’s two-tailed t-test.
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3.3RESULTS

3.3.1 Isoproterenol promotes PDE activation in membrane and cytosolic fractions of
HEK293 cells - As a first step to elucidating whether or not iattions with RACK1
affect the activity and intracellular localisatiohPDE4D5 we first sought to determine the
impact of elevating intracellular cyclic AMP on tlectivation of PDE4 isoforms in
HEK293 cells. HEK293 is a well characterised celelthat has been used previously in
the study of cyclic AMP signalling and in particulthe interaction of RACK1 and
PDE4D5 (Lynchet al., 2007). PDE4 isoforms are responsible for 68% of RiD&vity in
HEK293 cells, with PDE4B2, PDE4D3 and PDE4D5 prowdthe majority of this
activity (Lynch et al., 2005). Cells were treated for various times in firesence or
absence of 1M isoproterenol, fractionated into high speed pedad cytosolic S/N
fractions and assessed for PDE activity in theees or absence of the PDE4 specific
inhibitor, rolipram, as described in Materials ak@thods. Although the fractionation
technique is crude, it is sufficient to show difeces between cytosolic and membrane
activity and is advantageous over use of wholelgsdltes for this reason. Isoproterenol is
a2-adrenoreceptor agonist which increases produdtiayclic AMP in cells through the
activation of adenylyl cyclases by {3Higgins and David, 1976) and has been shown to
affect cyclic AMP levels in HEK293 cells up to a-fi8d increase (Jonest al., 2003).
Protein levels were assessed by Bradford assagsiore equal amounts of protein were
analysed. Analysis of total PDE activity in thelpefraction showed a significant increase
in PDE activity following 15 minutes isoproterenstimulation, which was ablated by
inclusion of rolipram in the assay (Figure 3.1)isTimdicates that isoproterenol promotes
activation of PDE4 isoforms in this fraction of HE83 cells. Analysis of the supernatant
fraction demonstrated a similar trend, with isoprehol stimulating cell PDE activity,
peaking at 15 minutes with an approximate 1.6 folckease when compared to non-
stimulated cells. Again, inclusion of rolipram IinDB assays completely ablated
isoproterenol-stimulated PDE activity in supernafaactions indicating that isoproterenol
specifically activates PDE4 isoforms in HEK293 sellhese results show that an increase
in cyclic AMP levels following isoproterenol stimatlon causes a significant increase in
PDE4 activity in soluble and patrticulate fractiamf$HEK293 cells.

3.3.2 RACK1 and PDE4D5 do not undergo activation-coupled translocation in HEK293
cells- Although RACK1 and PDE4D5 have been establishddrto a stable complex in
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Figure 3.1 Enhanced PDE4 activity following stimulation of HEK293 cells with
isoproterenol - HEK293 cells were stimulated with i isoproterenol for the indicated
times and then harvested and fractionated into sjpged pellet and supernatant fractions.
Samples of pellet and supernatant fractions wesp #ssayed for PDE hydrolytic activity
in the presence or absence of the type 4 PDE tohjbblipram (1uM). Values obtained
from three separate experiments were normalisethstgeontrol and plotted as means +
SEM for each cellular fraction. Significant diffeees relative to control (t=0) are
indicated by *, p<0.01 and **, p<0.001.
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cells (Yarwoodet al., 1999), the effects of PDE4D5 binding to RACKL1 o ttellular
localisation and activity of PDE4D5 have yet to determined. We therefore sought to
determine whether translocation of PDE4D5/RACK1, msviously reported for the
PDE4D5p-arrestin signalling complex (Perey al., 2002), contributed to the increases in
particulate PDE activity following isoproterenolirstilation described in Figure 3.1.
Firstly, to investigate whether the PDE4D5/RACKIngdex undergoes activation-coupled
translocation, HEK293 cells were stimulated withvathout 1QuM isoproterenol, at a
range of time points between 0 and 60 minutes.ofatlg stimulation, cells were
harvested and fractionated by high-speed centfiimiganto crude membrane (pellet or P2)
and cytosolic (supernatant or S/N) fractions. Eqmbunts of protein from each fraction
were then separated by SDS-PAGE and immunoblotigd amtibodies to RACK1 and
PDE4D, which recognises all PDE4D isoforms, as FDic4s known to interact with
RACK1 (Figure 3.2). The immunoblots demonstrate t thalthough RACK1
iImmunoreactivity is detectable in both pellet angpbexnatant fractions, it is clearly
enriched in the pellet fraction of HEK293 cellsgétie 3.2). Immunoblotting with the anti-
PDE4D antibody also demonstrated the presenceeoPE4D isoforms, PDE4D3 and
PDEA4DS5, as previously described (Yarwaaal., 1999). Immunoblots also demonstrated
that although PDE4D3 and PDE4D5 are enriched insty@ernatant fraction of cells,
immunoreactivity for both isoforms is clearly detdae in the pellet fraction (Figure 3.2).

Stimulation with isoproterenol however seemed teehiitle effect on the distribution of
PDE4D3, PDE4D5 or RACKL1 between pellet and supamidtactions at any of the time
points tested (Figure 3.2). To test that isoproterestimulation does indeed cause
activation of the cyclic AMP signalling pathway HEK293 cells, experiments were
carried out to confirm that the isoproterenol costamulate the phosphorylation of the
PKA-substrate _yclic AMP response _lement linding protein (CREB), which is
phosphorylated in response to increased cyclic Ad#ls in a wide variety of cell types
(Yamamotoet al., 1988). As CREB activation occurs through PKA actioresponse to
an elevation in cyclic AMP levels, and PKA is alable to activate PDE4D isoforms,
measurement of CREB phosphorylation is a reasonabkay for determining that
isoproterenol stimulation can cause activationh& tyclic AMP signalling pathway in
HEK293 cells. In this experiment the dephosphoiytatand inactivation of CREB
coincides with activation of PDEs as demonstrateBigure 3.1, indicating that following
PDE activation cyclic AMP levels become lowered &RIEB is inactivatedmmunoblots

using an antibody that recognises the phosphod/kate active form of CREB show a
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Figure 3.2 RACK1 and PDE4D5 do not undergo activation-coupled translocation
following isoproterenol stimulation of HEK 293 cells

HEK293 cells were stimulated with 10uM isoproterenol at the indicated time points
ranging from O to 60 min. Following stimulation, cells were harvested and fractionated by
high-speed centrifugation into pellet and supernatant fractions. Equal amounts of protein
were separated by SDS-PAGE and immunoblotted with anti-PDE4D and anti-RACK1
specific antibodies. The immunoblots show an enrichment of RACK 1 (36kDa) in the pellet
fraction, while PDE4D5 (105kDa, upper) and PDE4D3 (95 kDa, lower) are enriched in the
supernatant fraction. Densitometry was carried out on immunoblots from three separate

experiments and the results plotted as means on the graph.
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significant increase in phospho-CREB levels follogvi 15 minutes isoproterenol
stimulation (Figure 3.3), with no concomitant tramesition of PDE4D3, PDE4D5 or
RACK1. These results indicate that isoproterenolaide to stimulate elevations in
intracellular cyclic AMP levels in HEK293 cells; Wwever, the RACK1/PDE4D5 does not
appear to undergo activation-coupled translocatiorresponse to elevated levels of

intracellular cyclic AMP in this cell type.

3.3.3 The effect of RACK1 on PDEA4D5 subcellular localisation - Having established that
RACK1 and PDE4D5 do not undergo activation coupiethslocation in response to
elevations in intracellular cyclic AMP, the role BACKL in the intracellular targeting of
PDE4D5 was investigated. HEK293 cells were transteovith VSV-tagged cDNA
encoding wild type PDE4D5 (PDE4D5-WT) or with VS&gged PDE4D5 where the
leucine at position 33 in the unique N-terminal tetn mutated to aspartate (PDE4D5-
L33D). The PDE4D5-L33D mutation in PDE4D5 has poegly been shown to prevent
interaction with RACK1 (Bolgekt al., 2006). Although this mutation may also interfere
with B-arrestin binding the binding of both RACK1 afrrestin are mutually exclusive.
The PDE4D5-L33D mutant is therefore a useful taml investigating the interaction
between RACK1 and PDE4D5. To confirm that this rharma does in fact prevent
interaction with RACK1 in HEK293 cells immunopreitgiion experiments were carried
out from transfected cells using an anti-RACK1 laodly. Results demonstrated that
whereas PDE4D5-WT precipitated with RACK1, thereswa significant association
detected between RACK1 and PDE4D5-L33D (Figure.3.d)check whether association
with RACK1 affected the intracellular distributiari PDE4D5, HEK293 cells transfected
with PDE4D5-WT or PDE4D5-L33D were harvested andctionated by high-speed
centrifugation. Equal amounts of protein from b&BE4D5-WT—- and PDE4D5-L33D-
transfected cells and untransfected fractions wemgarated by SDS-PAGE and then
immunoblotted with anti-RACK1 and anti-VSV specifiantibodies. Immunoblots
demonstrated (Figure 3.5) that RACK1 immunoreaigtiwas enriched in the membrane
fractions of untransfected, PDE4D5-WT and PDE4D3M3transfected cells, while
PDEA4DS5 protein levels, indicated by the anti-VS¥atve bands in the PDE4D5-WT and
PDE4D5-L33D transfected cell fractions are enrichethe cytosolic fraction with lower
levels of expression in the particulate fractioBgnsitometric analysis of immunoblots
demonstrated that the relative distributions of BD&E-WT and PDE4D5-L33D were
approximately equal between the two fractions (Feg8L5) and that while the majority of
RACKT1 is found in the pellet fraction, binding wiBDE4D5 has little effect on its
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Figure 3.3
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Figure 3.3 Isoproterenol stimulation of HEK293 cells induces phosphorylation of
CREB on Ser 133 - HEK293 cells were stimulated with @8l isoproterenol for the
indicated times between 0 and 60 min. Cells wees tharvested and equal amounts of
protein from whole cell extracts were separatedSB5-PAGE and immunoblotted with
anti-CREB and anti-phosphoCREB (Ser133) specifitbadies. Densitometric values
taken from three separate experiments were plaitesheans with significant differences

relative to control (t=0) indicated by **, p<0.001.
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Figure 3.4
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Figure 3.4 Wild-type PDE4D5, but not PDE4D5-L 33D, associates with RACK1 in
HEK?293 cells - HEK293 cells were transfected with VSV-tagged PDE4WIld type
(PDE4D5-WT) or VSV-tagged PDE4D5 L33D mutant (PDB4CB3D). Whole cell
lysates were then prepared and immunoprecipitaidd aontrol (IgM) antibody or anti-
RACK1 (IgM clone) antibodies. Immunoprecipitatesdamwhole cell lysates were then
separated by SDS-PAGE and immunoblotted with aBif\antibodies to detect PDE4D5
forms (upper bands), or anti-RACK1 antibody. Themiumoblot shown here is
representative of an experiment carried out onetleparate occasions with similar levels

of expression across all transfections.



87

Figure 3.5 Distribution PDE4D5-WT and PDE4D5-L33D activity and
immunor eactivity between soluble and particulate fractions of HEK 293 cells

HEK293 cells were transfected with VSV-tagged, PDE4D5 wild type (PDE4AD5-WT) or
VSV-tagged, PDE4D5 L33D (PDE4D5-L33D) non-RACK1 binding mutant DNA, and
then fractionated to give pellet (P2) and cytosol (S/N) fractions. Equal amounts of protein
from transfected and untransfected cell fractions were separated by SDS-PAGE and
immunoblotted with anti-RACK1 and anti-VSV specific antibodies. The blot shows an
enrichment of RACK1 in the membrane fraction, while the PDE4D5 protein, as indicated
by the VSV bands on the blot, are enriched in the cytosolic fractions of both the WT and
mutant. Densitometric values were obtained from non-saturating immunoblots from three
separate experiments and plotted on the upper graph to show the relative distributions of
PDE4D5-WT and PDE4D5-L33D between fractions, while the middle graph shows the
proportional distribution of RACK1 in the pellet and supernatant fractions when in
association with and without PDE4D5. PDE assays were also carried out on fractions from
transfected cells, displayed on the lower graph.
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distribution within the cell. Together this dataggests that association with RACK1 does
not play a significant role in determining the selhdar distribution of PDE4DS5 in
HEK293 cells.

3.3.4 The effect of interaction with RACK1 on the conformation of PDE4D5 - Having
determined that there was little difference in teraf intracellular distribution between
PDE4D5-WT and PDE4D5-L33D, denaturation experimerdgee carried out to determine
whether binding to RACK1 affected the structurabgity of PDE4D5. Denaturation of an
enzyme reduces substrate binding and prevents enagtivity. The use of complex
formation to prevent denaturation can be seen amgses such as the Arp2/3 complex (Le
Claincheet al., 2001) which provides protection against enzyme tlgation when the
complex components are bound in complex. The eaffaxft thermodenaturation on
PDE4DS5 activity was examined following transfectioh HEK293 cells with cDNA
encoding VSV-tagged PDE4D5-WT and PDE4D5-L33D. £elNere harvested and
fractionated into high-speed pellet and superndtaations which were then heated for
various times at 4&. This temperature was chosen after initial otation experiments
were carried at 4C, 45C and 56C to determine the appropriate temperature. Thatses
from this initial experiment showed that °@ resulted in little denaturation after the
longest time point, while 5C resulted in high denaturation at the earliesetpoint to a
degree that enzymatic activity was negligible’@5having resulted in a linear decay, was
therefore chosen for this experiment. Samples wWee assayed for PDE activity (Figure
3.6). Results demonstrated that all samples decegtda single exponential; however
there was a pronounced difference between theitgctigcay between PDE4D5-WT and
PDE4D5-L33D expressed in the pellet fraction, WRIDE4D5-L33D decaying more
rapidly (Figure 3.6). In contrast, the rate of degaPDE activity of PDE4D5-WT in the
supernatant fraction was found to be slightly gretttan PDE4D5-L33D. The supernatant
fraction shows a decline in PDE activity of PDE4D&F falling by 50% by 10 minutes
heat treatment, and PDE4D5-L33D falling by 20 masut The pellet fraction displays a
decline of only 10% of PDE activity over 10 minutes®DE4D5-WT PDEA4D5 transfected
cells, while PDE4D5-L33D mutant PDE4D5 transfectedls exhibit a decline in PDE
activity of almost 70% at the same time point. Acale of pellet PDE4D5-WT was
observed at higher temperatures, but as the deeayman-linear the results were not
meaningful and are not shown. While only 10% of BDB-WT activity is found in the
pellet fraction of HEK293 cells (Figure 3.5), inhibn with rolipram occurs with a similar

IC50 to that seen in the supernatant fraction (f@i@ul). This indicates that these
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Figure 3.6
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Figure 3.6 Thermal denaturation of particulate and soluble PDE4D5-WT and
PDE4D5-L 33D - HEK293 cells were transfected with cDNAs encodiithes PDE4D5-
WT or PDE4D5-L33D. Cells were then harvested aadtionated into soluble (S/N) and
pellet (P2) fractions. Equal amounts of proteimfreach fraction were then heated in a
water bath heated to 45 and removed at minute intervals, ranging betwieand 10 min,
and placed on ice. PDE assays were then carriecdraltmean enzyme activities from
three separate experiments normalised to non-meatet! control at t=0 (100% PDE

activity).
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experiments were carried out within the linear mmj the assay. Additionally, despite
only possessing 10% of PDE4D5-WT activity, the gtefraction has been shown to be
sufficient to regulate activity of th@2-adrenoreceptor (Perrgt al., 2002) indicating

functionality at the plasma membrane.

These results show that PDE4D5 that is able to RAGCK1 has a lower rate of decay of
activity in response to high temperature than PDE4#izapable of binding RACK1. As
PDE4DS5 activity is based on its ability to interaeith its substrate cyclic AMP, the
lessened activity decay seen here in PDE4D5 boandACK1 suggests that it is this
binding that may be responsible for providing sastractural stability to the catalytic site
of PDE4D5 and allowing PDE4D5 to hydrolyse cycliMR even under high temperature
conditions. This supports the hypothesis that augon with RACK1 may play a role in
altering the conformation of PDE4DS5 in particulated soluble fractions of HEK293 cells.

