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Abstract

Pulmonary arterial hypertension (PAH} is characterised by increased vascular resistance
which leads to pulmonary artery remodelling and increased simooth muscle celt
proliferation (Fishman 2004, Humbert et al., 2004), Chronic hypoxia treated rats (to induce
PAH) display alterulions iu cyclic nucleotide signalling pathways. Both cAMP and cGMP
levels are reducced (MacLean et al., 1997), with a comresponding increase in PDE3A/B and
PDESA2 in pulmonary arteries of the chronic hypoxic rat (Murray et al., 2002). The
objective of (his study was to investigate the expression of PDE4 isoforms in the cellular
modcl of PAH as the PDE4 family represents the major cAMP-hydrolysing activity within
these cells (Palmer et al., 1998).

It was shown that in human pulmonary artery smooth muscle cells (hPASMC), the
PDE4A10, PDE4AL 1, PDE4B2 and PDE4DS isoforms all show significant increases in
expression after 14 days exposure of chronic hypoxia (10% O3). The increase in PDE4
expression did not correspend to an increase in PDE4 activity levels however, Levels ol
cAMP were tripled and PKA activity was doubled after 7 days in 10% O,. The hypoxia
induced increase in cAMP was determined to be ERK dependant as use of the MEK

inhibitor, UO 1206, could reduce hypoxic cAMP levels 1o that of normoxic cells.

The autocrine loop shown previeusly in aortic smooth muscle cells (Baillie et al., 2001},
was demonstrated to be in effect in hPASMC. 1n this loop, active ERK led to the
production of PGE, through PLAs. This increase in PGE; stimulated adenylyf cyclase and
increascd the generation of cAMP. Using the COX-2 inhibitor, indomethacin, completely
ablated the rise in cAMP levels in hypoxia. Exogenous PGE; mimicked the hypoxia
induced rise in cAMP in normoxic cells. Inhibition of ERK also led to a decreasc in PDE4
activity through the reduced level of cAMP generated and thus decreased the amount of
PKA able to activate PDE4. This effect was not witnessed in hypoxia, suggesting
desensitisation to cAMP stimulation had occwrred. Indeed, it was observed that hypoxic
cells produced less cAMP in response to cAMP agents such as rolipram or PGE; than

normoxic cells.

Vascutar smooth muscle cells have been reported to proliferate in response to hypaxia.
Indeed, it was demonstrated in this study that \PASMC do increase their prolileration in
response to hypoxia in both serum starved cells and cclls cultured in serum. The PKA R1i

subunit was demonstrated to be essential tor normal proliferation of these cells. Both PKA




RI and PKA RII can significantly reduce proliferation in both normoxic and hypoxic
cells. Also, the recently discovered cAMP substrate Epac (de Rooij ¢t al., 1998), elicits

anti-prolilerative effects on scrum induced proliferation in hPASMC.
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Chapter 1

General Introduction




1.1 Cyclic nucleotide signalling pathways

1.1.1 Cyclic nucleotides

The cyclic nucleotides, cyclic 3'5' adenosine monophosphate (cAMP) and cyclic 3'5™-
guanosine monophosphate (¢cGMP) are intraceilelar second messengers involved in a
myriad of cellular evenls including mctlabolism, cell growth and proliferation, gene
regulation and vascular tone (Pellegrino & Wang 1997; Dousa 1999), cAMP was
discovered in 1938 (Sutherland & Ratl 1958} and the second messenger concept was
proposed whereby binding of hurmones or neurotrapsmitters, so called “first messengers’,
to cell-surface receptors elicited a signat which is transduced via an intracellular mediator

(sccond messenger) such as cAMP.

Adenylyl cyclase catalyses the synthesis of cAMP from ATP and cAMP-
phosphodiesterases (PDE), which are the only cutities able to degrade cAMP, hydrolyse
cAMP to the inactive form, SAMP. The cognate synthesis and degradation of cGMP exists
with guanylyl cyclase providing the synthetic activity of cGMP and cGMP-PDEs being

responsible for the degradation and inactivation of cGMP.

The well-characterised target for cAMP action within u cell is the cAMP-dependant kinase,
protein kinase A (PKA). Stimulation of PKA results in the phosphorylation of a number of
downstream targets leading Lo alterations in genc expression and cellular processes (Cho-
Chung et al,, 1995; Shabb 2001). Similarly, cGMP mediates the majority of its effects
through ¢cGMP dependant protein kinase (Lotimann et al., 1997). Mammalian ¢GMP
kinase exists in two isolorms, cGMP kinase I and cGMP kinase I which show cell specific

distribution and different regulatory roles (Ruth 1999).

1.1.1.1 G-Protein Coupled Receptors

Adenylyl cyclase can be activated directly by forskolin or indivectly through interaction
with an activated G-protein coupled receptor (GPCR). These receptors are seven
transmembrane spanning proteins that form an ¢-helix with an extracelinlar N-terminus,
three extracellular loops, three intraccliular loops and an intracellular C-terminal tail. The
superfamily of GPCRs include rceeptors for many different ligands and are therefore able
to respond to numerous extracellular stimuli including taste, light, odour, neurotransmitters
and hormones, GPCRs are responsible for the (ransduction of these signals into
intracellular second messengers able to carry the message inside cells, thus achieving the

correct response. Upon ligand binding, the GPCR undergoes a conformational change

SO S
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allowing interaction and activation of & heterotrimeric guanine nucleotide binding protein

(G-protein). This conformational change allows the exchange of GDP for GTP on the G-
protein g-subunit which activates the G-protein and promotes the dissociation of the Guo-
and Gy~ subunits of the G-protein. The dissociated subunits are then free to act upon their
effector protein, e.g. adenylyl cyclase, in a positive or negative fashion. The cAMP
signalling pathway is activated by one of the Gu, isoforms and can be inhibited by the Goy
isoforms. Activation of adenylyl cyclase is sustained until the GTP bound o the Go, is

hydrolysed to GDP and the G-protein subunits reassociate.

GPCR signalling is regulated by mechanisms at the level of the ligand, the receptor, the G-
protein and at numerous stages in the signalling pathway. The earliest method of regulation
is removal of the agonist from the extracellular fluid by transporiers or through
degradation. The receptor itself is regulated by feedback wechanisms initiated by
activation (reviewed in Bohm et al., 1997, Terguson 2001). This receptor desensitisation is
caused by the uncoupling of the G-protein from the receptor in response and can occur
within seconds of activation. The most immediate canse of desensitisation s
phosphorylation of the receptor by infracellular serine/threonine Kinases (GRKs}, which
phosphorylate the intracellular loop and C-terminal tail of the GPCR. The G- protein
receptor kinases (GRKs) selectively phosphorylate agonist occupied receptors promoting
the recruitment of cytosolic binding proteins known as arrestins, which sterically uncouplie
the receptor from the G-protein (reviewed in Luttrell & Letkowitz 2002), Arrestin binding
15 also thought o aid receptor endocylosis. Second messenger dependant kinases such as
PKA or PKC can phosphorylate various GPCRs including those without agonist bound,

whereupon they also serve to inhibit the interaction between the G-protein and receptor.

A growing number of proicins have been identificd (Bohm ct al., 1997) that both bind
GPCRs and couple GPCRs to G-protein independent signal transduction pathways or
affect G-protein specificity and agonist selectivity. These include GRKs, arresting and A-

kinase anchoring proteins (AKAPS).

1.1.1.2 Adenylyl Cyclases

Adenylyl cyclases (ACs) are encoded by multiple genes and are transmembrane proteins,
Nine different isoforms have been cloned o date which show tissue-specilic expression
and differential regulation. AC isoforms from all families are highly expressed in brain
tissue, although individual isoforms show distinct patterns of localisation within the brain.

AC isoform expression in tissues outside of the brain shows a highly specialised
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distribution pattern (Antoni. ¢t al., 2000, Hanoune & Defer 2001; summarised in table

1.1). For example, AC2, 3, 5-8 are all expressed in rat pulmonary vascular tissue with

AC2, 5 and & being of functional importance (Jourdan et al., 2001).

Each AC isoform consists of two hydrophobic domains composed of six trunsmembrane
helices (M1 and M2) and two cytoplasmic domains (Cl and C2) which contain the
catalytic core. CI and C2 share homology between different isoforms whereas the helices

do not (ITanoune et al., 1997, Houslay & Milligan 1997},

All AC isoforms are regulated by G-protein subunits with type-specific effects. Groupl
isoforms (ACIL, 3, 8) are stimulated by calcium and calmodulin. Group2 (AC2, 4, 7) are
activated by Py subunit and protein kinase C (PKC) phosphorylation, Group 3 (ACS, 6) are
inhibited by low concentrations of calcium and Group 4 (AC9) is insensitive to calcium or
the By subunit. All isolorms arc activaied by the Go, subunit of the G protein (reviewed in
Hanoune & Defec 2001, Cooper 2003; for a summary of AC regulation, see tahle 1.2).
Even within these general subclasses, the cyclases are so different to onc another that they
have other regulators that act upon each of them in a specific fashion. I'or example,
Ca**/calmodulin can re pulate AC in a positive (ACT und ACS8) or negative (AC3, 5 and 6)
manner. PKA phosphorylation has also been shown o reduce AC aclivity by direct
phasphorylation (Iwami ot al.,, 1995). PEA phosphorylation affects AC5 and AC6 and
causes a ‘switching’ of receptor coupling from Gas to Gai which exerts an inhibilory eflect
on AC activity and rednces cAMP synthesis. The diterpene, forskolin, can directly activate

all AC isoforms with the exception of ACS.