To investigate this further we next determined Wwkeinteraction with RACK1 influences
the enzymatic activity of PDE4D5. HEK293 cells wéransfected with either PDE4D5-
WT or PDE4D5-L33D cDNAs, harvested and fractionatetd soluble and particulate
fractions by high-speed centrifugation. Experimemtse then carried out to determine the
maximum rate of catalysis (M) of PDE4D5-WT or PDE4D5-L33D and the affinity of
PDE4D5-WT or PDE4D5-L33D for cyclic AMP (Michaelidenton constant or k) by
varying the amount of substrate (ranging betweed and 2uM). The PDE activity of
each fraction was plotted using GraphPad Prism4jive a Lineweaver-Burk, double
reciprocal plot (1/PDE activity against 1/cyclic AMconcentration; Figure 3.7). The y
intercept of plots provided the value of } while the x intercept provided -1/#KVmax
values determined for pellet fractions of both PDBANT and PDE4D5-L33D were low,
at 0.32 £ 0.07 and 0.87 £ 0.09 pmol/min/mg respebti while the supernatant fractions
displayed higher rates of catalytic activity, WRDE4D5-WT possessing any of 9.71 +
2.09 pmol/min/mg, greater than the PDE4D5-L330.4) value of 7.14 + 1.62
pmol/min/mg. The higher rate of catalysis obserwedthe supernatant fractions of
PDE4D5-WT and PDE4D5-L33D transfected HEK293 celtsitrasted with the relatively
low Kn, values of 16.7 £ 1.3 and 10.0 + 1.8/ respectively. The pellet fraction of
PDE4D5-WT, however, shows a comparatively lowgn#glue of 6.3 = 0.9M, indicating

a higher affinity for its substrate. Converselye thon-RACK1 binding PDE4D5-L33D
mutant pellet fraction has aalue of 20.0 £ 0.9M, demonstrating a loss of affinity for

cyclic AMP when compared to the other PDE4D5 forimsthe other fractions. As
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Figure 3.7
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Figure 3.7 Determinations of Vyx and K, for PDE4D5-WT and PDE4D5-L 33D
HEK293 cells were transfected with cDNAs encodifgeRD5-WT DNA or PDE4D5-
L33D. Cells were then harvested into assay buffier fmactionated into particulate (P2)
and soluble fractions (S/N) by high-speed centafian. PDE assays were then carried out
on equal amounts of fraction protein in the preseat cyclic AMP at concentrations
ranging between M and 2uM. Mean PDE activities from three separate expamnisie
were then used to produce Lineweaver-Burk plotsefach fraction and Vmax and Km

values were calculated.
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Lineweaver-Burk plots are prone to error as thaprecals used in this plot distort
experimental errors, these values were confirmedittiayg to the hyperbolic form of the
Michaelis-Menten equation. Although there appearbd little difference in the catalytic
rates between PDE4D5-WT and PDE4D5-L33D mutant HE¥:4the significant
difference in Km values indicates that the bindofgRACK1 to PDE4DS5 in particulate
fractions is essential for maintaining high affjniof PDE4D5 for cyclic AMP in the
membrane fractions of cells. Next we determined ¢ffilect of RACK1 binding on
susceptibility of PDE4D5 to a specific enzyme intubwas investigated by measuring the
dose response of PDE4D5-WT and PDE4D5-L33D to tBd4R inhibitor, rolipram
(Yarwood et al.,1999). HEK293 cells were transfected with eitherEBBD5-WT or
PDE4D5-L33D and then fractionated by high-speedtrifagation. Equal amounts of
protein were treated with a range of rolipram com@ions, ranging from 0.01nM to
1mM, and then PDE activity was determined. The desponse curves (Figure 3.8)
depicting the responses of supernatant fractionslipram show that the response of
PDE4D5-WT and PDE4D5-L33D to inhibition by rolipraare very similar, while the
pellet fraction graph shows a clear differencehia tdose response of PDE4D5-WT and
PDE4D5-L33D. The PDE4D5-L33D mutant curve is chedd the left of the PDE4D5-
WT curve and shows that the PDE4D5-L33D mutant he pellet fraction is less
susceptible to inhibition by rolipram. As outlinedbove, despite the pellet fraction of
HEK293 cells only containing 10% of PDE4D5-WT aityy the IC50 of rolipram
inhibition in this fraction is similar to that oh&¢ supernatant fraction (Table 3.1), and
therefore the effects seen in response to rolipaaensignificant. In the pellet fraction,
PDE4D5 not bound to RACK1 is less susceptible tipram inhibition than PDE4D5 that
can bind RACK1. This suggests that RACK1 may alleasier interaction between
rolipram and PDE4DS5. As rolipram also interactshvitie catalytic site of PDE4DS5, it is
likely that RACK1 binding holds PDE4D5 in a confation where rolipram can readily
access the catalytic site. These results (sumndains€able 3.1) and those from Figure 3.6
suggest that interaction of PDE4D5 with RACK1 isportant to allow high affinity
binding of PDE4DS5 to its substrate cyclic AMP aiwnd &ffective inhibition by rolipram in
the membrane fraction of HEK293 cells. Moreovee tblipram inhibition experiments
suggest that RACK1 binding to PDE4D5 is importamtdllowing effective inhibition by

low concentrations of rolipram in this fraction.

3.3.5 The effect of interaction with RACK1 on the activation of PDE4D5 - Given these

strong influences on the conformation of particBDE4D5 we next sought to investigate



94

Figure 3.8
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Figure 3.8 Doseresponse of PDE4D5-WT and PDE4D5-L33D to inhibition by
rolipram - HEK293 cells were transfected with cDNAs encodiithes PDE4D5-WT or
PDE4D5-L33D. Cells were fractionated and equal am®wf protein were then treated
with various concentrations of the PDE4 inhibitasijpram, ranging from 0 to 1mM, for
15 minutes and then assayed for PDE activity. PEilziies obtained from three separate

experiments were then plotted using GraphPad Presmieans + SEM.
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Table 3.1
Transfection Fraction Km (uM) Vmax (pmol/min/mg) 1C50 Rolipram
(UM)

PDE 4D5- WT Pellet 6.3+0.9 0.32 +0.07 0.10 +10.0
PDE 4D5- WT S/N 16.7 £ 1.3** 9,71 + 2.09*** 0.08 + 0.0%*

PDE 4D5- L33D Pellet 20.0 £ 0.9 0.87 + 0.09 10 + 0.90***

*%k%
PDE 4D5- L33D S/N 10.0 + 15 7.14 +1.62% 0.09 + 0.0%*

Table 1 Ky, Vimax and 1Csp values for PDE4D5-WT and PDE4D5-L 33D Expressed in
HEK?293 Cels Km and Vmax determinations were done over a rangeubstrate
concentrations betweenu® and 4Q@M cyclic AMP, defined experimentally and
confirmed by fitting to the hyperbolic form of thelichaelis-Menten equation using
GraphPad InStat 3. Dose-dependent inhibition byprai was determined in the presence
of 0.2uM cyclic AMP over a range of rolipram concentrasdmetween 0.01nM and 1mM.
Significant differences relative to pellet-assoethtPDE4D5-WT (*,** and ***) or
PDEA4D5-L33D (#, ## and ###) are indicated (p<0@3®).01 and p<0.001, respectively).
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whether interaction with RACK1 has an effect on #ddity of particulate PDE4D5 to be
activated by isoproterenol, which is a potent ratl of PDE4 activity in HEK293 cells
(Figure 3.1). RACK1 was immunoprecipitated from thellet and soluble fractions of
HEK293 cells that had been stimulated with isopestel (1QuM) for 15 minutes and
PDE4D5 activity associated with the immunoprecipadetermined by PDE assay
(Figure 3.9). Results demonstrated that isoprotér&imulation provoked a significant 1.6
fold increase in PDE4D5 activity associated with G¥1 immunoprecipitates from
solubilised particulate fractions, but not fromudaé fractions (Figure 3.9). This indicates
that association with RACK1 causes a conformatiehange in PDE4D5 associated with

particulate fractions that enables PDE4D5 activalip the cyclic AMP signalling cascade.

Given that RACK1 was originally identified as a foll protein for activated
conventional PKC isoforms (McCahik al., 2002), and that cyclic AMP elevation has
recently been linked to the activation of PKC imamber of cell types (Borland al.,
2009), we next investigated whether conventionalCPKoforms could be involved in
mediating the actions of isoproterenol on RACK14wbUWPDE4DS. Firstly we found that
stimulation of cells with the PKC activator, phorbayristate acetat§PMA; 10uM),
provoked similar levels of PDE4D5 activation aspisgerenol in the particulate fraction,
but not soluble fraction, of HEK293 cells (Figur®)3 PMA was also found to stimulate
rapid activation and translocation of the RKiSoform from the supernatant to the pellet
fractions of HEK293 cells (Figure 3.10). Cells wstenulated with 1M PMA over a 0 —
60 minute time course and showed a maximal assatiaf activated PK@ in response to
PMA after 5 minutes. No effect on RACK1 distributiawithin the cell was seen in
response to PMA stimulation across the time coufdthough PMA provokes a fast
degradation of PKC, the time course of PDE4D5 atitm in response to PMA (Figure

3.9) occurs before disappearance of PKC and therdics does not affect the results.

Next, in order to determine whether isoprotererai provoke PKC activation, HEK293
cells were stimulated with PMA and then cells wl@vested and fractionated into
particulate and soluble fractions which were themmunoprecipitated with anti-RACK1
antibodies (Figure 3.11). Equal amounts of profeam fractions together with RACK1
iImmunoprecipitates were separated by SDS-PAGE had tmmunoblotted with anti-
RACK1 and anti-PK@ antibodies (Figure 3.11). PKGvas clearly found to translocate to

the particulate fraction in response to PMA stirtiola Translocation from the cytosol to
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Figure 3.9
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Figure 3.9 Isoproterenol and PMA stimulate PDE4 activity associated with RACK 1
immunopr ecipitates from HEK293 cells - HEK293 cells were stimulated with either
10uM isoproterenol or 1M PMA for 15 minutes and then fractionated and
immunoprecipitated with anti-RACK1 antibodicRACK1 immunoprecipitates were then
assayed for associated PDE activity in the presenedsence of rolipram as indicated in
the histogram. Means + SEM from three separaterarpats were plotted as fold change
relative to non-stimulated cells. Significant difaces relative to control are indicated, * =
p<0.01.
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Figure 3.10 Stimulation of HEK293 cells with PMA triggers intracelular
translocation of PK Ca but not RACK 1

HEK293 cells were stimulated with 101 PMA at time points between 0 and 60 min
following which cells were fractionated into solal{lS/N) and particulate (pellet) fractions.
Equal protein amounts of cell fractions were segaraby SDS-PAGE and then
immunoblotted with anti-RACK1 and anti-PkGantibodies. The immunoblots show that
PKCa translocates from the supernatant to the pellettibn within 5 min of PMA
stimulation. Densitometry was carried out on immhlots from three separate
experiments and plotted as means + SEM. Signifiagdifferences relative to non-
stimulated control are indicated, * = p<0.05 and=*p<0.01. Results are representative of

an experiment carried out on three separate ogtasio
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Figure 3.10
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Figure 3.11
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Figure 3.11 PMA or isoproterenol stimulation promotes the association of PK Ca with
RACK1 in the particulate fraction of HEK293 cells - HEK293 cells were stimulated
with diluent (DMSO), isoproterenol or PMA for 15 moites and cells were harvested and
fractionated. Fractions were solubilised with 0.0%v) Triton X-100 and then samples
were pre-cleared with mouse IgM. Following thisngées were immunoprecipitated with
either mouse IgM (negative control) or anti-RACK1LgM clone) antibody.
Immunoprecipitates and lysate samples were separbte SDS-PAGE and then
immunoblotted with anti-RACK1 and anti-PkKCantibodies. Densitometric values from
the RACK1-immunoprecipitated samples were plottedn@ans £+ SEM and represent the
fold change in PK@ interaction with RACK1 in each fraction. Signifrdadifferences in
PKCa immunoreactivity are indicated, * = p<0.05 and * p<0.01. Results are

representative of an experiment carried out oretseparate occasions.
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the plasma membrane is a well documented indicHt®KC activation (Linet al., 2007)

in response to PMA stimulation (Liet al., 1999) allowing for a clear indication of PiKC
activation in these experiments, and it was founddsociate with RACK1 as determined
by immunoprecipitation (Figure 3.11). Surprisinglisoproterenol stimulation also
provoked an increase in PKCimmunoreactivity in pellet fractions and in RACK1
immunoprecipitates from pellet fractions (Figurd1d. These results demonstrate that
isoproterenol stimulation provokes a significantiveation of RACK1-associated PKCin
HEK293 cells.

The establishment of an interaction between RACKA BKGu in the particulate fraction
of cells leads to the question as to whether ttexacstion between PK{; and RACKL1 has
any effect on RACK1-bound PDE4D5 activity. Our désfrom PDE assays carried out on
RACK1 immunoprecipitates (Figure 3.9) suggest th&t might be the case, however to
test this idea further the effect of PMA was tested HEK293 cells transfected with
PDE4D5-WT or the PDE4D5-L33D non-RACK1 binding muttaTlransfected cells were
stimulated in the presence or absence of PMA fomlbutes, before being harvested,
fractionated and the PDE4D5 activity in fractionssayed by PDE assay. Results
demonstrated an almost 3.5 fold increase in PDEd@bity in the pellet fraction from
PDE4D5-WT transfected cells stimulated with PMA,comparison with non-stimulated
PDEA4DS5-WT pellet fraction (Figure 3.12). In contrathe pellet fraction from PMA-
stimulated PDE4D5-L33D cells shows a PDE activityjdfchange of around only 1.5
(Figure 3.12). These results show that interactith RACK1 in the particulate fraction
of HEK293 cells causes a greater increase in PDiEitgcn the presence of PMA than
when PDE4D5 is not bound to RACK1, suggesting tinégraction with RACK1 is
important for high levels of PDE activity in resganto PKC activation.

Finally, to demonstrate that it is PKC activatioer se, and not the effects of downstream
effectors, that is responsible for the activatidnP®E4DS5 in the particulate fraction of
HEK293 cells, cells were treated with general PK@ MEK specific inhibitors and PDE

activity levels determined (Figure 3.13). HEK293I<avere pre-treated with U0126, a
specific inhibitor of MEK1 and 2, a known downstmeaffector of PKC signalling (Favata
et al., 1998), or with the PKC specific inhibitors Ro-3%34B or GF109203X (GFX) for 30

minutes, then stimulated for 15 minutes with orhwiit PMA. Cells were then harvested

and equal amounts of lysate protein were sepalst&DS-PAGE and then
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Figure 3.12
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Figure 3.12 Association with RACK 1 isrequired for PDE4D5 to be activated by PMA

in the particulate fraction of HEK 293 cells - HEK293 cells were transfected with either
PDEA4D5-WT or PDE4D5-L33D and then stimulated witMAPfor 15 minutes. Following
this, cells were harvested and fractionated by-Bpged centrifugation PDE assays were
carried out and activities were then plotted asmaea SEM and represent fold change
relative to non-stimulated, pellet sample. Sigmifit differences relative to control are
indicated, ** = p<0.01. Results are representat¥@n experiment carried out on three

separate occasions.
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Figure 3.13
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Figure 3.13 Activation of RACK 1-associated PDE4D5 by PMA requires PKC and not
ERK

a) HEK293 cells were transfected with cDNA encoditigE4D5-WT and then pre-treated
for 30 minutes with either DMSO or inhibitors U01Z0-31-7549 or GF109203X (GFX)
and then stimulated with or without PMA for 15 mies. Cells were then harvested and
equal amounts of whole cell extract were separbie&DS-PAGE and immunoblotted
with total ERK and phospho-ERK antibodies. Reswdjgesent a single experiment carried
out on three separate occasions with similar result

b) PDE4D5-WT-transfected cells were pre-treatedhwif126, Ro-31-7549 or GFX prior
to 15 minutes PMA stimulation. Cells were then fiarated and PDE4D5 activity
associated with the particulate fraction of cellaswassessed by PDE assay. Results are
expressed as percentage of maximum (PMA-treatés) egld are means * SEM for three
separate experiments. Significant differences ixgab PMA-treated cells are indicated,
** p<0.01.
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immunoblotted for total ERK and phospho-ERK to datee the efficacy of the inhibitors
(Figure 3.13a). Immunoblots demonstrate a robuttaion of phospho-ERK following
PMA stimulation, which is completely ablated follmg U0126, Ro-31-7549 or GFX
treatment. In contrast, treatment with U0126 fati@dblock particulate PDE4D5 activation
following PMA stimulation, whereas treatment of PMAmulated cells with Ro-31-7549
and GFX caused a significant reduction in PDE &gtiFigure 3.13b). These results show
that activation of PDE4D5 by PMA-stimulated PKCf@mns is a direct effect of PKC on
PDE4D5 and not through activation of the downstre#fiector, MEK.
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3.4 DISCUSSION

The regulation of cyclic AMP levels within the celllows control of numerous cellular
processes (Chergg al., 2008). To fully appreciate these pleiotropic acsiar cyclic AMP

a thorough investigation into the role of specdyclic AMP PDEs, their interaction with
cellular proteins and the effects of this interacton PDE activity is important to fully
understand the complex regulation of cellular ey@MP levels. To date our knowledge
of this level of sophisticated regulation is faorfr complete. Progress is starting to be
made in this direction, particularly in the chaeaigation of protein interactions with the
cyclic AMP-specific phosphodiesterase, PDE4D5 ahd s$caffold proteinB-arrestin
(Bolgeret al., 2003; Lynchet al., 2005). This complex is recruited from the cytosothe
plasma membrane in response to activatiopP?eddrenergic receptor (Bolgetral., 2003).
The recruitment of th@-arrestin/PDE4D5 complex not only blocks the systhef cyclic
AMP, but allows PDE4D5 to specifically hydrolysectiyg AMP in the vicinity of thef2-
adrenergic receptor, contributing to the controtofmpartmentalisation of cyclic AMP. In
the current investigation we examined whether th&CR1/PDE4D5 was similarly
recruited to the plasma membrane in respong2+tadrenergic receptor activation. While
we found that isoproterenol stimulation was suéfintito activate PDE4 activity in general
in HEK293 cells (Figure 3.1), and PDE4D5 specificalssociated with RACK1 in the
particulate fraction of cells (Figure 3.9), we dmbt see any translocation of the
RACK1/PDE4D5 complex. This may not be surprisingcsi the binding of RACK1 and
B-arrestin to PDE4D5 appears to be mutually exctusand, furthermore, interactions
between PDE4D5 and RACK1 appear to inhibit inteoactvith B-arrestin (Bolget al.,
2006). The RACK1/PDE4D5 complex may therefore penfalifferent cellular functions
than theB-arrestin/PDE4D5 complex. Indeed, the translocatbiRDE4D5 and its cognate
binding partners in response i@-adrenergic receptor activation may depend orcétle
context. In this resped-arrestin/PDE4D5 translocation seems to occur iis dbat
expresg32-adrenergic receptors to a high level, for exampleardiomyocytes (Lynchkt
al., 2007) or HEK293 cells stably transfected to exptegh levels of receptor (Bailliet
al., 2003), and may reflect the ability @farrestin to develop high affinity interactions
with this receptor type. Indeed, little translooatiof 3-arrestin/PDE4D5 is seen in wild
type HEK293 cells, with no overexpression of $i#2adrenergic receptor (Dr. George
Baillie, personal communication). THi2-adrenergic receptor may therefore present an
effective recruitment site fo-arrestin/PDE4D5 signalling complexes, but not for
RACK1/PDE4D5 complexes. It therefore remains to deermined what structural
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influences direct the recruitment of RACK1/PDE4DO#nplexes at the particulate fraction

of cells.