1.1.2 Cellular Targets of cAMP

The range of action of cAMP i5 extremely wide with effects reaching cell differentiation,
ion channel conductivity and gene transcription amongst others. Targets of ¢cAMP action
are cyclic nucleotide gated channels {(Kraus-Friedmann 2000) and the Rap-GEFs Epact
and Epac 2 (exchange protein dircetly activated by ¢AMP). The first identified target of
cAMP within cells was the cAMP dependant protein kinase A, PKA.

1.1.2.1 Protein Kinase A

The classically known largel of cAMP within cells is the cAMP dependant kinase, PKA.
PKA is a heterodimeric enzyme consisting of two regulatory (R) and two catalytic (C)
subunits. cAMP binds to the R subunit of PRA inducing conformaticnal changes that

dissociate the cnzyme into aw R subunit dimer with four molecules of cAMP bound and
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two, free, active C subunits able to phosphorylate target serine/threonine residues

(reviewed in Skalhegg & Tasken 2000, PKA targets reviewed in Shabb 2001).

There are two types of PKA which differ in their regulatory subunits, RI or RIL, which
interact with an identical C subunit. As with AC, PKA exists in several isoforms. Four
isoforms of the R subunit have been identified; Rle, RIS, RIlo and RIIP, with several
splice variants of Rla reported. The RI isoforms share high homology with each other, are
wbiquitously expressed and are uctivated transiently by low cAMP levels. The RI{ isoforms
also share a high homology with cach other, are predominantly expressed in brain, fat,
endocrine and reproductive tissues and rcquire persistent levels of high cAMP stimulation
for activation (Feliciello et al., 2001). The C subunit also exists in multiple forms; Ca, CB
and Cy, with splice variants of both Ca and CP reported (Uhler et al., 1986; Showers et al.,
1986). A large number of PKA holoenzymes therefore exist with different biochemical
properties (Skathegg & Tasken 2000). Indeed it is known that the PKAI complex (Rlo,C;
or RIB,Cy) is generally cytoplasmic whereas the PKAI complex is usually membrane-
associated (Cho-Chung et al., 1995, Houslay & Milligan 1997, Skalhegg & Tasken 2000:
Murphy & Scott 1998), PKAII is associated to membranes through tethering of the R
subunit to A-kinase anchoring proteins (AKAPs) which are found throughoul the cell
tethered to various subcellular components, thus providing localisation of the PKA
activity. PKAIl is aiso known to be subject to autophesphorylation by the C subunit
(Skalhegg & Tasken 20060, Shabb 2001; reviewed in Michel & Scott 2002).

1.1.2.2 A-kinase anchoring proteins

PKAII exists associated with a variety of subcellular structures including the plasma
membrane, endoplasmic reticulum, microtubules, Golgi and nuclens (summarised in
Murphy_ & Scott 1998, Feliciello et al.,, 2001). This association exists through an
interaction of PKARII with an anchering protein tethered to the membrane. These AKAPs
bind an N-terminal region of the RII protein, at its dimerisation (RIL: RII) interface, and

contain a unique targeting domain responsible for localising the AKAP/PKAII to a specific

subcellular stracture (Murphy & Scott 1998, Michel & Scott 2002). A new group of

AKAPs has also been identified that can bind both RII and RI (Huang et al., 1997). This
anchoring of PKA provides tight regulation of cAMP fevels in specific cellular locations.
In addition, some AKADPs also uct as scaffolding proteins by associating with other kinases
and phosphatases. This is true in the case of AKAP79 which scaffolds PKA, PKC and the
calcium/calmodulin dependant phosphatase PP2B to regions near the plasma membrane

(Dodge & Scott 2000).
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1.1.2.3 Exchange Protein Directly Activated by cAMP

PKA-independent actions of cAMP involve an exchange protein that is directly activated
by cAMP, Epac (de Rooij et al., 1998). Epacl and Epac2 are gonaninc exchange factors for
the small Ras like proteins, Rapl and Rap2 (de Roaij ct al., 2000). A third Epac family
member, Repac, lacks the regulatory sequences of Epac 1 and 2 but is still able to activate
Rapl and 2 (de Rooij et al., 2000). Epac contains a cAMP binding domain (Epac 2 has two
cAMP binding domains (Rehrmann et al,, 2002)), a Dishevelied, Egl-10, Pleckstrin (DEP)
domain shown o be responsible for membrane targeting of Epac (de Rooij et al., 2000}, a
Ras-exchanger motif, a Ras-association domain and a guanine nucleotide exchange factor
(GEF) domain (Bos 2003). Epac | is ubiquitously cxpressed and displays a cell-cycle
dependant localisation. At interphase, Epacl has been shown to be located at both the
mitochondria and nuclear membrane and translocates to the mitotic spindle and
centrosomes during metapbase {Qiao et al., 2002). This translocation is not mediated by
cAMP as Epac is membrane bound in the presence and absence of cAMP. Epac 2 is

predominantly expressed in the brain and adrenal gland.

The catalytic domain of Epac is regulated by a direct interaction between the cAMP
binding domain and the GEF domain which acts in an inhibitory fashion. Upon binding
cAMP, this inhibition is released by a conformational change in the protein which exposes
the GEF domain and allows Epac to activate downstream pathways (de Roeij et al., 2000,

Rchrmann et al., 2003).

It has been demonstrated that cAMP uactivation of Rap! iy through Epac, whereas the
cAMP induced inhibition of Rafl is mediated by PKA (Enscrink et al., 2002). Rafl
activatcs MEK which in turn activates ERK. ¢cAMP has been demonstrated to have both
stimulatory and inhibitory effects on the ERK pathway, but it is thought this occurs
through PKA activation of Rafl through Ras and the direct inhibitory effect of PKA on
Rafl. As such, the roles of Rap]l only in cell signalling have been attributed to Epac. Epuc
activation of Rap! plays a major role in cell adhesion by regulating integrin signalling
(Rangarajan et al., 2003). Epac2 has also been reported to be involved in insulin secretion

in B-cells (Ilolz 2004).

1.2 The Phosphodiesterase Superfamily

Hydrolysis of cyclic nucleotides is the only method of inactivation in cells. Cyclic

nucleotide hydrolysis is mediated by a large superfamily of phosphodiesterase enzymes

T
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(PDEs). PDEs catalyse the hydrolysis of cAMP and cGMP at their 3'-phosphoester bond

to form the corresponding inactive 5' nucleoside monophosphate (5 AMP and 5' GMP).
There arc currently cleven known families of PDEs with differential tissue distribution,
regulatory properiies and sensitivity te inhibitors (sutomarised in table 1.3; reviewed in
Francis et al., 1999; Dousa 1999; Soderling & Beavo 2000; Yuasa et al,, 2000; Conti 2000;
Mehats et al., 2002; Maurice et al., 2003). Each PDE family is encoded for by one to four
genes, with multiple protein products arising from alternative splicing and multiple
promoters resulting in over S0 mammalian PDE isoforms. Hach isoform is expressed in a

tissue and cell-specific manner.

All PDEs share the same modular structure, with three funciional domains; a conserved
catalyltic domain of ~270 amino acids near the C-lerminus, regulatory regions localed at
the N-terminus and the C-terminus (igure 1.1). The catalytic domain contains sequences
essential for eyclic nucleotide hydrolysis including the common PDE motif;, HD(X3) H(X4)
N which coniains consensus metal binding domaing (Zn®* and Mg®"). The N-termini of
IPDEs arc highly divergent and arc conscrved within a family, showing the N-terminus
contains cach family’s specilic [unctional motils. Regions in this domain include
regulatory sequences such as phosphorylation domains and targeting regions. It has also

been propased that the N-terminal regian of a PDK containg regions for dimerisatian,

PDE inhibitors have boeen reported as being clinically usclul in many disorders (table 1.4
for summary of diseases PDEs are involved in; Torphy & Iage 2000). These include
discase states such as depression, asthma, pulmonary arterial hyperiension (PATL) and
erectile dysfunction. Family specific PDE inhibitors have shown promising results in
clinical trials and as such, many are attractive targets for drug development (Schmidt et al,,
1999; Torphy 1998; Burnouf & Prumiax 2002; Spina 2003; Michelakis et al, 2003;
Eddahibi et al., 1998).

1.2.1 The PDE1 Family

The PDET family is encoded for by three genes; PDEJA, PDEIB and PDEIC with splice
variants of each, and is known to hydrolyse both cAMP and cGMP (reviewed in
Sonnenburg et al, 1998; Kakkar et al., 1999). PDE1A and 18 isoforms have a higher
affinity for cGMP than cAMP and PDE1C hydrolyses both with equal efficiency. PDEL is
referred to as the calcium/calmodulin (Cu2+/CaM} PDE due (o the presence of Ca?/CuM
binding sites within the PDEi1 N-terminal region. Activity of the PDEI Family can be
regulated by both Ca™/CaM binding and phosphorylation/dephosphorylation by PKA and
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CaM-dependant kinase . Activation of PDI enzymes occurs upon Ca®"/CaM binding

and thus reduces cAMP. As PDEIA is inhibited by PKA phosphorylation, PDE1 provides
a “cross-talk” between calcium and cAMP. PDE1B is inhibited by CaM-dependant kinase
IT phosphorylation. Both types of phosphorylation reduce the affinity of PDEIL for CuM. It
has also been reported that protein kinase C can induce PDEIB. PDEIC has been
demonstrated to be essential for human smooth muscle cell (SMC) proliferation (Rybalkin
et al, 2002). PDEIC is absent from quicscent artcrial SMC and human aorty, but is
induced in proliferating arterial SMC. Inhibition of PDE! by vinpoceiine reduces SMC
proliferation (Rybalkin et al., 2002).