Although RACK1 does not appear to act on targehd®DE4D5 to specific cellular
localisations, it does appear to act upon PDE4DEctral stability. Enzymes are readily
denatured when exposed to extreme or unfavourabiditions, and the stability of the
protein effects how rapidly this denaturation oscufo date, little is known as to the
purpose of the RACK1/PDE4D5 complex. However, is 8tudy, binding to RACK1 was
found to afford PDE4D5 some protection against tleasion in thermal denaturation
studies (Figure 3.6), with plasma membrane lodaisanon-RACK1 binding PDE4D5
showing a greater rate of denaturation when exptisademperature of 46 compared to
RACKZ1 binding PDE4D5 under the same conditions,lyng that the inability to bind
RACK1 affects the stability of PDE4D5 and increagessusceptibility to denaturation. If
RACK1 affects the conformational stability of PDEBDthis is predicted to exert some
effect on the enzymatic activity of RACK1l-bound PIBE5. Indeed, we found that
RACK1 binding was necessary to maintain high affifbinding of PDE4D5 for its
substrate, cyclic AMP (Figure 3.7), implying thaetconformational change in PDE4D5
exerted by RACK1 binding to PDE4D5 in the partitceldraction of cells sensitises
PDE4D5 toward its substrate, perhaps priming PDE#D%ctivation in this fraction. As
RACK1 appears to cause a conformational changeaildatinteraction of PDE4D5 with
cyclic AMP, this change is also likely to affecetinteraction of PDE4D5 with the PDE4
specific inhibitor rolipram, which also interactstivthe active site of the enzyme (Hwhi
al., 2003). Indeed, dose-response experiments (FiguBg rg@vealed that that while
cytosolic PDE4DS5 exhibited a similar response igpram concentrations regardless of its
RACK1 binding ability, PDE4D5 located in the paudiate fraction of cells was more
susceptible to inhibition by rolipram if bound tAARK1. These results are particularly
intriguing as binding of RACK1 to PDE4D5 appearsaltow lower concentrations of
rolipram to inhibit the phosphodiesterase activiRplipram, with its anti-depressant and
anti-inflammatory properties is a drug used to ttr@avariety of diseases, ranging from
depression (Wachtel, 1983) to Alzheimer's (Gaaal., 2004). Unfortunately, the drug
has a number of side effects, the most promineimghiés emetic effect (Houslagt al.,
2005). The implication of RACK1 binding to PDE4Dé&quiring a lower concentration of
rolipram to produce the same levels of inhibitidmon-RACK1 bound PDE4D5 provides

the possibility of RACK1 or a synthetic analoguenigetherapeutically taken alongside a
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lower dose of rolipram to produce the same biolalgaéfect with potentially lessened side

effects.

RACK1 is a multi-domain protein, possessing différsites for interaction with other
proteins (Yarwoocdkt al., 1999). It is likely, therefore, to be able to fomulti-protein
complexes. As RACK1 was originally identified bys itability to bind activated
conventional PKC isoforms, the RACK1/PDE4D5 compfexms a point of crosstalk
between the cyclic AMP and PKC signalling pathwayse effect of activation of the PKC
isoform a on the PDE4D5/RACK1 complex was investigated ttewhine its effect on
localisation and on RACK1-bound PDE4D5 activity. ®@Kand RACK1 were determined
to interact in the particulate fraction of HEK294ls (Figure 3.11) and the potent phorbol
ester PMA, which causes PKC activation and tramgion from the cytosol to the plasma
membrane was found to cause similar levels of PCE4®ivity in the membrane fraction
of HEK293 cells to those induced by isoproteretiohglations (Figure 3.9). Furthermore,
PDE activity assays on RACK1-bound PDE4D5 and né&@R1 binding mutant
PDE4DS5 expressing cells stimulated with PMA showleat the RACK1 interaction is
essential to allow efficient activation of PDE4D% BKCa (Figure 3.12). That PK&€was
the cause of the PDE4D5 activation and not dowastreffectors of PKC was confirmed
by treatment with various PKC and MEK specific intors prior to determination of PDE
activity (Figure 3.13). Further experiments to istigate the importance of RACK1 in
anchoring PKG at the plasma membrane, and its effects on PKECtimand activation
of PDE4D5 activity, by stable over-expression anti-sense depletion of RACK1 would
provide insight into whether RACK1 is required f&KC translocation and by
investigating the effects of variation of RACK1 & on the phosphorylation of ERK, a
downstream effector of PKC would further demonstrétte requirement of RACK1
binding on PKC action on PDE4D5. Additionally, thee of peptide inhibitors of the
PKCou/RACKT1 interaction would further determine the imamce of PK@G anchoring to
the membrane on PKCfunction. Additionally, PDE4D5 binds both RACK1 darf-
arrestin in a mutually exclusive way although tffensty of PDE4DS5 to each of these has
yet to be measured. Further experimentation torahéte whether PK@ can promote
PDE4DS5 activity when PDE4DS5 is boundfarrestin would expand on the importance of
RACK1 on the ability of PK@ to influence PDE4D5 activity.

The complex formed between PDE4D5 and RACK1 prava@oint of crosstalk between
the cyclic AMP and PKC signalling pathways as vesla potential point of feedback as
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increased cyclic AMP levels have been shown toramiPKC (Borlandtt al., 2009), and
PKC activation increases PDE activity (Figure 3.@2)ich in turn reduces cyclic AMP
levels. The results outlined in this chapter shbe importance of RACK1 binding by
PDE4D5 in its enzymatic activity and the effects BKC activation on the
phosphodiesterase activity of PDE4D5. To concltigerefore, this chapter outlines a role
for the RACK1/PDE4D5 complex in causing a confororadl change to affect the
enzymatic activity of the phosphodiesterase, andr@sponse to the inhibitor rolipram.
Furthermore, the complex forms a point of crosstakween the cyclic AMP and PKC
signalling pathways, with PK&interacting with RACK1 at the plasma membrane and
causing increases upon activation of RACK1 bounde#Db activity, thus showing that
the activation of PKC can negatively regulate ay@MP levels in HEK293 cells. As
regulation of cyclic AMP levels allows control of wide range of cellular processes,
negative control of cyclic AMP signalling by PKCtaation not only goes some way
towards elucidating how cyclic AMP levels are loegrwithin the cell but may also
provide a therapeutic target with which to contoyiclic AMP signalling in disease

associated with elevated cyclic AMP levels.

In conclusion, this chapter shows a novel pointrokstalk between the cyclic AMP and
PKC signalling pathways wherein PKC activation k&0 activation of RACK-1 bound
PDEA4DS5, thus forming a negative feedback loop tarod intracellular cyclic AMP levels
in HEK293 cells.
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CHAPTER 4

The Roles of Exchange Protein Activated by Cyclic AMP (EPAC) 1 and
Protein Kinase C (PKC) Isoformsin the Induction of the Suppressor of
Cytokine Signalling (SOCS) 3 gene by cyclic AMP
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4.1 INTRODUCTION

The EPAC (exchange protein activated by cyclic ANdRjteins, EPAC1 and EPAC2, are
multi-domain proteins that act as guanine nucleogikichange factors (GEFs) for the small
GTPase Rapl, in response to elevations in intrdaeltyclic AMP (de Rooigt al., 1998).
EPAC proteins have a high affinity for cyclic AMRdihave been found to be involved in
the regulation of a number of important physiolagjiprocesses in the brain, lungs, heart
and immune system, including cell differentiationdaproliferation, apoptosis, muscle
contraction, calcium handling and inflammation (@aewed in Borlanctt al., 2009). Due

to these roles, EPAC activity has been linked wite development of a number of
metabolic, neurodegenerative and inflammatory disgafor example EPAC2 has been
linked to autoimmune diseases, inflammatory disardeuch as chronic asthma,
cardiovascular disorders and Alzheimer's (McPhea ., 2005). Its downstream effector,
Rapl, is involved in the regulation of several @lcaell functions, including cell
proliferation, integrin-mediated cell adhesion #&akocyte migration (Hattori and Minato,
2003). Many of these functions have been foundetalisrupted in some cancers such as
leukaemia (Hattori and Minato, 2003), prostate Baet al., 2009) and breast cancers
(Itoh et al., 2007), while the reported ability of EPAC2 to pramexocytosis of insulin-
containing granules from pancreatic beta cells sstgga role in combating diabetes (Holz,
2004). While traditionally the majority of cyclicMP signalling was believed to occur via
phosphorylation of intracellular proteins by PKAOo{@i et al., 2003), the discovery of
EPAC has provided a novel mechanism for the mexfiadf cyclic AMP signalling in a

variety of tissues, although these mechanismsaagelly unknown.

Recent studies have outlined a PKA-independentwagthin which EPAC mediates the
induction of the anti-inflammatory Suppressor oftékyne Signalling (SOCS-3) gene by
cyclic AMP (Sand<t al., 2006). SOCS proteins are an eight member familgrofeins

that act as negative regulators of cytokine sigmal(Starr and Hilton, 1998). SOCS
proteins usually have a low level expression ihsdelit are rapidly induced by cytokines.
This allows the inhibition of JAK-STAT signallingvhich forms a negative feedback loop
(Shuai and Liu, 2003). SOCS-3 interferes with tAK-BTAT pathway by directly binding

to Tyrl007 and inhibiting Janus Kinase 2 (JAK2kyanting the tyrosine phosphorylation
and activation of Signal Transducers and ActivatirsTranscription (STATs) 1 and 3
(Auernhammer and Melmed, 2001). The JAK-STAT pathwa critical for the

propagation of intracellular signalling from a rangf cytokine receptors and is therefore
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involved in a number of cellular functions, suchtlas immune response, haematopoiesis
and cell growth and proliferation (Rawlings al., 2004). The JAK-STAT pathway is
activated by a range of cytokines, including irgakin-6 (IL-6), a class | cytokine that is
involved in the activation of a range of genes Iagd in cell proliferation, apoptosis and
differentiation (Heinrichet al., 2003). IL-6 is involved in both initiation and mé&nance
of immune and inflammatory responses and strictuleggpn is therefore required.
Disruption of IL-6 signalling has been linked tanamber of diseases, particularly those
linked to the immune response such as rheumatdidritey, Castleman disease and
Crohn’s disease (Ishihara and Hirano, 2002). Irezrddevels of IL-6 have been implicated
in a range of disorders, including osteoporosigyripsis, (Jone®t al., 2001) multiple
myeloma (Ishihara and Hirano, 2002) and renal catakenawaet al., 1991). IL-6
signalling involves the binding of the IL-6 recep{tL6R) to the transmembrane gp130, a
glycoprotein also employed by other members ofIthé family (Carroll et al., 1998).
These IL-6 family members are structurally distitett share the gp130 subunit and
include Interleukin-11 (IL-11), Cardiotrophin-1 (€Il), Oncostatin M (OSM) and
Leukaemia Inhibitory Factor (LIF) (Carrodt al., 1998). A complex is formed, activating
the receptor and initiating the signal transducttascade through activation of the JAK-
STAT pathway (Jonedt al., 2005). JAKs bind to the cell surface cytokine reoegvhere
activation of JAKs creates phosphotyrosine residoasthe receptor. This triggers
recruitment of STAT3 to the receptor, where thadwss act as docking sites for SH2
domains located on STAT3 and mediates the homodiatem of STAT3 by tyrosine
phosphorylation (Schindlest al., 2007). The homodimerised complex then translodates
the nucleus where it recruits transcriptional ctivators, binds specific DNA elements
and then is able to initiate transcription of geresgponsive to IL-6 (Borland al., 2009).
The induction of SOCS-3 by cyclic AMP, however,\@ets this, thus inhibiting the IL-6
stimulated response, as SOCS-3 binds directlydgtiosphorylated receptors by its SH2
domain, also inhibiting JAKs and preventing botlerogment and phosphorylation of
STATS, thus inhibiting IL-6 stimulated gene expiess(Sandt al., 2006) (Figure 4.1).
As SOCS-3 induction by cyclic AMP occurs after 5utg) elevations in cyclic AMP
attenuate STAT activation. In this way, SOCS-3 Heato interfere with cytokine
signalling, providing a means of negative contheell as a potential target for influence
of IL-6 signalling. Expression of the SOCS-3 gea@ occur in response to cytokines as
well as other proteins. The minimal functional pager of SOC-3 consists of two STAT-
responsive elements (SREs), a GC-rich region am& &mich region, and an AP1
(activation protein 1 element, with STATs actingle proximal SRE and the GC- and
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Figure 4.1
a)
b)

Adapted from Rgnet al. 2007

Figure 4.1 SOCS proteinsinhibit the JAK-STAT pathway

a) Following IL-6 binding, JAKs bind to the cell suda cytokine receptor. Activation of
JAKs creates phosphotyrosine residues on the m@aceytich act as docking sites for the
SH2 domain of STATs and mediate homodimerisationS®ATs. Dimerised STATS
translocate to the nucleus where they activatestrgstion of target genes.

b) SOCS proteins inhibit the JAK-STAT pathway by bimglto the phosphorylated receptors,

preventing STAT binding and homodimerisation.
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A/T- rich regions (Barclayet al., 2007). No functional CREs (cyclic AMP response
elements) are contained within the SOCS-3 promateevidenced by the inability of PKA
activation to induce SOCS-3 (Yarwoetal., 2008). While the ability of cyclic AMP to
affect gene transcription was thought to occur RKA activation of the transcription
factor CREB, recent studies have found that cyélMdP is able to influence gene
transcription independently of PKA through CCAATHamcer-binding proteins (C/EBPS)
(Yarwoodet al., 2008). In COS1 cells, a role has been found forBBfEin the activation
of SOCS-3 by cyclic AMP (Borland al., 2009).

As the inflammatory response requires tight regamatit is important to have a complete
understanding of the mechanisms controlling SOQ@&#3ction, a major mechanism in the
control of the JAK-STAT pathway. While it has beshown that EPAC1 plays an
important role in SOCS-3 induction by cyclic AMPvascular endothelial cells (Sanets
al., 2006), MEFs (Yarwoodt al., 2008) and COS1 cell lines (Borlamtlal., 2009), the
pathway between these two points has not been éxibypunded upon. While there are a
multitude of possible downstream effects of EPAGXells including other Ras family
GTPases, PKB/Akt, Phospholipase D, ion channeVatobn and MAP kinases (Chermy
al., 2008; Roscionket al., 2008), reports of an interaction between EPAC1 ttwedPLC
isoforme (Oestreictet al., 2009), provided an avenue of investigation, botb the role of
PLC itself, the products of its intracellular agivand their downstream effects, on SOCS-
3 induction by cyclic AMP. Prior to this investigat nothing was known as to the effects
of PLC ¢ on SOCS-3 induction. This chapter aims to inveséigthe downstream
components of an EPACl-activated signalling pathwegding from cyclic AMP
generation to SOCS-3 induction in COS1 cells. ®Biixidated pathway shows a critical
point of regulatory crosstalk between the cyclic RMind PKC signalling pathways,
forming part of a pathway which results in SOCSe®e induction, and the potential to
regulate IL-6 signalling. The previous results miea demonstrated that PKC activation
leads to activation of RACK1-bound PDE4DS5. This qutlea investigates the hypothesis
that the PKC signalling pathway is involved in BBAC1 mediated induction of SOCS-3
by cyclic AMP, thus forming a point of crosstalktiveen the two pathways. The findings
from Chapter 3, together with the findings preseéritethe current chapter, go some way
towards defining a novel cyclic AMP-regulated sidjing system with the ability to

control key, disease-associated, transcriptionahtsvin human cells.
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4.2 MATERIALSAND METHODS

All Materials and Methods as outlined in Chaptevith variations described below.

Inhibitor treatment of COSL cells

For SOCS-3 induction experiments, confluent COSIk aeere treated for 5 hours with
PKC inhibitors Ro31-7549 or GF 109203X, or the Pb@ibitor U73122 in the presence
or absence of cyclic AMP stimulating forskolin (20 plus rolipram (10uM) or 8Me

(50uM). Samples were lysed directly into Laemmieatiophoresis buffer (Laemmili,
1970) and analysed by SDS-PAGE followed by Weshtotting with anti-SOCS-3 and

anti- Glyceraldehyde-3-phosphate dehydrogenase PBEARBpecific antibodies. For PKC
down-regulation experiments, COS1 cells were statea with 1uM phorbol 12-myristate
13-acetate (PMA) or dimethyl sulphoxide (DMSO) fdB8 hours. Cells were then
stimulated for 5 hours with 10uM PMA, F/R, or 8ME€ell lysates were then
immunoblotted using anti-PanPKC, anti-SOCS-3 antt@APDH specific antibodies.