1.2.2 The PDE2 Family
The PDE2 family are known as the cGMP-stimulated PDEs and hydrolyse both cAMP and

cGMY?’ with similar V., although the affinity for cGMP is two-fold greater. ‘I'here are
three PDE2 isoforms arising from one gene, each containing two specific, noncatalytic
¢GMP binding domains in their N-terminus. Binding of either cyclic nucleotide induces a
conformmational change in the PDE2 enzyme, converting it to a more active form. As such,
PDE2 provides a means of crossialk between the two cyclic nucleofide signalling

pathways.

PDE?2 is predominantly expressed in the adrenal cortex (PDE2AT1) and brain and cardiac
tissue (PDI22A2). PDE2A3 contains a putative membrane targeting domain. PDE2 aclivity
has been shown to have a role in Ca’* channel regulation, olfactory signalling pathways
and aldosterone scerction. Low levels of PDE2 have been detected in vascular smooth
muscle cells, and if has been reported that PDE2 activity is involved in hypoxic pulmonary
vasoconstriction yet a distinct function has not yet been identified (Haynes et al., 1996).
The commonly used inhibitor of PDE2 is erythro-9-(2-hydroxyl-3-nonyl) adenine, EHINA
{(de Jong et al., 1992).

1.2.3 The PDE3 Family

The PDE3 family also hydrolyses both cAMP and ¢GMT with high affinity (K., values
range from 0.1 to 0.8uM) but with a 2-10 fold higher Vug tor ¢cAMP (reviewed in
Degerman et al., 1997). cGMP in micromolar concentrations binds to the catalytic site of’
PDE32 and competes with cAMP hydrolysis, hence the PDE3 family being dubbed the
cGMP-inhibited PDEs. As the Vi, for ¢cGMP is so low, ¢cGMP hydrolysis is negligible
and PDE3 behaves as a cAMP-specific PDE. PDE3A and PDH3B are also activated by
PKA or PKB phosphorylation.
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PDE3 is encoded for by two genes; PDE3A and PDE3S with a higher similarity of

PDE3A between human and rat than between human PDE3A and B. This is also true for
PDE3B. Alternative start codons give rise to three PDE3A isoforms. PDE3 is widely
expressed. In tissues cxpressing bath PDE3A and PDH3B, PDE3A levels are usually
dominant. PDE3A is abundant in the cardiovascular system, including vascular smooth
muscle, and PDE3B is found predominanily in adipose tissue, hepatocytes and the renal
collecting duct epithelium. PDE3 is found in both cytosolic and particulate fractions of
cells (Liu & Maurice et al., 1998; Palmer & Maurice 2000). PDE3J has been implicated in a
variety of roles including myocurdial contractility, smoocth muscle relaxation and
proliferation of T-lymphocytes and vascular smooth muscle cells. In addition, PDH3B
plays a key role in insulin signalling in adipocytes. In response to insulin, PDE3B is
phosphorylated and activated by Akt (Kasuga et al., 1999),

In vascular smooth muscle cells, both PDE3A and PDE3B are expressed. Sustained
exposure to cAMP elevating agents in vivo increased both PDE3A2 and PDE3B in rat
aortic quiescent SMC (Tilley & Maurice 2002). In cultured rat and human aortic SMC,
prolonged cAMP elevation increases only PDE3B (Palmer & Maurice 2000). The reasons
behind this difference are unclear. ’'DE3 inhibitors such as cilostamide or milrinone have
also been demonstrated to relax arterial tissues and inhibit vascular SMC proliferation
{Lindgren et al., 1989; Inoue et al., 200Q0).

1.2.4 The PRE4 Family

The PDEA family of enzymes are the most diverse and extensively studied of all PDE
families (reviewed in Muller et al., 1996; Salanova et al., 1998; Houslay 2001; Houslay &
Adams 2003, for further details, see scction 1.3). Four genes cucode for PDE4; PDE4A,
PDE4B, PDE4C and PDE4D which are located on three chromesomes. Alternative
mRNA splicing and multiple promoters have led to the discovery of over 20 different
PDE4 mammalian isozymces. PDE4 isoforms share 80% sequerice identify of their catalytic
domain with unique regions shared among PDE4 isoforms of a subfamily. Splicc variants
differ in their N-terminal region which confers repudatory propertics and capability for
interactions with other cell structures, PDE4 isoforms are characterised by the presence of
two conserved domains within their N-terminus known as Upstream Conserved Region 1
(UCR1) and Upstrcam Conserved Region 2 (UCR2). PDDE4 isoforms can exist as a “long
form™ with both UCK | and UCR?2 intact, a “short form™ with only UCR2, and “super
short forms™ with a truncated UCR2 only (see figure 1.2), PDE4 is expressed in almost all
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cells, with the exception of biood platelets, and displays differential subcelluiar

localisation between isoforms.

Regulation of PDL4 activity can occur through phosphorylation by PKA (Setic & Conti
1996; Ekholm et al., 1997; Hoffimann et al., 1998; Lin & Maurice 1999; MacKenzic et al.,
2002) where PKA phosphorylation at Ser™ of PDE4D3 and the cquivalent residue in the
UCRI! of other long forms induces activation of these enzymes. This provides a feedback

mechanism for regulating the levels of cAMP.

The p42 MAP kinase, ERK?2 also phosphorylates PDE4 isoforms resulting in activation of
short forms and inhibition of long forms (Hoffmann et al., 1999; MacKenzie et al., 2000).
This is with exception of PDE4A members, which do not act as a substrate for ERK2
(Baillie et al., 2000).

PDE4 is a cAMP-specific enzyme, with a K, of 1-3uM for cAMP. It is inscusitive to
cGMP and Ca’/CaM and is specifically inhibited by Rolipram and Ro 20-1724. PDE4
inhibitors are of great interest due to the role PDE4 activity has been shown to play in
discasc states including asthma, chronic obstructive pulmonary discase (COPD) and

depression (reviewed in Spina et al., 1998, Spina 2003 and Burnouf & Pruniaux 2002).

1.2.5 The PDES Family
PDES enzymes are known as the c¢GMP binding, cGMP specific PDEs and are

characterised by the presence of two ¢GMP hinding domains located N-terminally to the
catalytic unit. PDES is encoded for by a single genc that gives rise to four splice variants;
PDESAL, PDESA2, PDESA3 and PDE5SA4, which have differential tissue distribution but
share identical catalytic domains. PDES is expressed in several tissucs including vascular

smooth muscle cells, heart and lung (Loughney ct al., 1998; Giordano 2001).

Binding of cGMP to both PDES ¢GMP binding domains does not affect PDES activity, but
does induce a conformational change that allows phosphorylation by PKG, the cGMP
dependant kinase, and PKA at Ser’ (Thomas ct al, 1990; Corbin & Frances [999).
Phosphorytation leads to an increasc in PDES activity. PDES is also activated by Zn™ ifons
which are essential for catalysis. Specific inhibitors for PDES include DMPPO; a
compound currenily under investigation in medels of hypoxia induced pulmonary
hypertension due to ils vasodilatory properties (Eddahibi et al,, 1998); and Sildenafil, 4

treatment for male erectile dysfunction that has also been shown to reduce the hypoxic
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increase in pulmonary arterial pressure (PAP) in models of hypoxia induced pulmonary

hypertension {(Zhao et al., 2001; Michelakis et al., 2003). PDL5 levels and activity have
been reported 1o increase in hypoxia induced models of pulmonary hypertension and the
selective dilation of the pulmonary vascalature by Sildenafil provides a new target for

treatment of pulmonacy hypertension (Murray et al., 2002).

1.2.6 The PDEG6 Family

The PDE6 family are expressed in retinal rods and cones and play a key role in the visual
transduction cascade. Due to this, PDEG are more often referred to as the photoreceptor
PDE family. PDI6 is highly specitfic for cGMP and is the only known tamily of PDE to be
regulated by G-proteins. ‘They exist as hetero- or homotetramers comprised of catalytic
subunits (o, o, 1) and inhibitory subunits (y and 8). The two types of photoreceptor cells,
rod and cone, cxpress different forms of PDEy. The visual cascade is initiated by photons
that interact with rhodopsin, resulting in the activation of the G-protein teansducin (Tofy).
Active transducin (Ta-GTP) dissociates from T8y and binds to the inhibitory ¥ subunits of
membrane bound PDEG. This relieves inhibition of PDE6 and decreases cGMP, closing the

c¢GMP-gated channel and resulting in hyperpolarisation of the membranec.

Rod PDEy is also expressed in Iung, kidney, heart, pulmonary smooth muscle and airways.
In these systems, Rod PDEy is phosphorylated by the (i-protein receptor kinase (GRK) 2
which regulates the epidermal growth factor (EGF) stimulation of ERKI1/2 in human
embryonic kidney 293 cells (FIIK 293; Wan et al., 2001) 'L'his regulation also involves the
Sre kinase which exists in a complex with PDEy and upon stimulation with EGF, GRK2
associates with this complex. Sre inhibitors block activation of ERK1/2 by EGF as does
mutation of the The™ residue of PDEy (Wan et al., 2003).

1.2.7 The PDE7 Family

The PDE? family are high affinity cAMP PDEs, similar to that of PDEA4, but are rolipram
insensitive (Michaeli el al,, 1993). The PDE7 family are comprised ol iwo genes and three
individual PDE7 isoforms have been identified, PDE7A1, PDE7A2 and PDE7BI.
PDE7A] is expressed in the immune system, PDE7AZ2 is highly expressed in skeletal
muscle and heart und PDE7?B is abundant in the pancreas, brain, heart and skeletal muscle
(Iletman et al., 1999). PDE7A was initially suggested to play a role in T-cell activation and
proliferation {Li et al., 1999}, however studies using PDE7 knockowt mice have disproved
this (Yang et al., 2003). Recently, it has been discovered that PDE7 activity can be
inhibited by spiroquinazolinones (Lorthiois et al., 2004; Bernardelli et al., 2004),
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1.2.8 The PDES Family

‘I'he PDES family are cAMP specific with an affinity for cAMP to rival that of PDE4 and
were discovered screening a database of ESTs (expressed sequence tags) to identify PDE
ESTs (Sederling et al., 1998; Soderting & Beuvo 2000; Hayashi et al., 2002). Two variants
of PDES exist, PDESA and PDESB. PDI8A is highty expressed in testis, eye, liver,
kidney, skeletal muscle, embryo, ovary and brain (Soderling et al., 1998). PDHESB is
expressed highest in the human thyroid gland, brain and kidaey.

PDES is unique in that it contains a single PAS domain (Per, Arnt, and Sim proteins)at the
N-terminus which regulates protein:protein interactions. Specific functions for the PDES
isoforms remain to be discovered. PDES is, unusually, inscnsitive to inhibition by the so-

called general PDE inhibitor, 3-Esobutyl-1-methytxanthine, (IBMX).

1.2.9 The PDES9 Family

PDHY is a ¢cGMP specific PDE expressed in many tissues including spleen, small intestine,
kidney, heart and brain tissne (Fisher et al,, 1998). Unlike other cGMP PDEs, PDE9 facks
a non catalytic cGMP hinding domain. Four variants of PDII9 have been identified but
thwir function is as yet unclear. The enly compounds known to date to ichibit PIDE9 are the

PDES and PDIE1 inhibiting compounds, zaprinast and SCHS518866 (Dousa, 1999).

1.2.10 The PDE10 Family

PDEI10 is a dual substrate family with K, of 0.05uM for cAMP and 3pM for cGMP, The
Vyax for ¢cGMP hydrolysis is approximately five times greater than that for cAMP, This
suggests ¢cGMP hydrolysis by PDE10O can be inhibited by ¢cAMP, therefore PDLEICQ has
been refermed to as the cAMP-inhibited, cGMP spccific PDE (Soderling et al., 1999;
Fujishige et al., 1999). Two splice variants ol PDE10 have been identified with PDE10A1
and PDE10A2 comtaining two N-terminally located domains that are similar to the cGMP
binding domains of PDE2, PDES and PDE6. Unlike the other cGMP specific PDEs
however, the cGMP binding domains in PDE10 are not thought to primarily function as
such. PDI210 s sensitive to inhibition by IBMX (Soderling & Beavoe 2000).

1.2.11The PDETT1 Family

The PDEI1 family also catalyse the hydrolysis of both cAMP and ¢GMP and contain a
GAT (so named for cGMP binding and stimulatcd phosphodiesterase, Anabaena adenylyl
cyclases, and Escherichia coli FhlA) domain at their N-terminus, rclating them to the
other GAl containing PDEs, PDE2, 5, 6 and 10. There have heen four isoforms of PDE11

identified to date (Yuasa et al., 2000) with cach contuining variations of the GAF damain.

P e U S
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PDL11A1, PDEITIA2 and PDE11A3 contain one intact GAF domain and one

incomplele GAEF domain. PDE11A4 contains two complete GAT" domains {Yuasa et al.,
2001). PDE11 isoforms also display differential tissue expression with PDE11A3 being
specifically expressed in testis and PDE!1A4 are predominanily cxpressed in the prostate.
PDEL1AL is abundant in skeletal musele (Yuoasa et al., 2001). No physical functions have
been related to any of the PDE11 isolorms as yet.

1.3 Organisation and Regulation of the PDE 4 Family

The Drosophila melanogaster dunce gene was the first gene to be discovered that
specifically affected behaviour. Mutations in the dusice gene led to defects in learning and
memory (Davis & Davwalder 1991). The mammalian PDEA family are homologues of the
dunce gene. Cloning of the dunce PDE led to discoveries surrounding the rcgulation and
kinetics of cAMP PDEs and the subsequent cloning of mammalian PDE4 genes. Four
mammalian PDE4 genes were discovered located on three chromosomes with a high
conservation between species. these fonr genes cach give rise to multiple splice variants
with unique N-terminals that arc all characterised by their ability to be specifically

inhibited by rolipram,

1.3.1 Modular structure of PDE4

The PDE4 family are further characteriscd by the presence of upstream conserved regions
known as UCRT and UCR2 at their N-terminus. The region that links UCR}? and UCR2
together is called linker region 1 (LR1), and linker region 2 (LR2) connects UCR2 to the
catalytic domain (see figure 1.2). In contrast to UCR1 and UCR2, the linker regions differ
between the different PDE4 families, perhaps conferring isoform-specific functional
properties. The aliernative mRINA splicing of members of the PDIE4 family occurs at two
major splice sites, one at the extreme N-termini and the other at the beginning of UCR2.
This means both “long” isoforms containing hoth UCR1 and HCR2 and “shoit” iseforms
with enly UCR2 are produced. An additional splice site also generates “super-short”
isoforms which have an N-terminally trancated UCR2. UCR1 and UCR2 have no
homology to one another, yet are conserved in PDE4 homologs, suggesting they are of

functional importance.

Stadies have revealed that the C-terminal of UCRI1 interacts specifically with the N-
terminal of TJCR2 (Beard ct al., 2000; Lim ¢t al, 1999; MacKenzic ct al., 2000). PKA

phosphorylation is kmown to affect this interaction, but some investigators suggest it

—— a
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strengthens the interaction (Lim et al., 1999), whilst others have shown that it can

weaken it (Beard et al. 2000). UCR2 has also been shown to act as a regulalory domain on
the catalytic region (Beard et al.,, 2000; Lim ¢t al.,, 1999). N-terminally truncated PDE4,
with the N-terminus of UCR2 removed, causes an increase in PDE4 activity indicating the
role of the UCR2 as an inhibitory domain on the calalytic unit of PDE4. This has been
demonstrated to be the case with the PDEAD and PDE4AS isoforms (Lim el al., 1999;
Beard 2002). UCR2 has also been implicated in the targeting of PDDE4 isoforms.

1.3.2 Reguliation of PDE4 actlvity

The PDE4 family is regulated through the actions of protein kinases. Lang forms of PDE4
contain two PKA phosphorylation sites. Tn PDE4D3, these are Ser'? and Ser™. Ser'’ is
located at the unique N-lerminal of the isoform and Ser™ is located within TCR1. PKA
phosphorylation elicits activation of the PDE4 enzyme (Alvarez ct al., [995; Sette & Conti
1997: Hoffmann et al., 1998; Beard et al., 2000; Oki et al., 2000}, Only the Ser” residue
has been shown (o be essential tor activation by PIXA phosphorylation in the PDE4D3
isoform by mutation of Ser™ to Ala™® (Sette & Conti 1996). Replacing Ser™ with Asp™ or
Glu®* can mimic enzyme activation (Hoffmann et al., 1998). The PKA consensus sequence,
RRESF, is also found within the UCR1 region of other PDE4 long forms, suggesting all
can be activated by PKA phosphorylation. Other work has shown that this is the case for
PDE4AS, PDE4AB1, PDE4C2 and PDE4DS as well as PDE4D3 (MacKenzie et al., 2002).
PKA phosphorylation induces a conformational change in the PDE4 enzyme which
increases the affinity of UCRI1 for UCR2. 'L'his relieves the auto-inhibitory actions of
UCR2 on the catalytic domain and allows PDT4 to bind cAMP (Lim et al, 1999).
Although PKA does phosphorylaic Ser'” in PDE4D3 unlike other PDE4 long forms, the

functional conseqguences of this are still unclear (MacKenzie et al., 2002),

'The extracelfular kinuse (p42), ERK?2 is activated by dual phosphorylation (Prowse & J.ew
2001) and phosphorylates the long form PDE4D3 at Ser’””. This leads (o a reversible 75%
reduction in PDEAD3 enzyme activity (Hoffmann et al., 1999). More recent work has
revealed that although isoforms encoded by the PDE4A, 4B, 4C and 4D genes all contain
the ERK2 docking sites, KIM and FQF, (MacKenzie et al., 2000), only PDEAB, 4C and 4D
act as substrates for ERK2 (Buaillie et al. 2000). ERK2 phosphorylation of PDE4 long
forms is transient, as it causes a localised increase in cAMP and thus activation of PKA.
PKA phosphorylation can negate the ERK2 inhibition of PDE4 long forms, (Baillie et al.,
2000; Hoffmann et al., 1999) introducing feedback regulation. Studies have revealed that

whereas ERK2 phosphorvlation of PDE4 long forms causes inhibition of enzyme
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activation, ERK2 phosphorylation of PDE4 short forms surprisingly induces activation

(Baillie et al., 2000). Thus there are oppesing effects on ERK by cAMP. Inhibition of FRK
is achieved through the Raf-1 isoform whereas ERK activation by cAMP is achieved
through the B-Raf isoform. The cAMP signalling pathway is subject to many points of
“cross-talk” between itself and the FRK pathway (Houslay & Kolch 2000). In humnan
aortic smooth muscle cclls, ERK stimulation fceds into an autocrine loop that results in
activation of a PDI4 long form (Baillie et al., 2001, figure 1.3). Activated ERK caused an
increase in PGE; which wuas relcased from the cell and activated adenylyl cyclase. This
induced a rise in cAMP levels with a concomitant increase in PKA activity and resultant
PDE4D3 phosphorylation. This phosphorylation ablated the effect of ERK phosphorylation

and a pet activation of PDE4ADS was observed.