Experiments were all carried out in the presendd@fL32 (6uM), a proteasome inhibitor,

to prevent SOCS-3 degradation after synthesis.

Densitometry and Statistical Analysis

Non-saturating exposures from multiple experimentse quantified densitometrically
using ImageJ software. Densitometric values for S€Gvere usually normalized to the
levels of GAPDH protein expression found in the sasample, while PKC levels were
normalized to the expression of RACK1 protein level the same sample. Statistical

significance was determined using Student’s twiedt-test.
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43 RESULTS

4.3.1 EPAC1 mediates SOCS-3 induction in COSL1 cells - The link between EPAC1

activation and SOCS-3 induction originally idergdi in human umbilical vascular

endothelial cells (HUVECS) provides a novel pathwenlependent of PKA, by which

cyclic AMP is able to negatively control cytokingsalling and provides a new pathway
of potential therapeutic targets (Sargtsal., 2006). In order to demonstrate that this
pathway occurs in other cell types, it was decittethvestigate its components in COS1
cells, which are highly amenable to transfectiothwiRNA.

In 1998, double stranded RNA (dsRNA) was founddable to silence gene expression, a
process called RNA interference (RNAI). RNAIi uske RNA-induced silencing complex
(RISC) to guide dsRNA that has been cleaved intortsimterfering RNA (SiRNA)
fragments by the enzyme Dicer, to the target mRBynthetically made siRNA, that is
usually 21-23 nucleotides long, bypasses the needléavage by Dicer. RISC unwinds
the siRNA and guides it to bind and degrade thepgtementary mRNA, thus silencing the
gene (reviewed in Whiteheaatl al., 2009). This allows an effect experimental method to
investigate the effects of knockdown of a gene withcell line. To show that EPACL is
necessary for SOCS-3 induction in COS1 cells, kdoak of EPAC1 was achieved via
transfection of COS1 cells with EPACL1 specific SRIGCCCGGAACUUGCCUGUUU,
Dharmacon) or non-targeting control siRNA (QiageAJthough sequences for this
negative control siRNA are unavailable, the siRNAsmo homology to any known
mammalian gene and has been confirmed to enter .RISGhis experiment mock
transfected cells were checked, but as there waseffect of control SiRNA all
comparisons were made against control SiRNA treceéd.

Cells were then stimulated for 5 hours with a carabon of forskolin and rolipram (F/R)
or 8-pCPT-2’-O-Me-cyclic AMP (8Me), a cell permeabtyclic AMP analogue that is
specific for EPAC, which it activates independertfyPKA (Holz et al., 2008). Forskolin
elevates cyclic AMP levels within the cell by aeiilon of adenylyl cyclase isoforms to
increase cyclic AMP production within cells (Ingeid Ostrom, 2003). Rolipram is a cell
permeable phosphodiesterase 4 (PDE4) inhibitoh datcumented anti-inflammatory and
anti-depressant properties (Wachtel, 1983; Ketht., 1985). As a specific PDE4 inhibitor,
rolipram prevents breakdown of cyclic AMP and igfprable in these experiments to

general PDE inhibitors such as isobutyl-methylxar@h(IBMX) which may give non-
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specific effects due to its ability to act as aeraasine receptor antagonist (Schadtal.,
1982). The use of forskolin and rolipram togeth&rai common means of causing an
increase of intracellular cyclic AMP levels througicreased production and reduced
breakdown and although Gs coupled receptors asepréen COS-1 cells, the combination
of F/R was chosen to maximally activate the systEme. proteasome inhibitor MG132 was
used in these experiments to prevent degradatid®OifS-3 upon synthesis. Cell lysates
were prepared from stimulated cells and immunobtbtivith anti-SOCS-3 and anti-
GAPDH antibodies (Figure 4.2). GAPDH acts as a ilogictontrol due to its stable and
high expression in these cells, making it a uskfulsekeeping gene (Barketral., 2005).
The immunoblot clearly shows that SOCS-3 is induoezbntrol siRNA treated cells, with
the greatest induction seen in F/R treated celt&litfonally the immunoblots shows that
treatment with 8Me is sufficient to induce SOCSs3ggesting a role for EPAC. There is a
significant reduction in SOCS-3 induction in EPASIRNA treated cells stimulated with
both 8Me and F/R compared to control siRNA treatelts stimulated with F/R, indicating
that EPACL1 is required for SOCS-3 induction, as lb@sn previously shown in human
umbilical vein endothelial cells (HUVECs) and moesebryonal fibroblasts MEFs (Sands
et al., 2006; Yarwoockt al., 2008).

4.3.2 Induction of the SOCS-3 gene in COS1 cells is dependent on PLCe - Having
confirmed the involvement of EPAC1 in SOCS-3 indutty cyclic AMP in COS1 cells,
efforts were made to identify the down-stream digrgacomponents in this new pathway.
Given the reported potential involvement of P£@s a novel downstream target of cyclic
AMP and Rap2B (Schmidit al., 2001), this was considered as a potential stagoigt.
Traditionally PLC signalling was thought to occlardugh two routes of activation- by
tyrosine kinases via binding of the Src homolog{S#2) domain on PLZto tyrosine
autophosphorylation sites found on activated tyr@dinases, or through activation by G
protein coupled receptors that activate Gq protewtsch in turn causes activation of
PLCB isoforms mediated by its @Gqsubunits (Schlessinger, 1997). However, the
identification of 6 PLC isoform families has expaddhe range of PLC signalling as each
isoform has unique requirements for regulation ¢i¢garand Sondek, 2006). Recent studies
have indicated an interaction between one such Kdiorm, PLG, with EPAC,
demonstrating that this interaction is involvedtie 3-adrenergic receptor stimulation of
Ca*-induced C&' release (CICR) in cardiac myocytes (Oestreicil., 2009), and that in
HEK?293 cells the activation of PlsCvia the GTPase Rap2B, occurs through elevations i
intracellular cyclic AMP that stimulates EPAC (Sadiet al., 2001). This link between
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Figure 4.2
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Figure 4.2 EPAC isnecessary for SOCS-3induction in COS1 cells.

COS1 cells were transfected with control SIRNA &AE1 siRNA using Lipofectamine
2000 according to the manufacturer’s instructidbslls were then incubated for 5 hours
with MG132 and either 1M F/R or 5uM 8Me. Cell lysates were immunoblotted with
EPAC1, SOCS-3 or GAPDH specific antibodies. Demsétry was carried out and the
values plotted on a histogram with control siRN&ated F/R stimulated cells treated as
100% and all other values expressed relative ® ffhe blots show a clear knockdown of
EPAC in cells treated with the EPAC-specific siRNBensitometry was carried out on
immunoblots from three separate experiments andrdkelts plotted as means on the
graph with significant differences between SOC®y&ls in EPAC specific SiRNA treated
cells compared to control siRNA treated cells, catied by * = p<0.05 against F/R

stimulation in control siRNA cells.
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PLC signalling and EPAC raises the possibility abke for PLG in the EPAC mediated
SOCS-3 induction pathway.

To investigate an involvement of PLC isoforms dotveem of EPAC1L, endogenous PLC
activity in COS1 cells was inhibited using U7312Z#%) aminosteroid that specifically
inhibits PLC, at 1AM and 5QM. Although the precise mechanisms of action os thi
inhibitor are unknown, it has been shown to inhRiiiC in numerous cell types (Mu#b
al., 1997). While little is known of its actions on PtGtself, U73122 inhibits the
phosphatidylinositol-specific PLC isoform familyf evhich PLCG is a member. The
inactive analogue U73343 was used as a negativieot@t the same concentrations of
U73122. COSL1 cells were treated with these PLbitdrs in the presence and absence of
F/R for five hours. Cells were then harvested anthunoblotting carried out using anti-
SOCS-3 and anti-GAPDH antibodies (Figure 4.3). Imohlots demonstrated that there
was a clear reduction in SOCS-3 induction by F/Reefis treated with 5M U73122
resulting in a reduction of SOCS-3 expression bgreaximately 90%, in comparison to
both the untreated and negative control treateld ¢€igure 4.3). As U73122 appears to
block SOCS-3 induction, this indicates a potentidé for one or more PLC isoforms in
SOCS-3 induction by cyclic AMP in these cells.

To further confirm a role for PLC in SOCS-3 indactiand the role of PL&in particular,
COS1 cells were treated with various concentratiasfs PLCe-specific SiRNA
(CAGGGTCTTGCCAGTCGACTA, Qiagen) (Figure 4.4a) andnstargeting SiRNA
(Qiagen) as a specificity control, in the preseand absence of F/R (Figure 4.4b). RLC
SiRNA treatment clearly reduced P& @xpression in the cells and inhibited induction of
SOCS-3 when stimulated with F/R. This suggests Biafe is required for SOCS-3
induction by cyclic AMP in COSL1 cells. To determinbether PLE is involved in SOCS-

3 induction by EPAC1, cells were treated with RLSIRNA as above, in the presence of
8Me, F/R or PMA, a phorbol ester which activatesvamtional and novel PKC isoforms
(Figure 4.4c). 200nM of PLECsiRNA was chosen for this experiment as this cotraéon
was shown in the previous experiments to be sefiicio knockdown PLEexpression in
COS-1 cells. While 8Me, F/R and PMA all induce SGE control cells, knockdown of
PLCe expression clearly inhibited the ability of 8MedaR/R to induce SOCS-3 in these
cells. This indicates that PleGs found downstream of EPAC1 and that therefor€dik
located within the EPAC1 induced SOCS-3 inducticsthpvay in COS1 cells. As
expected, SOCS-3 levels induced by PMA shows ligitkiction in cells treated with
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Figure 4.3
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Figure 4.3 Effect of Phospholipase C inhibitors on SOCS-3 induction

COS1 cells were stimulated for 5 hours wittMbof the proteosome inhibitor MG132, and
10uM F/R in the presence or absence ofili0or 50 uM of the PLC inhibitor U73122 or
10uM or 50 uM of the inactive control inhibitor U73343. Celyslates were then
immunoblotted with SOCS-3 and GAPDH specific antiles. The SOCS-3 blot shows
endogenous SOCS-3 induction in cells not stimulatgd F/R, which is slightly reduced
by the presence of U73122 at both concentratiorens@ometry was carried out on
immunoblots from three separate experiments anchal@ed to DMSO, F/R treated cells.
The results were then plotted, with significanfetiénces, relative to non-stimulated cells,
indicated by ** = p<0.01 and *** = p<0.001.
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Figure 4.4
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Figure 4.4 Effect of Phospholipase C epsilon SsSRNA on SOCS-3 induction

COS1 cells were transfected with control siRNA ocCP specific sSiRNA using
Lipofectamine 2000 according to the manufacturerssructions at 200, 300 and 400 nM.
Cells were harvested and lysates immunoblotted WAtlCe and GAPDH specific
antibodies. The PLEblot shows a clear knockdown of P£@h COS1 cells, with the

300nm and 400nm concentrations showing the grelatesds of knockdown.

COS1 cells were transfected with control siRNA ocCP specific SiRNA using
Lipofectamine 2000 according to the manufacturgrsructions at 200, 300 and 400nm.
Cells were then incubated for 5 hours witliV6MG132, in the presence or absence of
10uM F/R. Cell lysates were then immunoblotted withCE33 and GAPDH specific
antibodies. Cells treated with PEGpecific SIRNA show almost no SOCS-3 induction in
cells in which F/R is absent, but in cells stimethtvith F/R there is a clear reduction in
the levels of SOCS-3, at all 3 concentrations ocE£&IRNA.
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Figure 4.4 continued.
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c) COSI1 cells were transfected with 200nM of contiBINA or PLCe specific SIRNA using
Lipofectamine 2000 according to the manufacturdristructions. Cells were then
stimulated with either (M F/R, 5QuM 8-pCPT-2’-O-Me-cyclic AMP (8Me) or 1M
PMA for 5 hours. Cell lysates were then immunolgldttvith either SOCS-3 or GAPDH
specific antibodies. In cells treated with the cohs§iRNA, SOCS-3 is induced by 8Me,
F/R and PMA, with F/R and PMA giving the highestdks. In cells treated with the PEC
siRNA, SOCS-3 induction by 8Me and F/R is cleadguced. Densitometry was carried
out on immunoblots from three separate experimants normalised to DMSO, control
SiRNA treated cells. The results were then plotteith significant differences, relative to
non-stimulated cells, indicated by * = p<0.05 arfd*<0.01.
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PLCe siRNA as PKC activation occurs downstream of PHOwever the reduction in
SOCS-3 induction in response to RL&nockdown suggests a role for downstream

effectors of PLC, such as PKC isoforms in the S@&%gnalling pathway.

4.3.3 Involvement of PKC isoforms in SOCS-3 induction - The actions of PLC isoforms
in cells is well documented. Hydrolysis of PIP2 ules in cleavage into the second
messengers IP3 and diacylglycerol (DAG). DAG prduiunc causes activation of PKC
isoforms, while IR production causes mobilisation of Céy binding to IP3 receptors on
endoplasmic and sarcoplasmic reticulum. These ée8ptors control the influx of internal
Cd" stores through the opening and closing of calcitianaoels on the membranes of the
organelles (Mikoshiha2007). Having established a potential role for £R4¢oform in the
SOCS-3 induction pathway, the potential roles oCRiroducts on the induction of the
SOCS-3 by cyclic AMP and EPAC1 was investigate@@®S1 cells.

Firstly, the involvement of G4 was tested using a cell-permeable calcium chelator
BAPTA-AM (1,2-bis-(0-aminophenoxy)-ethane-N,N,N’ fi8traacetic acid,
tetracetoxymethyl ester) that acts as an effeatitracellular chelator of cytosolic calcium.
COSL1 cells were stimulated with various concerdretiof 8Me (Figure 4.5a) or F/R
(Figure 4.5b) in the presence or absence of thedatdr to test whether the removal of
endogenous G levels affected SOCS-3 expression, therefore oimémg whether the
presence of CGawas required for SOCS-3 induction. Cell lysates evprepared and
separated by SDS-PAGE and immunoblotted with SOGBGAPDH specific antibodies.
These immunoblots clearly show an increase in SQ@&luction upon stimulation with
either 8Me or F/R and a significant reduction inthbgtimulations in the presence of
BAPTA-AM. From these results, it appears that emthoys intracellular Gais required
for SOCS-3 induction by cyclic AMP and EPAC1 in CO&lIls. To determine the effects
of the other PLC product DAG, a cell permeable DAfalogue, 1, 2-diaoctanoyl-sn-
glycerol (OAG) that activates PKC was used at vagygoncentrations to test its ability to
stimulate SOCS-3 in COSL1 cells. Cells were incub&te 5 hours with either F/R or OAG
in the presence or absence of BAPTA-AM. Cell lysatere immunoblotted with SOCS-3
or GAPDH antibodies (Figure 4.5c). The immunoblbbws that OAG treatment is
sufficient to induce SOCS-3 expression, while d¢ostation with BAPTA-AM results in
an ablation of this induction. This suggests thAGaction requires the presence of Ca

indicating that DAG production in COSL1 cells isfaiént for C&" dependent induction of
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Figure 4.5
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Figure 45 Calcium is required for both EPAC and DAG stimulated SOCS-3
induction in COS1 célls.

Effect of the presence of calcium on EPAC stimu&©CS-3 induction.

COS1 cells were stimulated with 8Me at five concadns ranging from OuM to 10uM,

in the presence or absence of the calcium cheBABTA-AM (10uM) for 5 hours. Cell
lysates were then immunoblotted with SOCS-3 or GAPIpecific antibodies. The blots
show that chelation of calcium prevents SOCS-3¢tida in response to 8Me. Although
untreated control cells were omitted from this expent, no difference between 0 and

0.1uM 8Me was observed in other experiments.

Effect of presence of calcium on F/R stimulated SE81nduction.

COS1 cells were stimulated for 5 hours withudDF/R in the presence or absence of
10uM BAPTA-AM. Cells lysates were immunoblotted wittOES-3 or GAPDH specific
antibodies. The blots indicate that the presenc8APTA-AM is sufficient to reduce
SOCS-3 induction by F/R.
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Figure 4.5 continued.
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c) Effect of presence of calcium and OAG on SOCS-Biatidn.
COS1 cells were stimulated for 5 hours with eitheguM F/R, or 10, 50 or 1QM of the
cell permeable DAG analogue OAG in the presencabsence of M BAPTA-AM.
Cell lysates were then immunoblotted with SOCS-3GAPDH specific antibodies.
Immunoblots reveal that expression of SOCS-3 ipaese to OAG stimulation is ablated
by the presence of BAPTA-AM.

d) Densitometric values were obtained from figures 4-d4, and combined to plot as a
histogram, with control cells pre-treated with DM%@d then stimulated with DMSO

expressed as 100% and all other values expredsdigado this.
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SOCS-3. This implies a role for downstream signgliof PLC in the SOCS-3 regulatory
pathway.