1.3.3 The PDEA4A subfamily

The PDE4A gene is located at chri9pi3.1 and gives rise 1o seven dillercut isolorms
(Houslay et al., 1995; reviewed in Houslay 2001). It was originally thought that the
inactivation of cyclic nucleotides was the only function of phosphodiesterases, but research
suggests PDHs also play a role in signal compartmentalisation. The ‘super-short” PDE4A
isoform, PDE4A1l, (also known as RD1), is exclusively membrane-associated, a feature
unique among the PDE4 isoforms. It was initially revealed that the first twenty-five
residues of the N-terminus of PDE4A] are essential in membrane targeting (Pooley et al.,
1997, Houslay et al., 1995; Houslay et al., 1998). N-terminally truncated isoforms were
found solely in the cytosol. Further work revealed that PIDB4AT was specifically targeted
towards the Golgi complex in FTC ccll lines (Fooley et al., 1997). Displacing PIJIH4A}
from the membrane requires non-ionic detergents indicating that the binding invelved
hydrophobic interactions. Tnvestigation by Baillie et al., 2002 reveakd that PDE4A1 is
inserted into the membrane in a manner due solely to an 11-residue helical module within
the N-terminus that also confers sclectivity for intcraction with phosphatidic acid (PA).
Interaction with PA has previously been shown to alter PDE4 activity. The module
identified has been named the iryptophan anchoring phosphatidic acid selective binding

domain 1, {TAPAS-1). Insertion is Ca* dependant and irreversible.

The human PDE4A4D, initially known as pded6, is a homologue of the rat PDE4AS and is
a ‘long form’ PDE. PDE4A4B sclectively binds SIT3 domains e.g. of Src family kinases
and this binding alters PDE4A4B sensitivity to rolipram through a conformational change
in the catalytic unit (McPhee et al., 1999; MacKenzie & Houslay 2000). The SH3 binding
domains located in the N-terminus and UCR?2 region also act (o target the PDE4A4B/4AS

PN
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isoform to the plasma membrane where it localises in membrane ruffles (Beard et al.,

2002). Pcrinuclear localisation of PDE4A4B/4AS has been attribuicd to the N-terminal of
UCR2. During apoplosis in Rat-1 fibroblasts and PC12 cells, the SI13 domain is cleaved by
caspase 3. PDE4A4B/4AS5 loses its targeting ability and is found uniformly throughout the
cell (Huston et al., 2000). Binding of rolipram to PDE4A4/4AS also affects intracellular
distribution, inducing foci formaltion (Ferry et al., 2003). Another ‘long form’ PDE4A, rat
PDI4AS (also known as rpde39), does not have a lluman homologue and bas been shown
to be exclusively expressed in the testes and hepatocytes (Bolger ot al., 1996). PDE4AAT7 is
a catalytically inactive isoform which is N- and C-terminally truncated (Johnston et al.,
2004). The inactivity of 4A7 is nol through ishibitory actions of the N- or C-terminal
domains as temoval of cither of these does not allow PDE4A7 to hydrolyse cAMP. The
PDE4ALQ isoform was originally clored from a rat olfactory lobe ¢IINA library (Rena et
al., 2001}, PDE4A10 is another PDE4A ‘long form® which migrates ai approximately the
same size as PDE4A4 and the newly characterised, PDE4ALL (Tm3) on SDS-PAGE
(~121kDa) PDE4A10 is conserved between human, mouse and rat and displays a

predominantly perinuclear localisation in COS7 cells (Rena et al., 2001).

1.3.4 The PDE4B subfamily

The human PDEA4B gene is located at chrl and it provides four PDE4B isoforms. PDE4B2
is a short form PDE, subject to activation by ERK2, and PDE4B1, 48B3 and 4B4 are ail
long forms (reviewed in Houslay 2001). All PDE4Bs are found in both particulate and
cytosolic fractions of cells. H is well established that PDE4 is the predominant PDE in
leukocytes and has been atiributed with a role in inflammation as it is involved in the
activation and proliferation of inflammatory cells (Banner et al., 1999; Banner et al., 2000;
Ogawa et al., 2000). In addition, PDE4 iphibitors significantly reduce TNF-o. and IL-f
release from LPS-stimulated macrophages (Kambayashi et al., 1995, Timmer et al., 2002).
PDEA4B has been singled out in inflammation as it is the predominant PDE4 in neutrophils
and monocytes. In particular, the PDI4B2 isoform is the sole PDE4B variant expressed in
these cells and is induced by lipopolysaccharide (LPS) in a mamner inhibited by interleukin
(IL)-10 and IL-14 (Wang et al., 1999).

Induction of PDE4B2 has also been observed in cells exposed to 1L-1p (Oger et al., 2002)
or a combination of IL-1p and TNE-a (Hakonarson et al., 2001). The increase in PDE4B2
has becn reported to be due to the raised cAMP levels in response to IL-1P treatment.
Exposing myometrial cells to IL-1P raised PGIE; prior to induction of PDE4B2 and this

induced an increasc in PDE4 activily. IL-1P caused an initial incrcase in cAMP lovels,
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peaking at twelve hours, before PDIE4 aclivity increased to a peak at eightcen hours and

cAMP levels were reduced. The non-specific inhibitor of PGE, synthesis, indomethacin,
was observed to completely block the rise in cAMP and the increased PDE4 activity (Oger
et al., 2002). PDE4B2 induction in myometrial cells has also been observed directly in
response to cAMP ruaising agents (Mchats et al.,, 1999) or naturally in near pregnant and
pregnant myometrinm (Mchats et al,, 2000). PDE4B2 has alse been implicated in the
contraction of myometrial strips as PDE4 inhibitors can block spontancous myometrial
coniraction {Mehats et al., 2002).

1.3.5 The PDE4C subfamily

The PDE4C gene is located at chr19p13.2 and is reported to give rise to three long forms
of PDEAC (Obernolte et al.,, 1997). There is little research on the PDEAC subfamily,
although it is known that the PDE4C2 isoform is subject to regulation by ERK2
phosphorylation. Upon ERK2 phosphorylation at Ser™, activity of PDE4C is inhibited
(Baillie et al., 2000).

1.3.6 The PDE4D subfamily

The PDEA4D gene is located at chromosome 3 and through two major and one minor splice
points (sce figure 1.2), nine splice variants have been reported so far (Bolger et al., 1997;
Wang et al., 20b3; Gretarsdottir ¢t al., 2003}, Only one of these is a short form, PDE4D1
with a weight of 68 kDa, The super-short form PDE4D2 has an N-terminal trancation and
is (he same weight as PDEAD]. PDE4DG is also ancther super short form with a predicted
weight of 59kDa. PDE4D3, PDE4D4, P14DS, PDE4AD7, PDE4DS and PDE4DY are all
long form PDE4Ds with weights of 95, 119, 105, 103, 96 and 95kDa respectively (weights
of PDI7, 8 and 9 are predicted). The similarity in sizes on SDS-PAGE of PDE4DI with
PDR4D2; PDE4D3 with PDE4DS, 9, PDE4DS with PDE4D7 and indccd PDE4A4 with
PDE4A10 and PDE4All highlights the necessity of correct identification of PDI4
isoforms by means other than SDS-PAGE,

The function of PDEAD has been investigated in knock-out mice models. Studies on
PDE4D™ mice have shown that PDE4D plays a major role in growth and contraction.
These transgenic mice display a lower than normal weight due to a reduction in muscle and
bone mass and decreased weight of internal organs (Jin et al., 1999). The airways of mice
deficient in PDE4D are also refractory to muscarinic cholinergic stimulation (Hansen et al.,
2000). Iurther studies revealed this was due to a [ive-fold increase in sensitivity to
prostanoid stimulation and an enhanced cAMP synthesis. The tracheal response to the

contractile agonist carbachol was reduced in transgenic mice and could be mimicked by

R
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treating wild-type mice with rolipram. Inactivation of PDE4B had no effecl on tracheal

contraction. The PDEAD™ phenotype could be reversed by indomethacin (Mehats et al.,
2003).

1.3.6.1 Inferactions and Targeting of the PDE4D subfamily

In COS7 cells, PDE4D] and 4D2 were found sclcly in the cytosol while PDE4D3, 4D4
and 4D5 were located in both the cytosolic and particulate fractions (Bolger et al. 1997).
This confirms the involvement of the unique N-terminal in targeting as both 4D1 and 4132
are short forms and therefore do not possess it. Translocation of the 4D3 isoform from the
pacticulate fraction of cells to the soluble fraction has been seen in vascular siooth muscle

cells upon stimulation of both the ERK and PKA pathways (Iiu & Mauricc 1999).

Temporal compatrtmentalisation of the PDE signal has been shown in FRTL-5 cells (Jin et
al. 1998). Upon stimulation with thyroid stimulating hormone (TSH), PDE4D long forms
were activated at membranous structures almost immediately while 4D2 was activated in
the cytosol after a period of time. PDE4D long forms are targeted towards the

Golgi/centrosome and filamentous structures within these cells.

In addition to PKA and ERK phosphorylation, PDE4D3 is also subject to regufation by
PA. Accumulation of endogenous PA, through inhibiting the actions of PA degraders,
induced an increase in PDE4 activity with a resultant decrease in cAMP and PKA activity
{(Nemoz et al., 1997). In FRTI.5 cells, PDE4D3 was demonstrated to specifically bind PA
in a unique binding site in the N-terminal region which conlains the PKA phosphorylation
site (Grange et al., 2000).

As with PDE4A4B/4AS, PDE4D4 has also been shown to contain an SH3 domain that
predisposes PDE4D4 to bind selective SH3 domain proteins (Beard et al., 1999), Binding
of Src or Lyn SH3 demains are prevalent, with no detectable effect on the catalytic activity
of PDEAD. It is postulated that this interaction is involved in targeting of the PDE4D

isoform.

PDE4DS specifically has been demonstrated to interact with the receptor for activated
kinase (RACKI). This interaction does not affect activity of the enzyme, but does allect
sensitivity to rolipram (Yarwood et al., 1999}. No physiological role for this inleraciion has

yet been uncovered.
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It has becn recently shown that all PDE4 isoforms can interact with the scaffolding

proteing, B-Arrestinl/2. Indeed, it has been demonstrated that PDE4D3 and PDE4DS are
targeted to activated GPCR along with B-Arrestin, aiding the localised degradation of
cAMP (Perry ct al., 2002) and receptor desensitisation. The interaction of PDE4 and [3-
Arrestin is also involved in the “switching™ of GPCR from the Gy subunit to the G; subunit
of the G-protein, This occurs upon PKA phosphorylation of the receptor and Icads to ERK
activation within the cell. By using a cataiytically inactive mutant of PDE4D35 which
displaces active PDE4DS from [-Asrestin, it was demonstrated that with inuctive PDE4D,
Br-adrenoceptor can inducc higher levels of PKA and increase the levels of rceceptor
activated ERK (Baillie et al, 2003). PDE4 thus plays a key role in fiy-adrenoceptor

regulation.

The scaffold protein myomegalin was identified as an interacting protcin for PDEAD
through yeust two hybrid analyses using PDE4D3 as hait (Verde et al., 2001). This
interaction was demonstrated to localise PDE4D3 to Golgi/centrosomal arcas and occurs
through the N-terminus of UCR2 in PDE4D (Verde et al., 2001). As UCR2 is conserved in
PDE4 long forms, it is possible that other PDE4 isoforms also interact with myomegalin.
The UCR2 of PDE4N3 has also been shown to interact with AKAP450, targeting PDE4D3
to the centrosomal region in Sertoli cells (Tasken ct al., 2001). UCR2 is not the only
putalive targeting mechanism of PDF4. As each isoform ditfers only at their N-terminus
and LR, il was proposcd that these regions conferred isoform-specilic targeting. Indeed, it
has been demonstrated that the muscle-selective AKAP, mAKAP, interacts with the unique
N-terminus of PDE4D3 and not PDE4DS, targeting it to perinuclear regions in cardiac
cells (Dodge et al., 2001).

1.3.6.2 induction of PDE4D by cAMP

Intronic promoters have been identified controlling the expression of the PDE4D1 and
PDE4D?2 isoforms. Within these promoters, cAMP response elements (CRE) have becn
identified that allow cAMP responsc element binding protein (CRED; revicwed in
Montminy 1997; Shaywitz & Greenberg 1999; Mayr & Montminy 2001) to bind and
induce expression. This was demonstrated to bhe the case in Sertoli cells, where raising
cAMP levels upregulated the expression of PDE4D1 and PDE4D2 (Vicini & Conti 1997).
A CRE site has also been uncovered in the PDE4DS promoter and ¢cAMP-dependant
induction of PDE4DS has been obscrved in human alrway smooth muscle cells (Le Jeune

et al., 2002).
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1.4 PDEA4 Inhibitors and Disease

It has long been knawn than an increase in cAMP levels can suppress the immune response
and inducc smooth muscle cell relaxation (Schudt et al., 1999; Torphy 1998; Torphy et al.,
1999; Wong & Koh 2000; Essayan 2001). Studies revealed that the PDE4 family is
responsible for the majority of cAMP hydrolysis in immune and inflammatory cells as well

as pulmonary and airway smooth muscle cells.

For these reasons, there has been interest in the development of PDE4 inhibitors for use in
such diseases as asthrna and chrouic obstructive pulmonary disorder, (COPD; Spinu et al.,
1998; Landells et al.. 2001; Spina 2003; Grootendorst et al., 2003; PDE4 inhibitors
reviewed in Burnouf & Pruniaux 2002). Indeed, theophylline, a non-specific PDE
inhibitor, has been used in the treatment of asthma for aver 70 years. Unfortunately, non-
specific PDE inhibitors exhibit emetic properties due to raising cAMP levels in the emetic
centres within the central nervous system. For this reason, PDE4 isozyme specilic
inhibitors are being devcloped and tested. These inhibitors demonstrated that PDE4A/4B
inhibitors inhibitcd TNFa relcasc from monocytes and attenuated the proliferation of T
lymphocytes while PDE4D inhibitors had no effect on these responses (Manning et al.,
1999), PDEA4C is absent in cells involved in the immune response. Other disease states for
which PDE4 inhibitors have been considered include depression, rhewmatoid acthritis,
eczema and multiple sclerosis (Doherty 1999; Essayan (999; Houslay et al., 1998; Schmidt
et al, 1999; Schudt et al. 1999; Souness & Rao 1997; Torphy 1998; Torphy et al., 1999;
Wong & Koh 2000). A new PDE4 inhibitor-cilomilast, is in development as a treatment for
COPD and asthma (Giembycz 2001).

Recent research has implicated PDE4D7 and PDE4D9 isoforms in ischemic stroke
{(Gretarsdottir et al., 2003). A decreased level of PDE4D7 and PDE4D9 was obscrved in
EBV transformed B-cell lines from affecied paticnts which correlated to an increased risk
for the disease. The authors proposed that PDE4D is involved in atherosclerosis underlying
ischemic stroke due (o the previous research on PDE4 inhibitors. In vascular smooth
mitscle cells, PDE4 inhibitors have been demonstrated to sigunificantly potentiate the
antimigratory effects of forskolin (Palmer et al., 1998; Goncharova et al., 2003) and
attenunate proliferation (Pan et al., 1994; Johnson-Mills et al,, 1998). PDE3 and PDE4
inhibitors used together act synergistically to dramatically reduce proiiferation (Pan et al.,

1994; Johnson-Mills et al., 1998).
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1.4.7 Relaxant effects of PDE4 inhibitors

It is well known that raising cAMP levels in vascular smooth muscle cells initiates
relaxation (Murray 1990), an effect also seen with PDE inhibition. Studies have indicated
that PDE4 and P43 inhibition cxert the most potent relaxant effect. Indeed, in human
intralobar pulmonary arteries, all PDE inhibitors tested induced a concentration dependant
relaxation ol which rolipram produced the most potent (Bardou et al., 2002). Other studies
have confirmed the relaxant effect of PDE4 inhibitors, and the synergistic effect when used
together with PDE3 inhibitors (Wagner ct al,, 1997; Eckly-Michel et al., 1997; Goirand et
al., 2001; Pauvert et al., 2002). PDBE4 inhibitors also potentiate the effect of cAMP
elevating agents in rat aortic smooth muscle cell (Tilley & Mawice 2002). The
vasorelaxant clfect of PDE4 inhibitors has been demonstrated to require a functional

endothelium prcsent (Komas et al., 1991).

The vasorelaxant properties ol PDE3 and PDE4 inhibitors are of cousiderable interest o
researchers regarding therapies for cardiovascular disease. In contrast with the systemic
circulation, the pulmonary circulation contracts in response to hypoxia. Chronic hypoxia is
associatled with several pulmonary diseases such as COPD and can be caused by vascular
injuries, thrombosis and ischemic cardiovascular disease. Sustained chromic hypoxiu leads
to the development of pulmonary arterial hypertension (PAH, see section 1.5 for further
details). The pulmonary vasoconstriction witnessed in hypoxia can be opposed by the use
of PDE4 and PDE3 inhibitors (Pauvert et al, 2002; Goirand et al., 2001). In PAH,
pulmonary artery relaxation is significantly attenuated in response o vasodilators. Studies
investigating the responses of isolated pulmonary artery rings to agonists that induce
relaxation in rat models of PAH, have demonsirated that PDE4 and PDE3 inhibitors can

improve the response ta vasodilators in the PAH rat (Wagner et al., 1997).

1.5 Pulmonary Arterial Hypertension

Pulmonary hypertension (PH) was previonsty grouped into two categories;, primary
pulmonary hypettension (PPH) or secondary pulmonary hypertension. Classification of
the disease depended on the absence or presence of identifiable causes or risk factors. In
2003, this classification was revised to take into account the identification of genetic
factors and is now grouped into three categories, idiopathic PAH, familial PAH and PAH

related to risk factors or associated conditions (see figure 1.4 for ‘Venice classification’).

A T e S we R e s



22
Pulmonary arterial hypertension is a progressive and usually fatal disorder characterized

by a maintained increase of pulmonary arterial pressure (PAP) caused by occlusion ol the
small pulmonary arteries (reviewed in Humbert et al., 2004). When the mean PAP exceeds
25mmHg at rest and 30mmHg during cxercise, this is diagnosed as PAH. Tdiopathic and
familial PAH is an uncommon disorder with an estimated occurrence of 1-2 cuses per
million people and is more commonly seen in females of 20-40 years of age. The
symptoms of PAH are extremely variable and the age of onsct differs dramatically between
individuals. This generally leads to the discase being diagnosed in ifs latter stages. The
variable age of onset and reduced penctrance of the disease also indicates environmental
factors play a role in the developreent of PAH. Current treatment sirategies include
prostanoids such as beraprost, (Badesch et al,, 2004), nitric oxide, endothelin receptor
antagonists like bosentan {Channick et al., 2004; see section 1.5.5.1 for further details),
vasodilators and in extreme cases, lung transplantation, PDE inhibitors are also included in

the list of emerging therapies for pulmonary hypertension (Ghofrani ¢t al., 2004),

In 1999, candidate gene mapping revealed a gene locus linked o lamilial PPII on
chromosome 2q33 (Deng et al., 2000). Through further studies on this locus, known as
PPHI, it has been indicated that mutations within a gene at this locus causes tamilial PPH
(The International PPII Consortium, 2000; Machado et al., 2001). This gene is the bone
morphogenelic protein type Il receptor (BMPR-H). Germline mutations in BMPRZ are also
found within at least 26% cases of sporadic PAH (Thomson et al., 2000; Machado et al,,
2001). To date, 46 unique mutations within the BMPR2 gene have been identified in cascs
of PAH (Machado et al., 2001). The mutations are dispersed throughout the gene except
for in three of the thirteen exons, 5, 10 and 13. The naturc of the mutations range from
frameshift to nonsense mutations, resulting in truncated transcripts and variable nucleotide
changes. 1t has been suggested that the inheritance rnechanism of PPH is
haploinsufficiency (Machado et al., 2001). This would indicate the pathway mediaied
through BMPR-II to be of critical importance in maintenunce and repair of the pulmonary
vascufature. BMPR2 encodes ihe transforming growth factor-f3 (TGE-B) type I recepior
BMPR-II which is expressed in the cndothelium and smooth rauscle cells of the pulmonary

and systemic vasculature.