The main intracellular targets for DAG and“Cin cells are the PKC family of signalling
proteins. A number of PKC isoforms are activatedtlny products of PLC activation.
Conventional PKCd(,  andy) activation requires both DAG and Tawhile novel PKC
(8, &, n and@) activation requires DAG but not EaAtypical PKCs , 1 and}) require
neither (Parker and Murray-Rust, 2004). The ab@seilts indicate a potential role for
either conventional or novel PKCs in SOCS-3 inducts it appears their activators DAG
and C&" are required for SOCS-3 induction. The involvemeftPKC in SOCS-3
induction was therefore investigated by stimulat@@S1 cells with 8Me, F/R or PMA, a
cell permeable activator of PKC, in the presencg amsence of 50M cell permeable
PKC inhibitors Ro 31-7549 or GF 109203X (GFX). Rb-349 acts on the ATP binding
site of PKC, making it a selective PKC inhibitor i{ihson et al., 1993) while GFX is
also believed to interact with the ATP binding sieting as a competitive inhibitor of
ATP and making it a potent selective PKC inhibifboullecet al., 1991). Cells were then
harvested and immunoblotting carried out using-8QCS-3 and anti-GAPDH antibodies
(Figure 4.6). Results demonstrated that PMA isigefit to induce expression of SOCS-3.
SOCS-3 induction is clearly inhibited in cells stilated with 8Me, F/R and PMA and
treated with Ro 31-7549 or GFX, while stimulatedlc@bsent of inhibitor treatment
display SOCS-3 induction at varying levels, witiRFShowing the greatest induction. GFX
inhibits SOCS-3 induction in cells stimulated we and PMA, and significantly lowers
SOCS-3 induction in F/R-stimulated cells, while 837549 completely inhibits SOCS-3
induction with all stimulations. As the PKC inhibis block SOCS-3 induction, this
suggests that one or more PKC isoforms are requioe®&OCS-3 induction by cyclic
AMP in COS1 cells.

To further investigate the role of PKC isoforms3®CS-3 induction by EPAC in COS1
cells, PKC down-regulation was achieved using prgéml PMA stimulation. Chronic
stimulation with PMA results in down-regulation@nventional and novel PKC isoforms,
leading to both a loss of responsiveness to PM#Agttion as well as a loss of PKC
activity in the cells (Blumberg, 1988). This allowssestigation into the requirement of
activity of PKC isoforms on SOCS-3 induction. Cellere chronically stimulated with
PMA for 48 hours before further stimulation with 8MF/R or PMA for 5 hours.
Immunoblotting using anti-panPKC, anti-SOCS-3 amii-&APDH antibodies (Figure
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Figure 4.6
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Figure 4.6 Effect of PKC inhibitorson SOCS-3 induction by CAMP

COS1 cells were stimulated for 5 hours witivbMG132 plus DMSO, 50M 8Me, 1QuM
F/R, or 1uM PMA in the presence or absence of the PKC inbibi6QuM Ro-31-7549
(Ro) or 5uM GF-109203X(GFX). Cell lysates were immunoblotted with SOC$43
GAPDH specific antibodies. The blot shows that Rd &FX inhibit SOCS-3 induction in
response to PMA and F/R stimulation. Densitometag warried out and the values plotted
on a histogram with DMSO pre-treated treated FifRudated cells treated as 100% and all
other values expressed relative to this. Signitiagdifierences relative to non-stimulated
are indicated by * = p<0.05 and *** = p<0.001.
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4.7) showed that the prolonged stimulation by PMWated PKC levels and inhibited the
ability of 8Me, F/R and PMA to induce SOCS-3. ltimportant to note that chronic
stimulation with PMA may have other consequencesdes the down-regulation of PKC
and that down-regulation of PKC itself for thatdém of time would likely affect the health
of the cells. However, the reduction in SOCS-3 egpion seen in these results does
provide another piece of evidence that PKC isofoars involved in the induction of
SOCS-3 by EPACL1 in COSL1 cells and that due to liilgyaof PMA to influence this, the
isoforms involved are likely to be conventionalnavel PKCs.

4.3.4 Therole of PKC isoforms & and ¢ in SOCS-3 induction by EPACL1 in COS1 cells -

As not all PKC isoforms are found in every cella@ylpaimed to identify the particular PKC
isoforms that are involved in SOCS-3 induction @&l cells. Firstly, cell lysates from
COS1, HelLa and Jurkat celgere separated by SDS-PAGE and immunoblotted with
panPKC, RACK1 and a range of PKC isoform speciintitendies (Figure 4.8). The
immunoblots clearly show the presence of PKC iso&u, 3, 1 andi in COS1 cells. Cells
were also screened for PKOr PK(n but expression of these isoforms were not found in

any of the cell types investigated.

Both the PKC down regulation (Figure 4.7) and'Gand DAG requirement (Figure 4.5)
experiments above imply that conventional or né&4€C isoforms are involved in SOCS-
3 induction downstream of EPACL. The isoform scrakbave (Figure 4.8) implicates the
involvement of either, or both, PKCand PK®@. Of these two isoforms, PKQs known
to be abundantly found in COS1 cells and becaustisf knockdown of this isoform
using siRNA was carried out to test the isoforrmsalvement in SOCS-3 induction.
Cos1 cells were transfected with either RKC specific
(CGCAGTGGAATGAGTCCTTTA, Qiagen) or non-targetingntml siRNA (Qiagen)
and then stimulated in the presence and absen8®lef F/R or PMA. Cell lysates were
then immunoblotted with anti-PK& anti-SOCS-3 or anti-GAPDH antibodies (Figure 4.9)
The immunoblots show that siRNA-mediated knockdafrPKCa caused a significant
depletion of PK@ and that there is a significant reduction in SCGBCBduction upon
stimulation with both 8Me and F/R, which suppohe typothesis that Pkds involved

in SOCS-3 induction downstream of EPAC in theséscel
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Figure 4.7
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Figure 4.7 Effect of down-regulation of PKC expression on SOCS-3 induction

COS1 cells were stimulated withul PMA for 48 hours to down-regulate endogenous
PKC expression. Cells were then stimulated for birbowith either 54M 8Me, a
combination of either (M or 50uM F/R, or 1uM PMA in the presence ofu1 MG132.
Cell lysates were then immunoblotted with SOCS-anRKC or GAPDH specific
antibodies. The blots show that downregulation bfAPablates SOCS-3 expression in
response to 8Me and PMA and significantly reduc&3CS-3 induction by F/R.
Densitometric values were obtained from immunobfodsn three separate experiments
and plotted as a histogram with cells pre-treatétt WMSO and stimulated with F/R
treated as 100% and all other values expressetiveela this.. Significant increases in
SOCS-3 induction relative to control cells are aaded by # = p<0.05 and ### = p<0.001,
and significant inhibition of SOCS-3 induction ialls pre-treated with PMA are indicated
by * = p<0.05 and *** = p<0.001.



129

Figure 4.8
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Figure 4.8 Screen of COS1 cellsfor PKC isoforms.

Equal amounts of protein from COS1, HelLa and Jucedit extracts were separated by
SDS-PAGE and immunoblotted with panPKC, RACK1l or (PKsoform-specific
antibodies. The blot for PKCindicated this isoform’s presence in COS1 celig, riot in
HelLa or Jurkat, while probing for PKWGhowed that it was not present in either COS1 or
Hela cells, but was found in Jurkat cells. Of thevdl PKCs tested, Pk was found to

be present in COS1 cells, but not HeLa or JurkdCdwas identified in HeLa cells, but
not in either COS1 or Jurkat, and P&K@as only shown to be in found in Jurkat cells. The
blot for PKG shows it to be present in all three cell typesetswhile PKG. was neither

in HeLa nor Jurkat, but present in COSL1 cells.
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Figure4.9 Therole of PKCa in SOCS-3induction

COS1 cells were transfected with control siRNA dlCe specific siRNA using
Lipofectamine 2000 according to the manufacturaristructions. Cells were then
stimulated for 5 hours with M 8Me, 1QuM F/R, or 1uM PMA in the presence ofué/
MG132. Cell lysates were then immunoblotted with@eiK SOCS-3 or GAPDH specific
antibodies. Knockdown of PKL by specific siRNA results in ablation of SOCS-3
expression by 8Me stimulation, and significant i@thn of SOCS-3 induction by PMA
stimulation and, to a slightly lesser extent by .HIRnsitometric values were obtained for
the SOCS-3 immunoblots and were plotted with corsiRNA treated, F/R stimulated as
100% and all other values relative to this. Siguaifit differences between SOCS-3
expression in PKE& siRNA treated cells and control siRNA treated<alle indicated by *
= p<0/05 and ** = p<0.01. Results are represergadivan experiment carried out on three

separate occasions.
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Figure 4.9
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Although there is a significant reduction in stilsield SOCS-3 expression in cells treated
with PKCa siRNA, the ablation was not complete. While theray be sufficient PK&
remaining following siRNA knockdown to cause someuction of SOCS-3 it is also
possible that an additional PKC isoform activation presence may be necessary for
complete SOCS-3 induction by cyclic AMP. As PK®@as the only other isoform shown
to be present in COS1 cells (Figure 4.8) that cquitentially be activated or down-
regulated by PMA, or products of PE@ctivity, a transfection with control siRNA,
PKCa-specific  siRNA, PKG-specific siRNA (AACTCTACCGTGCCACGTTTT,
Qiagen) and a combination of PKCand PK®G-specific SIRNA was carried out. Cells
were once again stimulated with 8Me, F/R or PMA ael lysates were immunoblotted
with SOCS-3, GAPDH, PK& PKGS and phospho-ERK specific antibodies (Figure 4.10).
Specificity of the PKC isoform siRNAs can be segnthe ability of PK@ siRNA to
knockdown PKG@ levels but not PK&and vice versa. ERK activity was measured since it
has been previously shown that ERK is activatedPBYCa (Kolch et al., 1993) and
therefore serves as a further control for the &ffe¢ PKQx knockdown. Results show a
similar level of PK@ expression upon F/R and PMA stimulation in contells as seen in
the previous experiment, while the P&&ignal in response to PMA is low. Although
MG132 is present in the experiment to prevent pmodegradation it is possible that the
concentration used is sufficient to prevent degiadaof the other proteins investigated
but not PKG or that the time point used for this experimentinsompatible with
visualisation of PK@ activation by PMA in whole cell lysates. Resuliglicate that
knockdown of PK@ shows a similar reduction in SOCS-3 induction eédisctreated with
PKCa siRNA, with reductions of SOCS-3 expression of ragpnately 40% and 45%
respectively in F/R stimulated cells, and approxetya60% for both in PMA stimulated
cells. However, in cells treated with a combinatanthese siRNAs, an almost complete
inhibition of SOCS-3 induction upon F/R and PMAnstiation can be seen with
approximate reductions of SOCS-3 expression by BOF4R stimulated cells and 90% in
PMA stimulated cells. These results indicate thathiPKGyr and PKG® are required for
SOCS-3 induction by cyclic AMP in COS1 cells.
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Figure4.10 Therole of PKCa and PKCéin SOCS-3induction

COSL1 cells were transfected with non-targeting rmdrgiRNA, PKQx-specific SIRNA,
PKCd-specific siRNA or a combination of PKE and PK®-specific siRNA using
Lipofectamine 2000 according to the manufacturaristructions. Cells were then
stimulated for 5 hours with M F/R, or 1M PMA in the presence ofud1 MG132.
Cell lysates were then immunoblotted with SOCS-BPGH, PKQx and PK® specific
antibodies. The PK& blot shows high levels of PKCexpression in cells treated with
control siRNA and also in cells treated with PK&pecific sSiRNA. The blots show that
treatment with PK@ siRNA shows a reduction of SOCS-3 induction witthbPMA and
F/R stimulations, as does treatment with BKSIRNA. Cells treated with a combination of
PKCa and PKG siRNA show an almost complete ablation of SOCS¢3r&ssion upon
PMA stimulation, and a significant reduction of S®@ induction by F/R stimulation.
SOCS-3 immunoblots from three separate experimemse quantified and the
densitometric units plotted with control siRNA tred, F/R stimulated cells taken as 100%
and all other values expressed relative to thigniScant differences between SOCS-3
expression in specific SIRNA treated cells and scéteated with control siRNA are
indicated by ** = p<0/01 and *** = p<0.001.
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4.4 DISCUSSION

The role of EPAC, and its downstream effects ang paa novel pathway by which
SOCS-3 expression is regulated, thus mediating sig6alling. The induction of SOCS-3
by cyclic AMP elevations occurs independent of PKa, F/R stimulated induction of
SOCS-3 has previously been shown to be unaffegteidoPKA inhibitor H-89 (Sandat
al., 2006; Yarwoockt al., 2008). The results outlined in this chapter reteethat EPAC1
is involved in the control of SOCS-3 induction irO61 cells, as previously shown in
literature (Sandst al., 2006; Yarwoodet al., 2008), as well as expounding on aspects of
signalling downstream of EPACL1 that are involvedhis pathway of SOCS-3 induction.
Although the involvement of EPAC1 had been esthblis within this pathway, the
mechanisms through which EPAC induces SOCS-3 esipresand therefore mediates
control of IL-6 signalling were largely unknown.

While it was possible for there to be other doweestn effects of EPAC involved in SOCS-
3 induction, due to EPACs interaction with othersRamily members, phospholipase D,
MAP kinases and PKB/Akt (Cheng al., 2008; Roscioniet al., 2008), published data
from other laboratories had indicated a connedbietween EPAC and PlsGhrough the
small GTPase Rap2B (Schmidtal., 2001; Bunney and Katan, 2006; Oestregttal.,
2009) and thus this provided a starting point fivesstigations into what aspects of EPAC
activation downstream might be involved in contblSOCS-3 expression. The use of the
general PLC inhibitor U73122 to block induction®®CS-3 by elevation of cyclic AMP
levels (Figure 4.3) shows not only that one or meL€ isoforms are involved, but that
their presence is essential to ensure SOCS-3 iinduegta this pathway. Use of PlC
specific SIRNA confirmed this necessary role ford2lin SOCS-3 induction, not only via
increase in intracellular cyclic AMP by F/R stimiideas but by EPAC specific induction
via stimulations with 8Me. This places P& @irectly downstream of EPAC1 in this
pathway opening up the possibility that RL€buld therefore act as a therapeutic target to
stimulate the induction of SOCS-3. Further expentagon with over expression of PEC
in cells would determine whether an increase in £t@hcentration would boost SOCS-3
induction, and therefore whether the addition oCPIlcould be used to increase SOCS-3
expression in cells. To date, little else is knaatrout the relationship between Riénd
EPAC, nor on the effect of Ples®n proteins downstream of EPAC.
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Although no PLC isoform screen was carried out @étedmine which PLC isoforms are
present in COS1 cells, the degree to which knockdofWPLC: by specific SIRNA leaves
no doubt as to the requirement of this isoform3@CS-3 induction. However, this does
not rule out the possibility of involvement of otHelL.C isoforms in SOCS-3 induction in
COS1 cells and further screening may determine veneir not other isoforms may have a
role in this pathway. However, it is important tote that as PLEis the only PLC isoform
that contains a RA domain as well as a CDC25 hogyottomain that functions as a GEF
for Rapl but not other Ras family members @ial., 2001). This unique ability among
PLC isoforms to interact with Rapl strongly suggebat PLE alone is the PLC isoform
acting in this pathway. The well-documented dowewin effects of PLC activation,
namely the production of DAG and the increase iraellular C4" via IP3, are part of the
classic PLC signalling pathway, and investigatiatoithe effects of these on SOCS-3
induction was the next logical step. Use of theepbtalcium chelator, BAPTA-AM was
used to remove Gafrom COS1 cells to determine the importance oficah in SOCS-3
induction. It was found to be essential in bothlicyAMP and EPAC induced SOCS-3
expression. Further investigation into the effeofsPLC activation products on this
pathway using the DAG analogue OAG indicated thesg@nce of DAG was also required
for SOCS-3 induction in COSL1 cells. Besides itsvation of PLG;, EPAC has also been
shown to modulate intracellular calcium release cerdiac myocytes via calcium-
calmodulin-dependent-protein kinase (Peretral., 2007). Additionally, EPAC has been
linked to calcium mobilisation via its ability tardctly bind and activate R-Ras, which has
been shown to have a role in calcium handling hiwaiing PLG (Lopez de Jesu al.,
2006), and by directly activating SERCA (sarcoplasneticulum C&" ATPase) and the
ryanodine Il receptor (Schmiet al., 2007).

A group of proteins that require both DAG and*Care the conventional isoforms of PKC.
Additionally, the novel PKC isoforms are activateg DAG and so determination as to
what, if any, involvement of these proteins foll@vd& he use of the PKC inhibitors GFX
and Ro provided a way to initially investigate tpetential role of PKCs in SOCS-3
induction. Cells were stimulated with not only FARd 8Me, which had already been
shown to induce SOCS-3 expression in COS1 cellsngeeases in intracellular cyclic
AMP and through EPAC respectively, but also withAM potent phorbol ester known to
specifically activate conventional and novel PKGfasms by mimicking DAG. The level

of induction of SOCS-3 upon PMA stimulation in thesells was almost as high as

stimulation by F/R, indicating that activation ohe or more PKC isoforms from the
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conventional or novel families was able to induc@Cs-3 expression in COS1 cells.
Treatment of the cells with specific PKC inhibitoRn-31-7549 and GFX completely
ablated SOCS-3 expression by all stimulations, #ithexception of inhibition by GFX on
F/R stimulation, although the SOCS-3 levels wegaificantly reduced. This inhibition of
SOCS-3 induction by these inhibitors indicates tteguirement of one or more
conventional or novel PKC isoforms for SOCS-3 irt¢ut It is important to note that the
concentrations of Ro-31-7549 and GFX required tobih PKC in these cells are high. It
has been suggested that PKC isoforms bound to AKdiRjslay insensitivity to PKC
inhibitors (Dr. John Scott, personal communicatidr)erefore this requirement of higher
than normal levels of PKC inhibitors suggests aeptél compartmentalised PKC
response with the isoforms anchored at specifiations by PKC-binding AKAPs (Fauet
al., 1999).