Hypoxia-induced pulmonary hypertension is aggravated by the increased amount of 3-HT
delivered to the lung in rats and this can be blocked with a 5-1IT antagonist {(Eddahibi et

al., 1997). This occurs through a hypoxia-induced increase in 5-HT transporler (5-HTT)
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levels (Eddahibi et al., 1999). A study of patients with PAH revealed a link between the
variant of 5-HTT expressed and susceptibility to PAH (Eddahibi ci al., 2003).

PAH occurs more commonly as a consequence of serious disorders such as COPD, HIV
infection or left ventricular tailure. Additionally, secondary PAH can develop due to the
use of appelite suppressants such as fenfluramine or aminorex phentermine and in vesponse
to sustained hypoxia caused by cardiovascular disease, vascular injury or due to high
aliitude, The prevalence of secondary PAH is difficult to estimate due to the large number
of causes overlapping with symptoms of more common disease states preveniing a clear

diagnosis.

The most frequent initial stimuli of PAH are mechanical obslruction to pulmonary flow
and hypoxia. Acuie hypoxia causes a reversible PAP increase whereas chronic exposure to
hypoxia induces alterations in the small pulmonary vesscls and readers lhe resultant

increasc in PAP irreversible.

1.5.1 Models used in research of PAH

The most comumnon animal model of PAH is the chronic hypoxic rat (Rabinovitch et al.,
1979). Male Wistar rats are exposcd to low oxygen (10%0;) by reducing the atmospheric
pressurce in a hypobaric chamber, A rise in PAP is observed after three days of hypoxia as
well as right ventricudar hypertrophy. After two weeks in hypoxia, hypertrophy of the
pulmonary artery occurs (Vender 1994). A more recently utilised rat model is the Fawn
hooded rat. The fawn hooded rats ave used for their inherited sensitivity to the development
of idiopathic PAH (Steizner ¢t al., 1992}, Recently, other transgenic mice have provided
valuable new models for study. For example, mice expressing a dominant-negaiive form of
thc BMPRII gene, dnBMPRII mice, display elevated PAP and pulmonary arterial
muscularisation when the mutation is activated after birth {West et al., 2004). These mice
confirm that a loss of function of the BMPRII gene is sufficient to produce a pulmonary
hypertensive phenotype. Also, mice that overexpress the 5-HTT transporter, S-HTT+ mice
(sec section 1.5.7 for further details), exhibit increased right ventricular pressure compared
with wild-type mice (MacLean et al., 2004). Under conditions of hypoxia, the 5-HTT+

mice display increased remodelling compared to wild-type.

Cells can easily be grown in a hypoxic environment, mimicking conditions that lead to the
development of PAH. Pulmonary vasoconstriction is an inherent property of pulmonary

vascular smooth muscle cells (Voelkel & Tuder 1997) and a direct effect ot hypoxia on
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smooth muscle cclis has been witnessed. After 1 week of hypoxia, the proliferation rates

of PASMC from distal human pulmonary arteries werc observed to increase (Yang et al,,
2002) and isolated PASMC cells have also been observed to contract in response to
hypoxia (Murray 1990). Human PASMC (hPASMC) have therefore been utilised as a
cellular model of PAH (Mwray et al., 2002; Murray et al., 2003).

1.5.2 Pathology of PAH

PAII is associated with right ventricular hypertrophy and changes in the structure and
function of smooth muscle cells, fibroblasts and endothelial cells leading to a sustained
increase in PAP and vasoconsirictivn, These changes, along with the heterogencity among,
cell phenotypes, coniribute to the vascular remodelling (reviewed in Mandegar et al., 2004,
Humbert et al.,, 2004), altered tone, thrombosis and vasoreactivity witnessed in PAH.
Although the entire pulmonary vascular (ree undergoes histological alterations, it is the
smaller vessels which are primarily affected. Vascular smooth muscle cells preliferation
rate increases, resulting in medial hyperirophy and arteriolar muscularisation, [ibrosis,
thrombosis. Endothelial cells increase in proliferation causes intimal thickening and the
formation of plexiform lesions. The dysfunction of inflammatory cells is also considered to
play a role in the development of PAH. All of these problems contribute to the remodelling
of the pulmonary vascular tree. Medial hypertrophy is mainly due to abnormalities
observed in pulmonary artery smooth muscle cell (PASMC) function, namely an increase
in proliferation and migration (Yuan & Rubin 2001). Another characterisiic of some forms
of PAH is the {ormation of plexiform lesions arising from (he concenlric endothelial cell
proliferation and smooth muscle cells migration. ‘These lesions occur distally to obliterative

intimal lesions.

Pathophysiological studies have highlighted the importance of scveral mediators in the
devclopment of PAILL namely, Pndothelin-1 (scction 1.5.3.1; Giaid et al.,, 1993), nitic
oxide (section 1.5.5.2; Giaid et al., 1995), prostacyclin (1.5.5.3; Christman et al., 1992;
Tuder et al., 1999) and serotonin (5-HT, section 1.5.7; Herve et al., 1995; Mackean et al.,
2000).

1.5.3 Pulmonary artery smooth muscle cells

Increased smooth muscle cell proliferation and liypertrophy have heen implicated in the
development of PAII (Yuan & Rubin 2001) and leads to muscularisation of the pulmonary
resistance vessels, Hyperplasia is characteristic of the larger vessels, whereas the small
vessels undergo more extensive remodelling (ITumbert et al., 2004). The pulmonary artery

smooth musele eclls are normally present in a quiescent and contractile slate, but injary to




25
the vessel wall activates cells into a proliferative, migratory and secretory phenotype.

This phenotypical change has been reported to be dependant upon the growth factors
(ransforming growth factor p (TGF-f3}, and basic fibrablast growth factor (bFGF; Boudreau
et al., 1991). The smooih muscle cells then migrate through to the intimal layer and can
invade the lumen of the vessel forming concentric iesions. Thrombin induced hypertrophy
has been demonstrated to occur through activation of a sel of immediate early genes (IEG),
whereas PDGF induced proliferation occurs through an alternative set of IEG (Rothman et
al.,, 1994). IEG expression in both instances appears to be regulated by extracellular

calcium, PKC and sodium (sce below for further details).

In cultured PASMC, hypoxia inhibits the voltage gated potassium channels in PASMC
causing a depolarisation of the membrane and a resultant increase in intracellular calcium
(Platoshyn et al., 2001; Limsuwan et al., 2001; reviewed in Strange et al., 2002). The rise
in Ca® occurs through many different mechanisms including activation of voltage
dependant calcium channels, the produciion of inositol |,4,5-triphosphate (IP3) thus
facilitating the release of Ca™ from intracellular stores, and the increase of Ca® levels by
reversing Na'/ Ca™ exchange (Madden et al., 2001). 1t has also been reporied that the
maintenance of Ca®* levels is aided by the inhibition of Na*/ Ca*" exchange (Wang et al.,
2000). A reduction in K channel exptession and function has been observed in PASMC
from PAH patients (Yuan et al., 1998a; Yuan et al.,, 1998b; review of hypoxic effects on
K* channels, Raj & Shimoda 2002) as well as in PASMC cultured in hypoxia (Wang et al.,
1997) or exposed to seram from patients with PAH (Limsuwau et al., 2001), The rise in
intracellular calcium also leads to vaseconstriction and activation of PKC. PKC is a
calcium dependant enzyme that stimulates DNA synthesis in systemic artery smooth
muscle cells and PASMC will not proliferate in response to hypoxia unless PKC is
activated. Recent studies using a PKC-g knockout mouse model confirmed the role of PKC
in hypoxic vasoconstriction as the transgenic mice displayed reduced hypoxic pulmonary
vasoconstriction (Littler et al., 2002). As well as increased proliferation and hypertrophy,

hypoxia also decreases upoplosis of PASMC.

PASMC exposed to hypoxia also display an increase in Rho-kinase activity that has been
reported 1o contribute to hypoxia-induced pulmonary vasoconstriction (Wang et al., 2001).
This is mediated by Rho-kinasc increasing myosin light chain phosphorylation. Use of the
Rho-kinase inhibitor Y-27632 was able to ablate this effect. In addition, Rho-kinase
activalion caunscs an inhibition of myosin phosphatase, enabling PASMC to sustain

constriction (Wang et al., 2003).
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1t frus been shown that vascular smooth muscle cells display marked heterogeneity with

several functionally distinet phenotypes (Frid et al., 1997). Each distinct population of cells
expresses different cyloskeletal and contractile proteins and channels and display different
growth rates and responses to growth factors. In hypoxia, there is a redistribution of these
cell types, altering the phenotype and responses of cach pulmonary artevy. This
heterogeneity of smooth muscle cells adds complexity to an already complex interplay of
many different factors involved in the response to chronic hypoxia und the development of

PAH.

1.5.4 Pulmonary artery fibroblasts

An increase in extracellular matrix proteins and pulmonary arterial [ibroblasis (PAK) is
observed in PAH due to sustained hypoxia. This causes vascular hardening maintaining
pulmonary vasoconstriction. Increased fibroblast proliferation has becn shown lo exceed
that of PASMC and pulmonary artery endothelial cells {PAEC) in hypoxic animal models
(Belknap et al., 1997). Hypoxia acts through Guojyp and Gq coupled Ty activation to
promote fibroblast prolileration (Stenmark et al., 2002). Molecular studies have revealed
that constitutive p38 MAPK (scction 1.5.6) activity enhances PAF proliferation in

remodelled vessels (Welsh et al., 2001).