Confirmation of these findings was carried out loyvd-regulation of PKC due to chronic
stimulation with PMA. Treatment by all three stiratibns used above on cells where PKC
had been ablated by prolonged exposure to PMA wable to significantly induce SOCS-
3 expression, further indicating a crucial roleRKC isoforms in this pathway. It was
therefore necessary to narrow down which isofornes rbe involved in COS1 cells.
Screening for isoforms indicated only two possii@d in COS1 cells that fit the
requirements outlined by both the PLC product expents and by the PMA and PKC
inhibitor experiments. These isoforms were RPK&hd PKG. PKCs are integral within
cell signalling with each isoform expressing diffiet characteristics, activities and tissue
distribution. PK@ differs from the other isotypes as it is found ah tissue types.
Additionally, PKGu requires phosphorylation at residues located wittsi kinase domain
before activation can occur (Nakashima, 2002). lakeer isoforms, PKE& is involved in
numerous biological processes including prolifemrati apoptosis, cell migration and
adhesion, and differentiation (Nakashima, 2002)CE&Kas also been linked to erythrocyte
production (Myklebuset al., 2000). Additionally, PKG has been implicated in several
disease states including inflammatory disorderslotirelial cancers whereby an increase
in PKCa activity has been linked to disruption of tightgtion formation between cells,
allowing foreign molecules such as growth factaremter cells and cause abnormal cell
growth (Rossoret al., 1997), and in cardiac hypertrophy where increas€é@dPlevels
have been shown to inhibit contractility (Dorn dfalce, 2005). PK&has been shown to
be involved in differentiation and cell growth, ams also been linked to tumour

development as well as apoptosis (Gschwendt, 19983. novel PKC isoform is thought



138

to be found compartmentalised in cells, with reseamdicating association with
cytoskeletal and nuclear cell structures. Furthesestigation into possible interaction
between these two isoforms and their interactiaoyld further elucidate the involvement
of these isoforms in this pathway. Together thesellts have delineated a section of the
pathway through which EPAC is able to mediate S@@&duction in COS1 cells.

As both PKC and cyclic AMP can both activate ERKisi likely that it is involved in
SOCS-3 induction. This suggests a role for dowastreffectors of ERK signalling, such
as the C/EBP transcription factors, in linking bd#KC and cyclic AMP signalling
pathways to the induction of the SOCS-3 gene. Qiieese transcription factors, C/EBP
is known to be activated by ERK and has been rgcehbwn to be required for SOCS-3
induction mediated by cyclic AMP and PKC (Borlagicl., 2009).

Compartmentalisation of cyclic AMP signalling taeate temporal and spatial intracellular
cyclic AMP gradients is controlled by several fastincluding elevations in cyclic AMP
production by adenylyl cyclases, degradation by ®#@Ed the actions of the effectors
downstream of cyclic AMP (Houslay and Adams, 200%). previously mentioned, F/R
stimulated induction of SOCS-3 occurs independewoflyPKA (Sandset al., 2006;,
Yarwoodet al., 2008), thus showing a compartmentalised effectyofic AMP signalling
away from classic PKA activity within the cell. A&DCS-3 induction by F/R occurs after 5
hours stimulation, this also demonstrates a temhpam@mpartmentalisation of cyclic AMP
signalling. Additionally, the findings from Chapt8t indicating the ability of PK& to
induce PDE4D5 activity, shows the possible contfotyclic AMP gradients within this
pathway, with activation of EPAC signalling in res;se to cyclic AMP elevation
activating PK@ which in turn is able to lower cyclic AMP levelsrough PDE action.

In conclusion, this chapter outlines a novel paoihtrosstalk between the cyclic AMP and
PKC signalling pathways. We have shown that EPA&cts/ated by cyclic AMP and it in
turn activates PLEwhich cleaves PIP2 to form DAG and IP3. The dovazsh effect of
IP3 production, increased intracellular calciumg &AG activate the conventional PKC
while DAG may activate the novel PKCIn turn, these PKC isoforms together induce
SOCS-3 expression in COS1 cells. Conclusively,dlresults have not only indicated an
area of cross-talk between cyclic AMP and PKC digmapathways, but have outlined a
potentially useful pathway with which to target andntrol SOCS-3 expression and
therefore have an effect on IL-6 signalling. Havidgntified PLG, and PKCo andé as
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key points in the EPAC induced SOCS-3 pathway, finsvides areas for potential
therapeutic targets, as inhibition of these prat@an block SOCS-3 induction as shown,

while over-expression or the presence of proteimigs may increase SOCS-3 expression

in COS1 cells, and thus inhibit IL-6 signalling.
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CHAPTER 5

Phosphorylation and Activation of Protein Kinase C (PKC) | soforms by
CyclicAMP in COSL Cedlls
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5.1INTRODUCTION

Evidence is presented in the previous two resuitgpters that elevation of intracellular
cyclic AMP levels may lead to the activation of tleenventional protein kinase C
isoforms, PK@ and PK®. In the following chapter attempts are made tonfaty test

this hypothesis by determining the mechanisms obimg activation and phosphorylation

of these conventional and novel PKC isoforms, spomse to cyclic AMP in COSL1 cells.

Control of PKC activity occurs initially via thrg@iming sites which are phosphorylated
by kinases such as 3-phosphoinositide-depenatettin kinase-1 (PDK1) (Pareléh al.,
2000) following ligand binding at the cell membraféese sites, conserved across all
PKC isoforms, are Thr505 in the activation loopr638 in the turn motif and Ser662 in
the hydrophobic motif (Keranest al., 1995). Phosphorylation at these sites affords mighe
specific activity and allows for autophosphorylatito further control PKC isoforms.
Autophosphorylation of PKC isoforms is an importantmponent of activity control and
previous studies have shown, for example, that @kKGtophosphorylation is closely

linked to its enzymatic activity (Hu and Exton, 200

PKCo possesses several autophosphorylation sites wdoakrol important aspects of
PKCa activity. Autophosphorylation of Thr638 has bedrown to be critical for the
regulation of the rate of dephosphorylation of RKa&hd its inactivation (Bornancin and
Parker, 1996). This controls the duration of RKiGfluence on its downstream effectors,
allowing temporal regulation of PkiCactivity (Garcia-Paramiet al., 1998). Additionally,
the phosphorylation of Ser657 in this isoform hasrbshown to control the accumulation
of phosphate at other sites, maintaining resistancghosphatases to prevent rapid
dephosphorylation (Bornancin and Parker, 1997)oplibsphorylation at these residues,
and at Thr497 and Tyr658, have also been linkeithéomal stability of the isoform and

targeting to specific subcellular localisationstéfaniet al., 2007).

For PKG isoforms, autophosphorylation of Ser643 is crutmahe catalytic maturation of
the isoform (Parekbt al., 2000), and following activation by DAG or PMA PI&Gs also
able to be autophosphorylated at Ser229, Ser305arD4. The autophosphorylation of
these sites may play a role in the translocatioRKES to plasma and nuclear membranes
(Durganet al., 2007).
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The role of autophosphorylation in PKC subcellltaralisation is of particular interest as
numerous cellular processes, including differeitat and proliferation, require
transduction of signals to specific intracellulaegions, and it is thought that
autophosphorylation of PKC isoforms induced by atifig stimuli may allow specific
targeting to these areas (Feat@l., 2000).

PKC signal transduction is also closely regulatgdthe subcellular localisation of the
protein. Upon cell-surface receptor activation, vantional and novel PKC isoforms are
frequently induced to translocate to cell membranesheir membrane targeting regions,
the C1 and C2 domains (Goodnigkt al., 1995). PKC isoforms are believed to be
localised to the cytosol where there are held at@lby scaffold interactions for example
via AKAP interaction (Perkingt al., 2001) or as in the case of PK®inding to the
phosphoserine/threonine binding protein 14-3-3 (asiewed in Newton, 2010).
Conventional PKC isoforms are targeted to the ptasmembrane by calcium (as outlined
in section 1.4.2). Novel PKC isoforms, such as BK®@hich lack the calcium binding
residues are activated by interaction at the Clailoriny endogenous lipid cofactors such
as DAG and ceramide. This interaction not only eauthe conformational change that
removes the pseudosubstrate from the catalyticlsitiealso promotes PKQranslocation

to cell membranes (Steinberg, 2004).

Recent studies have indicated that PKC isoformngsphorylation may be required for
prevention of the C2 domain anchoring the proteiligid membranes (Feng and Hannun,
1998). The means by which PKC is induced to trasak to the plasma membrane may
also effect the rate of PKC autophosphorylatiom@Fand Hannun, 1998). While calcium
and the DAG analogue PMA induce a sustained adsmtiaf PKC at the plasma
membrane before autophosphorylation, other induadrsPKC translocation to the
membrane, such as GPCR activation may cause a tremmsient association to the
membrane, followed by a swift relocalisation to esttsubcellular regions (Feng and
Hannun, 1998). This suggests that different effscton PKC isoforms are able to elicit
different rates of PKC activity within the cell|@lving appropriate timing and duration of
the signal transduction, and providing both lo@iand temporal compartmentalisation of
the PKC pathway.

In Chapter 3, a role for PKC was established indwtrol of activity of the cyclic AMP-

specific phosphodiesterase 4D5 in response to t@degain intracellular cyclic AMP
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following B-adrenoceptor stimulation. In addition, an obligatie for PKQx and PK@, in

transducing the induction of the SOCS-3 gene ipaoese to elevations in intracellular
cyclic AMP levels, was also demonstrated in Chagtefhe aims of the current chapter
therefore are to investigate the effect of cycliglA on PKC activation and regulation of

down-stream signalling through the ERK, MAP kinaascade.
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5.2MATERIALSAND METHODS

All Materials and Methods as outlined in Chaptevith variations described below.

Densitometry and Satistical Analysis

Non-saturating exposures from multiple experimentse quantified densitometrically
using ImageJ software. Densitometric values of B{@ls were usually normalized to the
expression of RACK1l or GAPDH protein levels in tlsame sample. Statistical

significance was determined using the Student’stailed t-test.
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5.3RESULTS

5.3.1 Elevation of cyclic AMP in COS cells stimulates autophosphorylation of PKCa -
To initially investigate the effects of cyclic AM&imulation on PKC phosphorylation, and
that of its downstream effectors, we tested thectfdf elevated cyclic AMP levels on the
phosphorylation of PK& COS1 cells were stimulated with or without thely AMP-
elevating agents, the adenylyl cyclase agoniskéirs (10uM) and the phosphodiesterase
4 inhibitor rolipram (1@M) (F/R) or the conventional/novel PKC-activat@horbol
myristate acetate (PMA; L&), over a range of time points between 0 and 9&tutes.
Cell lysates were then immunoblotted for total RK@rotein or an antibody that
recognises the Thr638 autophosphorylation site K€ (Phospho-PK&) (Figure 5.1).
Stimulation with PMA resulted in a reduction in tlevels of PK@ and Phospho-PKd&
after 300 minutes, while stimulations with (F/R)osled similar levels of PK& and
Phospho-PK@ across all time points tested. In this case iteapp that preparation of
whole cell lysates is insufficient to detect theogbhorylation and activation of PKGn
COSL1 cells and are only suitable for examiningphaeolytic reduction in expression of
PKCa (Schmitz-Peifferet al., 1996) following PMA stimulation. It is important toote
that the absence of the proteasome inhibitor MG132d in experiments in Chapter 4,

may cause degradation of PK@Illowing PMA stimulation.

As the immunoblots from lysates did not allow fesualisation of the well documented
(Feng and Hannun, 1998) translocation of RKR response to PMA stimulation, nor for
any effects F/R may have on differing localisatiafisPKCa, cells were fractionated by
high-speed centrifugation to give crude membranketgseand supernatant fractions which
were then immunoblotted with total PidGind Phospho-PKd&Cantibodies. It was decided
to try this approach to detect active RiKGince the plasma membrane is the normal site
for autophosphorylation (Fergj al., 2000). In fact the fractionation technique reveaed
marked difference in the effects of both stimulamsPKGx phosphorylation between the
fractions. Following this protocol it was found trsgsimulation of cells with either F/R or
PMA provoked a physical translocation of PK@om the S/N to the pellet fraction, which
was concomitant with an increase in Phospho-&Kdnunoreactivity in the same fraction
(Figure 5.2), indicating activation of PKQn this fraction. To show that the effects of F/R

and PMA on PKG@ activation was due to specific activation of tisisform, general PKC
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Figure 5.1
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Figure 5.1 Cyclic AMP effects PK Ca. phosphorylation in COSL cells

COSL1 cells were stimulated with either 10uM forgkaind rolipram (F/R) or PMA over a
series of time points ranging from 0 to 960 minlidwing stimulation, cells were
harvested into sample buffer. Equal amounts ofgmofrom whole cell lysates were
separated by SDS-PAGE and then immunoblotted vwitdPand Phospho-PKd&specific
antibodies. Results are representative of an exgeti carried out on three separate

occasions.



Figure 5.2

Antibody

Phospho PRC alpha

Phospho PRC alpha

147

Fraction

Pellet

S/N

RACKI] P ——
DMSO + - - + - - + - -
RO - + - - + - - + -
GFX - - + - - + - - +
F/R I A
PMA L T

Figure 5.2 PKC inhibitors prevent phosphorylation of PKCa in response to cyclic
AMP elevation

COSL1 cells were treated with the PKC inhibitors 367549 or GF109203X (GFX) in the
presence or absence of F/R or PMA for 5 hours.okatlg stimulation, cells were
harvested and fractionated by high-speed centfiugainto pellet and supernatant
fractions. Equal amounts of protein were separéedSDS-PAGE and immunoblotted
with Phospho-PK@ specific antibody and RACK1 specific antibody aeading control.
The immunoblot shows both F/R and PMA cause Phofiu expression in COS1
cells, while treatment with GFX reduces Phospho-Bk&els in both the supernatant and
pellet fractions. Results are representative oexgperiment carried out on three separate

occasions.
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inhibitors Ro-31-7549 and GF109203X (GFX) were att® cells prior to stimulation
with PMA or F/R. While both F/R and PMA stimulat®eaused an increase in Phospho-
PKCa immunoreactivity in pellet fractions, Phospho-RK@xpression was reduced
following the addition of either Ro-31-7549 or GKKigure 5.2). These results indicate
that the influence of F/R and PMA on PK@utophosphorylation is largely confined to the
plasma membrane and that elevations in cyclic AMRels not only affect PK&
autophosphorylation but also translocation in C@8lls. The fractionation technique for

determining PKC activation was therefore used lsssgquent experiments.

As this experiment was carried out with stimulasi@t the 30 minute time point only, the
effects of F/R and PMA stimulation on PK@&xpression and phosphorylation across a
range of time points was investigated. Cells wéraudated with either F/R or PMA for a
range of time points between 0 and 300 minutestifnaated by high-speed centrifugation
and immunoblotted with PK& Phospho-PK& and RACK1 specific antibodies, with
RACK1 acting as a loading control. The resultingmiomoblots for the pellet fraction
(Figure 5.3a) shows that in response to F/R stinmia PKGx expression in the S/N
fraction remains relatively constant until arourtte t300 minute time point, while
expression of Phospho-PikKGegins to decrease in the S/N fraction and ineréaghe
pellet fraction from around the 60 minute time poirhe PMA stimulation shows a rise in
PKCu levels in the pellet fraction, peaking at 60 mewbefore falling to below basal
levels, probably due to activation-coupled proteyas previously described (Schmitz-
Peiffer et al., 1996). The differing effects over time on P&@utophosphorylation and
activation in response to F/R or PMA can be cleadgn in the graph, Figure 5.4, where
PKCa autophosphorylation is expressed as a fold chambes graph demonstrates a
difference in temporal activity of PKCin response to PMA and F/R. While PMA
stimulation, which causes almost immediate trarslon of PKG to the pellet fraction,
results in a greater fold change in RK@&ctivation, its influence is immediate and quickly
diminished, peaking at 60 minutes after stimulatibme rapid signal decay may be a result
of the absence of MG132 in these experiments,stsisised above, causing degradation of
PKCa following PMA stimulation. Conversely, F/R stimtitan shows a delayed effect on
PKCa with significant PK@ levels occurring at 300 minutes. This differenta itemporal
effect on PK@ depending on the stimulant may be an importanttridmror in the
compartmentalised activation of PKCwhereby the localisation and temporal activation
of a protein affects its downstream targets ancktbee its influence within the cell.
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Figure 5.3
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Figure 5.3 Elevation in cyclic AMP induces phosphorylation of PKCa in the
super natant fraction of COSL1 cells

COS1 cells were stimulated with @ F/R or PMA at time points ranging from 0 — 300
min. Following stimulation, cells were harvesteddafractionated by high-speed
centrifugation into pellet and supernatant fradiomzqual amounts of protein were
separated by SDS-PAGE and immunoblotted with RK®hospho-PK& and RACK1
specific antibodies. The immunoblot shows an immatedinduction of Phospho-PKGn

the S/N fraction in response to F/R, while the gteftaction shows phosphorylation of
PKCa only at the end of the time course. In respongeMa stimulation, PKG shows an
immediate translocation from the S/N to the pdhattion. Results are representative of an

experiment carried out on three separate occasions.
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Figure 5.4

18 - decke dete —e—FR
16 ]

14 |

12 -

10 A

Fold Change in PKCalpha
Autophosphorylation

0 15 30 60 180 300
Time (Mins)

Figure 5.4 Cyclic AMP levels have atemporal effect of PK Ca autophosphorylation
Densitometric values obtained from three repeath@fprevious experiment were plotted
on a graph, with values expressed as a total fobthge of PK@ autophosphorylation.
The graph shows a different temporal response o€k PMA and F/R, with F/R
displaying a delayed effect on PK@hosphorylation. Significant differences relatiee

non-stimulated are indicated by ** = p<0.01.
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5.3.2 Cyclic AMP causes PKCa autophosphorylation via EPAC - Given that PK@ and
PKCd appear to play a role in SOCS-3 induction in respato EPAC activation in COS1
cells (Chapter 4), it was decided to determine twrethe above effects of cyclic AMP
elevation in response to F/R treatment on BK&utophosphorylation occurred via
activation of EPAC. In these experiments 8-pCPTH®-cyclic AMP (8Me) was used as
a stimulant on the cells. 8Me is a specific actvaif EPAC that, at the concentrations
used in experiments, does not activate PKA (Hetlzal., 2008). COS1 cells were
stimulated with varying concentrations of 8Me ramggifrom 0-1QM. Cells were then
harvested and fractionated by high-speed centtifmgainto pellet and supernatant
fractions and immunoblotted with Phospho-RKGpecific antibody. The immunoblot
(Figure 5.5a) shows an increase in Phospho-d®Kxpression in response to increasing
levels of 8Me starting at QuB/, indicating that cyclic AMP is able to act via E€ to
induce autophosphorylation of PiKC

Next, the time course of PKCautophosphorylation in response to EPAC activaiias
investigated. COS1 cells were stimulated with eitt@M 8Me or 1uM 8-pCPT-cAMP,

a non-hydrolysable cyclic AMP analogue that ac#gaboth EPAC and cyclic AMP
dependent PKA, at various time points ranging fromo 960 min. Cells were then
harvested and fractionated by high-speed centiifmgainto pellet and supernatant
fractions and immunoblotted for PKC Phospho-PK& and RACK1. The resulting
immunoblots (Figure 5.5b) show that P&@anslocation to the particulate fraction peaks
after 30 minutes of 8Me stimulation and 300 minwe8-pCPT-cAMP stimulation, while
Phospho-PK@ levels remain fairly constant following 8Me stimtibn until the 480
minute time point where it peaks and then is abldig 960 minutes (Figure 5.5b). In
response to 8-pCPT-cAMP stimulation the immunoklodws a steady rise in Phospho-
PKCa immunoreactivity until 480 minutes, following wiicit is also ablated. These
results show that EPAC activation is sufficientinduce rapid, autophosphorylation and
activation of PK@ in COS1 cells.

To determine that it is EPAC1 and not EPAC2 thahw®lved in the regulation of PKLC

activity in these cells, COS1 and Rat Cerebellus gapositive control) lysates were
separated by SDS-PAGE and immunoblotted with an @PApecific antibody (Figure
5.6a). Immunoblots demonstrated that while EPACZ2emsiched in samples of Rat
Cerebellum, it is investigate the importance of ERAN this pathway, COS1 cells were
transfected with cDNAs encoding either HA-tagged ZRBEF1, a Rapl guanine
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Figure 5.5 Cyclic AMP induces PK Ca autophosphorylation via EPAC

a) COS1 cells were stimulated with varying concaians of 8-pCPT-2’-O-Me-cAMP
(8Me) ranging from 0-140M for 5 hours. Cells were then harvested and foaetied by
high-speed centrifugation into pellet and supemtatactions. Equal amounts of protein
from the pellet fractions were separated by SDS-BAGd immunoblotted with Phospho-
PKCa specific antibody. The immunoblot shows an incegasPhospho-PK&expression

In response to increasing levels of 8Me startin@.3iM.

b) COS1 cells were stimulated with| M 8Me or 8-pCPT-cAMP at various time points
ranging from 0-960 min. Cells were then harvestad #&actionated by high-speed
centrifugation into pellet and supernatant fracti@md equal amounts of protein from the
pellet fractions were separated by SDS-PAGE. Imrblotbng with PKGi, Phospho-
PKCa and RACK1 specific antibodies was then carried dile resulting immunoblots
show that PK@ expression peaks after 30 min of 8Me stimulatiod 800 min of 8-
pCPT-cAMP stimulation, while Phospho-PKQevels remain fairly equal upon 8Me
stimulation until the 480min time point where itgbs and then is ablated by 960 min. In
response to 8-pCPT-cAMP stimulation the immunobkludws a steady rise in expression
of Phospho-PK@ until 480min, following which it is also ablate@his immunoblot is a

result of a single experiment carried out.
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Figure 5.5
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Figure 5.6 ERK phosphorylation by cyclic AMP in COS1 cells does not involve

EPAC2 but may involve EPAC1

a) COS1 and Rat Cerebellum lysates were separgt&DB-PAGE and immunoblotted
with EPAC2 specific antibody. The immunoblot dentosiges that while EPAC2 is
enriched in the Rat Cerebellum, it is not preser@®©S1 cells.

b) COS1 cells were transfected with HA-tagged POEZ-G or EPACL using DOTAP
according to the manufacturer’s instructions, antdated in the presence or absence of
10uM PMA. Cells were harvested and lysates separatgd SDS-PAGE, then
immunoblotted using Phospho-ERK, PDZ-GEF1, HA ardlPGH specific antibodies.
While the PDZ-GEF1 and HA blots show that the tfactson is successful, the Phospho-
ERK blots show that ERK phosphorylation occursasponse to 5 hours PMA stimulation
in mock transfected cells. In PDZ-GEF1 transfeatels Phospho-ERK levels are greatly
reduced in comparison with mock transfected celigeacells transfected with EPAC1 and
stimulated with PMA show an increase in ERK phosplation above levels shown in

mock transfected cells.

Results are representative of an experiment caoueon three separate occasions.
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Figure 5.6
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not present in COS1 cells, indicating that anyafef cyclic AMP via EPAC on PK&
autophosphorylation and activation are occurringugh the EPAC1 isoform. To further
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nucleotide exchange factor, or EPAC1 and then stited in the presence or absence of
10uM PMA. Cell lysates were immunoblotted using PhasfiiRK, PDZ-GEF1, HA and
GAPDH specific antibodies (Figure 5.6b). While BZ-GEF1 and HA blots show that
the transfection is successful, the Phospho-ERKskdébhow that ERK phosphorylation
occurs in response to PMA stimulation in mock tfaced cells. In PDZ-GEF1
transfected cells Phospho-ERK levels are greatjuced in comparison with mock
transfected cells, while cells transfected with ERAand stimulated with PMA show
significant increase in ERK phosphorylation. Thessults show that signalling through
PDZ-GEF1 is not required for ERK phosphorylationr@sponse to PKC activation, and
may in fact inhibit ERK phosphorylation which issumprising considering Rapl has been
shown to have both a positive and negative effacEBK signalling (Stork and Schmitt,
2003).

5.3.3 Elevation of intracellular cyclic AMP levels in COS1 cells does not affect
autophosphorylation and activation of PKCd - In the previous chapter, siRNA
experiments demonstrated an obligatory role formbBKCo and PKG isoforms in
mediating cyclic AMP-induced SOCS-3 expression dS1 cells. Having established that
cyclic AMP promotes autophosphorylation, and heactvation of PK@, the effect of
cyclic AMP on PKG@ activation was next investigated. COS1 cells wtrerefore
transiently transfected with a cDNA encoding RKiG boost the low endogenous levels of
the protein and to allow easier visualisation of3Kresponse to stimulations. Protein
overexpression is a common technique employedviestigate affects of the protein which
may normally be difficult to measure. The inclusminmock transfected cells as a control
allows for detectable results to be influenced hmy dverexpression of the protein and not
by the transfection itself. Cells were then stinmedawith F/R or PMA as previously
described, harvested and fractioned by high-speedtrifugation before being
immunoblotted with Phospho-PKC ERK and Phospho-ERK (Thr202/Tyr204) specific
antibodies (Figure 5.7). The Phospho-RK&htibody is known to recognise the Ser643
autophosphorylation site. Immunoblots demonstratadt transfection with PK&
increased basal levels of Phospho-BK@munoreactivity in the pellet fraction of COS1
cells and stimulation with PMA, but not F/R, furthenhanced Phospho-PRC
immunoreactivity in this fraction (Figure 5.7a).d3pho-PK@ immunoreactivity from the
supernatant fraction corresponds with activationpted translocation to the pellet fraction
(Figure 5.7b). Again F/R treatment had little effeen the phosphorylation and
translocation of PK& (Figure 5.7b). To demonstrate that F/R was in &ative in these
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Figure 5.7 Cyclic AMP does not induce autophosphorylation of PKCo
COS1 cells were transfected with PK@sing DOTAP according to the manufacturer’s

instructions. Cells were then stimulated withulOF/R or PMA for 5 hours, harvested and

fractioned by high-speed centrifugation. Equal amsuof the pellet and supernatant
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fractions were separated by SDS-PAGE and immunigolovith Phospho-PK& ERK
and Phospho-ERK specific antibodies. The blots skapression of Phospho-PKGn

response to PMA stimulation, but not in response=t& in the pellet fraction. The
Phospho-ERK blots show that ERK is phosphorylatgd=lR and PMA stimulation in

untransfected cells, while transfection with RK@s no effect on Phospho-ERK

expression. Results are representative of an ewpati carried out on three separate

occasions.
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experiments, supernatant fractions were probed Wwitlospho-ERK antibodies which
demonstrated that transfection with PK&hd F/R and PMA all caused an increase in ERK
activation as determined by immunoblotting with Bflwo-ERK antibodies (Figure 5.7c¢).
These results indicate that while overexpressionP®&ICS is sufficient to induce
phosphorylation and activation of the downstreafectbr, ERK, and that stimulation with
PMA produces an increase in levels of Phospho-®iK@munoreactivity in the pellet
fraction of COS1 cells, elevation of cyclic AMP IBYR appears to have no significant

influence on PK@ autophosphorylation and activation in COS1 cells.

5.3.4 Cyclic AMP induced ERK phosphorylation in COS1 cells - As both F/R and PMA
stimulations caused increases in Phospho-ERK |enalstransfected COS1 cells (Figure
5.7), that appear to be unrelated to BKaCtivation, we therefore tested an involvement of
PKCu in this signalling cascade. COS1 cells were stataa with F/R or PMA at various
time points ranging from 0 to 960 minutes. Cellsevéhen harvested, fractionated and
immunoblotted with Phospho-PKCRACK1, ERK and Phospho-ERK specific antibodies.
The pellet fraction (Figure 5.8a) shows F/R induédtbspho-PK@ immunoreactivity
peaking at 300 minutes, coinciding with in increagePhospho-ERK immunoreactivity in
the same fraction. PMA stimulation caused a peaRhufspho-PK@ immunoreactivity in
this fraction at 30 minutes while ERK phosphorgatilevels remain steady between 30
and 300 minutes before peaking at 480 minuteshénstipernatant fraction (Figure 5.8b)
small increases in Phospho-PiK@vels were observed in response to F/R stimudatio
with  ERK phosphorylation levels significantly inased following 300 minutes of
stimulation. However, it is possible that this iase in ERK phosphorylation is a result of
other effects of cyclic AMP elevation rather thaadirect result due to the long time
period between F/R stimulation and detectable ER#osphorylation. Long-term
stimulation with PMA caused activation-coupled slacation of Phospho-Pkfrom this
fraction, while Phospho-ERK levels were observedpéak at 30 minutes stimulation
before steadily declining. The immunoblots show tBBK phosphorylation in response to
F/R occurs in a similar fashion to that of PiGndicating that phosphorylation of PiKC
in response to cyclic AMP may lead to localised ggfmrylation and activation of its

downstream effector ERK in COS1 cells.

Finally, the effect of inhibition of PKC on ERK p#phorylation in response to cyclic
AMP elevation and PMA stimulation was investigatgdpre-treatment of COS1 cells in
the presence or absence ofilsDR0-31-7549 or 50M GFX before being stimulated by
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Figure 5.8 Cyclic AMP induces ERK phosphorylation in COS1 cells

COS1 cells were transfected with 10uM F/R or PMA at various time points ranging from
0-960 min, harvested and fractionated by high-speed centrifugation into pellet and
supernatant fractions. Equal amounts of protein from both fractions were separated by
SDS-PAGE and immunoblotted with Phospho-PKCa, RACK1, ERK and Phospho-ERK
specific antibodies.

a) The pellet fraction shows F/R induced Phospho-PKCa expression peaking at 300 min,
which is mimicked in the Phospho-ERK blot. PMA stimulation in this fraction causes a
peak of Phospho-PKCa expression at 30 min while ERK phosphorylation levels remain
steady at 30-300min before peaking at 480 min.

b) The supernatant fraction shows small increases of Phospho-PKCa levels are shown in
response to the F/R stimulation time course, with ERK phosphorylation levels significantly
observed from 300 min of stimulation. Stimulation with PMA shows an ablation of
Phospho-PKCa in this fraction, while Phospho-ERK levels peak at 30 min stimulation
before steadily declining. Results are representative of an experiment carried out on three

Separate occasions.
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the presence or absence of F/R or PMA. Cell exdraetre immunoblotted with ERK and
Phospho-ERK specific antibodies (Figure 5.9) towshihat F/R stimulation alone
significantly increases Phospho-ERK levels in congoa to unstimulated cells, while the
addition of Ro-31-7549 or GFX had little effect tims activation. Stimulation with PMA
alone greatly increased ERK phosphorylation lewdlgch were reduced to near that of the
unstimulated cells following addition of Ro-31-7549 GFX. These results indicate that
while PMA induced phosphorylation of ERK is greatiduced by the inhibition of PKC,
the inhibition of PKC does not reduce ERK phosplatign levels in response to F/R. This
suggests that although the time-course of ERK atitiz in response to F/R stimulation is
compatible to that of PK&activation, the stimulation of ERK in responseetevations in
intracellular cyclic AMP occurs independently of AP1-activated PK@ and likely
involves PKA or EPAC1 independent of PKCA similar experiment utilising 8Me and
PKA inhibitors such as H89, as well as experimeémtato determine via which Raf

isoform ERK phosphorylation occurs would furtharcitiate this pathway.
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Figure 5.9 Cyclic AMP induction of ERK phosphorylation can occur independently of
EPACL1 activated PKCa

COSL1 cells were pre-treated in the presence or absence of 50uM R0-31-7549 or GFX
before being stimulated by the presence or absence of 10uM F/R or PMA for 5 hours.
Cells were then harvested and fractionated by high-speed centrifugation into pellet and
supernatant fractions. Equal amounts of protein from the supernatant fractions were
separated by SDS-PAGE and immunoblotted with ERK and Phospho-ERK specific
antibodies. Densitometry was carried out and the values plotted on a histogram. The blots
show expression of Phospho-ERK in response to F/R stimulation that is not inhibited by
the addition of R0-31-7549 or GFX. Densitometric values were obtained from the
Phospho-ERK immunoblots and plotted as a percent of maximum, with significant changes
in ERK phosphorylation indicated by ** = p<0.01 and *** = p<0.001. Results are

representative of an experiment carried out on three separate occasions.
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Figure 5.9
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5.4 DISCUSSION

Autophosphorylation of PKC isoforms has been shtaine important in the regulation of
enzyme activity (Hu and Exton, 2004). It has alseerb linked to effective

compartmentalisation of the PKC signalling pathwmgyboth localisation and temporal
activity, in response to differing stimuli (Kitataet al., 2007). Such compartmentalisation
of PKC signal transduction is important in sevemaportant cellular processes. Having
established a role for PKC in the cyclic AMP-inddcactivation of the cyclic AMP-

specific phosphodiesterase 4D5, through which segétyclic AMP can be regulated, and
in the induction of the SOCS-3 gene by cyclic AMIP, investigation into the effect of
cyclic AMP levels on PKC isoform activation was ionant to fully understand the

interactions between these two pathways.

Currently, little is known about the role of cycllMP in PKC regulation, although its
affects on PKC appear to be cell specific. In daélenyoblasts, cyclic AMP has been
shown to reduce PKC activity (Nishizuka, 1986), aadnhibit PKC activity in human
platelets (Krollet al., 1988), while in PC12 cells cyclic AMP has been fdua activate
atypical PKC isoforms (Wooteet al., 1996) and cause translocation of RK(Granesst
al., 1997). Similarly, the effect of cyclic AMP on upsam effectors of PKC, such as
calcium, appears to differ between cell types, witblic AMP inhibiting the hydrolysis of
PLC to IP3 in neuroblastoma/glioma hybrid cells rf(hell et al., 1990) but increasing
intracellular calcium levels in other cell linesh@e and Wong, 1988). In light of this, the
evidence presented in this chapter may only beesgmtative of the actions of cyclic AMP

in specifically COSL1 cells.

Our investigations in this chapter have identifiad role for cyclic AMP in the
autophosphorylation and activation of the RKi€oform, but not PK&. Results show that
elevation of cyclic AMP induces PKCautophosphorylation differently than stimulation
with the phorbol ester PMA (Figure 5.3), with PMAducing a more immediate
translocation to the plasma membrane and subsegumsphorylation of the isoform
which is sustained for an extended time periodli€YMP stimulation does not appear to
induce a gross translocation of PiKGowever levels of autophosphorylated forms of the
enzyme accumulate slowly in the pellet fraction @DS1 cells. Such differences in
temporal phasing may play an important role indbmpartmentalised effect of this PKC

isoform.
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Further experiments established that cyclic AMP a&ble to affect PK@
autophosphorylation via activation of EPAC1 (Fig&.&a). Although PKA can also be
seen to effect PK&autophosphorylation (Figure 5.5b), the majoritytied effect of cyclic
AMP appears to occur via EPAC, with PKA influenazwrring, as with PMA, as a more
immediate but transient effect in lysate samplagthHérmore, this effect by EPAC1 in
COSL1 cells appears to be limited to RK@s cyclic AMP elevation in cells expressing
PKC), the other PKC isoform shown to be abundantlygaresn COS1 cells and linked to
SOCS-3 induction, does not induce autophosphooylaif PKG (Figure 5.7).

Although ERK phosphorylation in response to cy@iP elevation appears to follow a
similar trend to PK@ autophosphorylation by F/R stimulation, PMA stiatidn induces
ERK phosphorylation at time points differing frots induction of PK@ phosphorylation
(Figure 5.8). However, PMA stimulation can be seemduce ERK phosphorylation at a
greater extent in cells overexpressing EPAC1, sstggethe presence of EPAC1 in COS1
cells is required for phosphorylation of ERK. EPA&s been reported previously to affect
ERK phosphorylation and activity. EPAC mediatedivation of Rap GTPase has been
shown to stimulate ERK (Wang al., 2006) and has also been shown to influence ERK
phosphorylation by blocking the cyclic AMP elevatihormone calcitonin (Holzt al.,
2006). Here we have shown that the action of EPAGERBK phosphorylation appears to
occur independently of PKC, as use of specific PiKkibitors does not reduce ERK
phosphorylation by F/R and in some cases can he tee@crease Phospho-ERK levels
(Figure 5.9). Further work to determine which Radform cyclic AMP exerts this effect
on ERK phosphorylation would confirm whether EPAE able to cause effects
downstream of PKC without directly affecting PKGaellf, or if its effects are on PKC
itself. As EPAC acts on B-Raf (Rosciogti al., 2008), and PKC on Raf-1 (Kolatt al.,
1993), activation assays or siRNA on these isofornmsld provide greater understanding
into the route by which cyclic AMP is able to in@ughosphorylation of ERK via EPACL.
Although cyclic AMP is known to activate ERK, evide indicating that it is able to do so
via EPAC1 shows that cyclic AMP can control ERKiaation in a PKA independent
manner. This allows for ERK signalling and the na¢idn of transcription to occur

separately from activation of PKA and other compas@®f the PKA signalling pathway.

In conclusion, this chapter outlines a role notydok cyclic AMP influence by EPAC on
PKC autophosphorylation, but also a potential foleEPAC in the phosphorylation of
ERK independent of PKC activation.
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CHAPTER 6

General Discussion
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6.1 Overview

Biological functions are mediated by complex sigrnednsduction pathways. Such
pathways require tight regulation to elicit thereat cellular response and this regulation
is often a result of crosstalk between differemnalling pathways (Stork and Schmitt,
2002). Investigation of mechanisms of action amehtl of signalling pathways, and in
particular the control exerted by other pathwaysmgortant not only to gain a more
complete understanding into the workings of thenwaly, but also to provide potential
areas of therapeutic drug targeting. The pathwdlyned in this thesis not only combines
two separate signalling pathways which have beawshto influence and control the
action of the other, but also provides understapdimd access into the potential control of

several biological functions and disease states.

6.2 Therole of cyclic AMP in inflammation

The cyclic AMP signalling pathway is a well docurtemh compartmentalised signal
transduction cascade that is involved in numerallilar processes ranging from cell
differentiation and growth to the regulation of gbgen and lipid metabolism (Chereg
al., 2008). Although PKA was once believed to be thee samute for cyclic AMP
signalling, the recent discovery of EPAC (Exchamigetein Activated by Cyclic AMP)
provided a new avenue of research in cyclic AMPa&iiing (Roscionkt al., 2008). EPAC
was identified in a database search for proteingatming sequence homology to both
cyclic AMP binding sites and Ras and Rapl GEFsvalg the discovery that Rapl
activation by cyclic AMP occurred independentlyRKA (de Rooijet al., 1998). The two
EPAC isoforms identified were hypothesised to beoiwed in cyclic AMP effects
previously believed to act solely through PKA agtend as, like PKA, EPAC isoforms are
found ubiquitously in tissue, they provide an aiddial means for precise control of cyclic
AMP signalling. This allows cyclic AMP to affect rtiple pathways (Chengt al., 2008),
with regulation of EPAC localisation and specifigbsellular locations suggesting that
compartmentalisation of EPAC plays an importante rah its signalling properties
(Roscioniet al., 2008). There are a wide range of downstream eifecibEPAC, PLC and
ERK (Roscioniet al., 2008).
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To date, the effects of EPAC and its regulation reoe fully understood, although it has
been shown to play important roles in calcium digmathrough both direct interaction
with intracellular calcium receptors and throughmtcol of exocytosis, which alongside
insulin secretion links EPAC to a role in diabefidslz et al., 2006; Roscionet al., 2008)
and in anti-inflammatory signalling. In 2006, Saretsal, identified the ability of cyclic
AMP level elevations in vascular endothelial cédlsnhibit IL-6 signalling. This inhibition
involved the induction of SOCS-3, which was fouadtcur independently of PKA and to
instead require the activation of EPAC. From thasagd a pathway was outlined, through
which an increase in intracellular cyclic AMP aetigd Rapl via EPAC to cause induction
of SOCS-3 and mediate the pro-inflammatory effddi_eb receptor signalling (Sands
al., 2006).

As IL-6 initiates and mediates immune and inflammnmatresponses, disruption of this
tightly controlled signalling has been linked tsehses such as Crohn’s and rheumatoid
arthritis (Ishihara and Hirano, 2002), while inged IL-6 levels have been linked to
diseases including osteoporosis (Joaesl., 2001) and renal cancer (Takenaetaal.,
1991). The pathway outlined in this study may tferee provide drug targets by which
control of IL-6 signalling can be asserted via SEGEAdditionally, EPAC has been linked
to several important cellular functions, includimxocytosis, cell differentiation and
proliferation, and apoptosis (as reviewed in Battleinal., 2009) that need tight regulation.
EPAC has also been identified as having a role imamge of neurodegenerative,
inflammatory and metabolic disorders such as Alxleeis, diabetes and asthma (McPhee
et al., 2005). The wide ranging cellular functions and ds&s linked to the components of
the pathway outlined in this work demonstrates #tatidation of these areas of crosstalk
provides important understanding into the imporgaieé the control exhibited by this
pathway. EPAC has also been shown to mediate thection of SOCS-3 in several cell
types (Sandst al., 2006; Yarwoocdkt al., 2008; Borlandet al., 2009). SOCS-3 is capable
of inhibiting the JAK-STAT pathway, allowing controf IL-6 signalling, a cytokine
involved in the maintenance of the inflammatory amunune responses. However the

pathway by which cyclic AMP is able to induce SO 8as not been fully outlined.

The pathway elucidated here between EPAC and SO&®&nds upon the identification
of the involvement of EPACL1 in the control of SOBSnduction (Sandst al., 2006;
Yarwoodet al., 2008; Borlanckt al., 2009). A link between EPAC and PK@ia the small
GTPase Rap2B has been well established (Schenallt, 2001; Bunney and Katan, 2006;
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Oestreichet al., 2009), providing a starting point for investigatoralthough no known
effects of PLE on SOCS-3 had been reported. PLC inhibitor treatraad PLE specific
SiRNA experiments indicated that P£& necessary for SOCS-3 induction by EPAC in
COS1 cells. Further investigation into downstreaffiectors of PLC action led to the
identification of PK@ and PKG as essential components of this pathway by whRAE

is able to induce SOCS-3 in COS1 cells. As furthgestigation within our group also
recently identified that this route of induction 80CS-3 by cyclic AMP via EPAC and
PKC is dependent on activation of ERK and the tapson factor C/EBB (Borland et
al., 2009), this work goes some way towards fully deltimeg a mechanism by which
cyclic AMP can affect inflammation. Identificatiaf these key points in the pathway may
provide areas for potential therapeutic targetirsy edevating cyclic AMP levels or
activating components in the pathway would incre&@CS-3 induction, thereby
inhibiting IL-6 signalling.

6.3 Activation of PKC by cyclic AMP

As outlined above, we have identified a role for@Plsoforms in a pathway induced by
cyclic AMP. This discovery led to further investigm into the effect of cyclic AMP, via
EPAC, on PK@ ands activation and autophosphorylation. Autophosplairgh of PKC
isoforms has been shown to be important not omyP#C activity but also for subcellular
localisation and compartmentalisation, indicatinglays an important role in tight enzyme
control and disruption of this activity can efféblogical functions which in turn can lead
to disease pathologies (Feng and Hannun, 1998)actisity of PKC isoforms effects
biological processes ranging from cell proliferatiand adhesion to apoptosis, tight
regulation of PKC activity and signalling is cruces disruption can be linked to several
disease states ranging from immunodeficiency dessrtb cardiac hypertrophy to a range
of cancers (Mackay and Twelves, 2007). To datie lis understood about the effects of
cyclic AMP on PKC regulation. What is known suggetitat any effect occurs in a cell
specific manner, with cyclic AMP causing inhibitiof PKC activity in platelets (Kroll et
all 1988) but inhibiting activity in skeletal myait (Nishizuka, 1986).

Activation of PKC occurs following ligand binding the cell membrane. Three priming

sites, conserved across PKC isoforms are phosmtedyl allowing for control by
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autophosphorylation (Pareké& al., 2000). For PK@, autophosphorylation has been
identified as important in targeting of the prot&nspecific subcellular locations (Kitatani
et al., 2007). Similarly, autophosphorylation in PBE®as been linked to its ability to

translocate to cell membranes (Durghal., 2007).

The role of autophosphorylation in PKC subcellltaralisation is of particular interest as
numerous cellular processes, including differeitat and proliferation, require
transduction of signals to specific intracellulaegions, and it is thought that
autophosphorylation of PKC isoforms induced by atifig stimuli may allow specific
targeting to these areas (Fesagal., 2000). There is therefore a clear importance of
understanding the mechanisms by which PKC isofaramsbe autophosphorylated, and in
particular how effectors outside of the PKC signgllpathway may exert control over
PKC activation.

In this study, a role for cyclic AMP was found Imetactivation and autophosphorylation of
PKCa, but not for PK®@, occurring largely via EPAC. As results show tiRCa is
activated by EPAC stimulation while PR not, it is likely that PKG plays a supportive
role in the induction of SOCS-3 by EPAC. It is pbisthat PKG is involved in targeting
of PKCa or in some other facilitator role, and furtherestigation is required to determine
the precise role of PK&in this pathway. Further investigation would atsgand on to
what degree cyclic AMP exerts control on PKC andt®nlownstream effectors.

6.4 Control of cyclic AMP by PKC

In this work we have outlined a role for cyclic AMR control of PKC signalling. This
forms part of a negative feedback loop, as we rase identified a point of crosstalk
between the two signalling pathways whereby PK@bk to exert control over cyclic
AMP. In 1999, Yarwoodtt al. used a yeast two-hybrid screen to identify theranttion
between the scaffold protein RACK1 and the cycliMAspecific phosphodiesterase
PDE4D5, demonstrating a potential area of crosdiatikveen the PKC and cyclic AMP
signalling pathways. As phosphodiesterases areithe means of reducing intracellular
cyclic AMP levels, and an understanding of theintcol would provide a mechanism to
artificially control cyclic AMP signalling. Althoulg binding between these two proteins
was shown to be unique and specific (Yarwabal., 1999) with RACK1 as the only
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WD40 protein bound by PDE4D5 and RACK1 showing nalityg to bind other

phosphodiesterases, the function of this complmanes largely unknown.

Here we have outlined evidence that binding of RAG&KPDEA4DS is important in control
of its enzymatic activity. Unlike th@-arrestin/PDE4D5 complex which blocks cyclic
AMP synthesis and allows hydrolysis of cyclic AM#®the vicinity of the2-Adrenergic
receptor (Bolgeet al., 2003), the RACK1/PDE4D5 complex did not appearanglocate,
indicating that RACK1 does not target PDE4DS5 tocdpe cellular localisations. It does
however affect the structural stability of the pplosdiesterase, providing PDE4D5
protection against denaturation as well as affgdilgh affinity binding of PDE4D5 to
cyclic AMP. Additionally this study confirmed thesults of Yarwoodt al. (1999) which
showed that binding to RACK1 increased the susk#ipgiof PDE4DS5 to inhibition by the
PDE4-specific inhibitor rolipram. Rolipram is usdgerapeutically to treat diseases such as
depression and Alzheimer’s, it has an emetic effecpatients (Houslast al., 2005). It is
possible therefore that treatment with RACK1 owatlsetic analogue could allow a lower

dosage of rolipram to be administered to obtairsdmae results with lessened side effects.

In the initial study identifying the RACK1/PDE4D®mplex (Yarwoockt al., 1999) it was
hypothesised that RACK1 could potentially act ascaffold protein, recruiting not only
PDEA4DS5 but also other proteins to form a signaltingiplex. In this investigation we have
identified the ability of activated PKCto activate RACK1-bound PDE4D5, increasing
cyclic AMP degradation as a result. This indicaesle of negative regulation by PKC on
cyclic AMP in HEK293 cells, whereby through activat PDE4D5 to hydrolyse cyclic
AMP, PKC is able to cause a reduction in intradatlgyclic AMP levels.

Both cyclic AMP and PKC signalling have been imatexd in similar biological functions
and disease states. For example, both cyclic AMPRICC signalling have recently been
implicated in control of the mammalian circadianall, involving EPAC (O'Neillet al.,
2008) and the PK&isoform in complex with RACK1 (Receptor for Actieal Protein
Kinase C 1) (Roblest al., 2010) respectively. As components between bothwaath
form integral parts of the negative feedback loaféch control the circadian pacemaker,
the work presented here indicates that it is likidgt these pathways are working in

conjunction with each other.
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6.5 Future Directions

Although a clear pathway containing points of ctalésbetween cyclic AMP and PKC
signalling pathways has been outlined, there aneerak directions in which this
investigation could be carried forward in the fetuhere is the potential to provide
therapeutic targets for the control of inflammatidue to the effect of SOCS-3 on IL-6
signalling as well as other biological roles angedises associated with this cytokine, and
the potential role of the PDE4D5/RACK1 complexrieatment of disorders with the anti-
depressant and anti-inflammatory drug rolipramwa$i as potential control over other
functions and disease states associated with coenp®f this pathway. Several areas of
investigation would therefore provide a deeper wstdeding into the control and effects

of the pathway.

Other areas in which this study could be taken émdannclude conclusive determination as
to whether ERK phosphorylation in this pathway isansequence of EPAC or PKC
activation, by investigating which Raf isoform iavolved in the pathway. Further
elucidation into the supportive role of PBGn the pathway, and whether any other
proteins associated with components of the pathwagh as AKAPs assert any level of
control, or if they themselves are affected by phthway would expand on the work laid

out in this thesis.

Additionally, many of the components of the pathvaag found in almost all cell types, so
determination as to whether there is a role fos fhathway in cells other than COS1 or
HEK293, both of which are kidney cells, would praifurther evidence for the role of the
pathway in cellular function and the suitability n$ areas of crosstalk as therapeutic
targets. This is particularly important as the path may not be viable in all cell types,
which may further determine the suitability of itse in therapeutic control of cell
functions, due to components which have been showrave different effects in different
cell types. For example EPAC has been identifiedtasulating cell division in COS1
cells (Qiaoet al., 2002), while in Jurkat cells the opposite effects Haeen shown
(Boussiotiset al., 1997).



173

6.6 Conclusions

To conclude, the evidence presented in this worksgeome way towards outlining a
pathway through which the cyclic AMP and PKC patissvact together to control and
regulate each other and their activity via novedaar of crosstalk (Figure 6.1). In this
pathway, cyclic AMP activity via EPAC is able todice SOCS-3 and influence IL-6
control through the activation of PKC isoforms. PKEL also able to effect negative
feedback on cyclic AMP through the ability to ingse cyclic AMP degradation through
activation of PDE4D5 when bound to RACK1. The disrges made in this thesis may
also provide avenues for drug therapies for a rarigksorders linked with components of

the pathway.
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Figure 6.1
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Figure 6.1 Proposed pathway of crosstalk between cyclic AMP and PKC signalling

pathways

In response to cyclic AMP elevation, EPAC is ablénduce SOCS-3 expression via RLC
and activation of PK& PKCo negatively regulates cyclic AMP levels by actinati
PDE4D5 while in complex with RACK1. PKCmay also influence ERK activation of
C/EBP to induce SOCS-3 expression.
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