Similar to PASMC, PAF also display marked heterogeneity (Stenmark et al., 2002).
Responses to hypoxia are unique among the sub populations of cells, with some even
displaying a reduction in DNA synthesis. Populations of PAF with hypoxia induced
changes in proliferative and matrix~-producing phenolypes also display the expression of
simooth muscle a-actin, suggesting that some PAF transdifferentiate into myofibroblasts

(Stenmark ct al., 1995).

1.5.5 Pulmonary artery endothelial cells

Endothelium-dependant mediators have been implicated in the moduiation of hypoxic
pulmonary vasoconstriction. Indeed endothelial dysfunction has long been consideted to
have a key role in the development of PAH. The endothelium releases vasoconstrictors
such as endothelin and vasodilators including prostacyclins and NO. An imbalance
between vasodilators and vasoconsirictors and an increase in PAEC proliferation is

apparent in PAH.




1.5.5.1 Endothefin-1 7
Endothelin-1 (ET-1; Yunigusawa et al., 1988; Masaki et al, 1991) is a potent
vasoconstrictor produced by both pulmonary and systemic endothelial cells. It is released
upon stimulation by a range of agents including epinephrine, TGR-f and TL-1 and also by
shear stress or hypoxia. Once releascd, ET-! binds to type A receptors (ET,) found mainly
in smooth muscle cells or type B recepiors (ETp) found on endoihe[i;ﬂ cells. BTa receptors
are gencrally thought to regulate vasoconstriction by facilitating the production of IPa,
while 0Ty receptors of endothelial cells lead to vasodilation through the release of niiric
oxide (NO; Eddahibi ¢t al., 1991). However, the distribution of receptors displays
anatomical heterogeneity with BT mediating vasoconstriction in the large arteries, while
in the smaller resistance arteries atypical ETg rcceptors regulate vasoconstriction
{(McCulloch et al,, 1998). No effect has been observed through the binding of ET-1 to
endothelial cells, hence the contributory effect of ET-1 to sustained vasoconstriction. ET-1
also contributes to vascular remodelling through increasing the proliferation of PASMC

via ETa receptors (Janakideva et al., 1992; Zamova et al., 1993).

ET-1 can also indirectly increase cGMP Icvels through NO release and directly stimulate
or inhibit the synthesis of ¢cAMP in pulmonary arteries. The ET-1 induced increase in
¢GMP occurs in the larger pulmonary arteries alone through the ETa receptor. The
increased synthesis of cAMP by ET-( is observed in the small resistance arteries and could
be blocked by an ETg receptor antagonist. ET-1 mediated reduction in ¢cAMP levels is
mediated in part by the ET, receptor and occurs in (he main pulmonary arteries. All these
etfects werc endothelium independent (Mullaney et al., 2000). Under chronic hypoxic
conditions, basal levels of cAMP are reduced in all but the small resistance arteries of the
rat where CAMP levels are mildly increased (Mullaney ct al., 1998). ET-1 induced cAMP
responses were lost in the hypoxic rat. Reduction of cAMP in the large pulmonary arterics
was no longer obscrved in hypoxic rats, instead, a significant increuse of cAMP was
observed, In the resistance arteries of the hypoxic rat, ET-1 was no longer able to increase

cAMP (Mullaney et al., 1998).

ET-1 levels have becn shown to be raiscd in systemic and pulmonary circnlation in patients
with primary and secondary PAH to a level sufficient enough to induce vasoconstriction
(Stewart et al., 1991; Cody ct al., [992; Cacoub ct al., 1997}, The role of ET-{ in PAH
(reviewed in MacLecan 1998: Maclcan 1999) has been investigated [urther through the use
of chronic hypoxic rat models. In lungs from the chronic hypoxic rat, ET-1 levels and ET4

receptor cxpression increase (Li et al., 1994). Further investigation into these alterations in
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the lung uucovered an increase in vasoconstriction mediated by the ET 4 receptor in the

large and small pulmonary arteries {MacLean et al., 1995; McCulloch et al, 1998). HI
receptor antagonists have thus been developed to investigate their therapeutic potential in
PAH. Teo date, the ET 4 and mixed ET 4 /BTy receptor antagonists tested have proven to be
cffective at hindering Gie development of and even reversing PAH in chronic hypoxic rat
models (DiCarlo et al., 1995; Chen et al., 1997, Underwood ct al., 1998; reviewed in
MacLean 1999). Curreatly, a mixed E1'-1 receptor antagonist, bosentan, is in use as a
treatment for PAH patients (Channick et al., 2004),

1.5.5.2 Niiric Oxide

Nitric oxide (NQ) is 4 well characterised molecule with functions including inhibition of
smooth muscle growth and constriction (Singh & Lvans 1997). The etfects of NO ure
mediated partly through the soluble guanylyl cyclase receptor which incrcases ¢cGMP in
cells and, in turn, increases PKG activity. PKG reduces the intracellular concentration of
Ca”* and hyperpolarises the membrane through inhibition of voltage and receptor Ca™*
channels and activation of K" channels respectively. Smooth muscle relaxation is also
induced through the activation of myosin light chain phosphatase by ¢c(GMP. Independently
of ¢cGMP, NO signalling in hypoxic conditions has been demonstraicd to induce
modifications in enzymatic activity and. more recently, activate the sarcoplasmic reticulum

Ca**-ATPase (SERCA) causing a decrease in intracellular calctum (Mingone et al., 2003).

NO is produced in endothelial cclls during the conversion of L-arginine (o T-citrulline
which is catalysed by nitric oxide synthase (NOS). There are three known types of NOS,
pNOS or iype I NOS which is secreted by neurones. Type I NOS or iNOS is inducible and
secreted by various cells in response to cytokine stimulation. Type I NOS or eNOS is a
Ca™.dependant, constituitively expressed isoform secreted by endothelial cells. eNOS
deficient mice display mild PAH in a normal atmosphere and have an increased
susceptibility to hypoxia induced pulmonary hypertension (Fagan et al., 1999), Similar
studies in mice wilth disrupted iINOS or nNOS genes suggest these isoforms have a minor

role in determining PAP in mice.

Results from studics investigating NO levels in hypoxic conditions and in PAH have
procduced conflicting results. In hypoxic rat lungs, eNOS and INOS mRNA and protein
levels have been reported to significantly increase {Igari et al., 1998).
Immunocytochemical staining revealed the de novo eNOS and iNOS proteins appear in the

small and medium sized arteries of hypoxic rats whereas these proteins appear limited (o
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large arteries in aormoxic rats {LeCras et al.,, 1996). Hypoxia has also been shown to

inducc iNOS in a HIF-1 dependant manner in PAEC and PASMC (Palmer et al., 1998).
Lungs from patients with PAH also display an increased amount of eNOS, especially in the
plexiform lesions (Mason et al., 1998). Lung NO production in PAR patients has been

reported by several groups o increase (Archer et al., 1998; Forrest et al., 1999).

A number of studics have rcported a reduction in NO levels in PAH. Both acute and
chronic hypoxia were observed to attenunate NO production in the main pulmonary artery
ol the rat with a resultant decreasc in intracellular levels of ¢cGMP (Shaul et al., 1993;
Maclean et al., 1996). In addition, pulmonary arteries from patients with PAH have been
observed to exhibit reduced cxpression of eNOS (Giaid & Saleh 1995). More recent work
on pubmonary arteries from the chronic hypoxic rat have shown that although endothelial
NO production in response to carbachol was reduced, total NG protein was unaltered,
indicating hypoxia uffects eNOS activily at the post-translational level (Murata et al,,
2002) Such results were the reason for use of inhaled NO therapy in PAH.

NO has heen shown to inhibil ET-1 induced pulmonary vasocomnsiriction (Lang & T.ewis
.1991) and aticnuate vascular remodelling (Horstman ¢t al., 1998). Inhaled NQ has proven
benetficial to patients with short-term and reversible PAH, but not for patients requiring to
use it over long periods due to its icritant properties and short action. Among patients
treated with inhaled NO, the cffects arc varied and it is not always successful as a
treatment. Underlying this could be the cause for oppasing results from diflerent research

groups. As such, the definitive role of NO in PAH remains to be determined.

1.5.5.3 Prostaglandins

Arachodonic acid (AA) is metabolised through the cyclooxygenase and lipuoxygenase
pathways to form prostaglanding and leukotrines. Metabolites of arachodonic acid such as
prostacyclin {PGI;) and thromboxane (TyAj) elicit vasoactive effects in the pulmonary
circulation (reviewed in Christman, 1998). PGl; is produced by endothelial cells and is a
potent vasodilator and an inhibitor of platelet aggregation. PGy activation of prostacyclin
receptors stimulates synthesis of cAMP, leading to vasodilation and reduced DNA
synthesis in vascular smooth muscle cells. The net effect of this is a reduction in

pulmonary vascular resistance. TyAq is produced by platclets and is a vasoconstrictor,

Depending on experimental conditions, hyvpoxia has been reported to both increase and

decrease prostacyclin release. Patients with severe PAH have an imbalance in production
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of PGI; and TyAz and a reduction in expression of PGI; synthase (Christman et al., 1992;

Tuder et al., 1999). An overexpression of PGI; synthase has been reported to protect mice
against hypoxia induced pulmonary hypertension (Geraci et al., 1999), Conversely, PGI,
has been reported to increase in responsc to scven days hypoxia (Shaul et al., 1991). ET-1

can also induce PGI; production in rat lung (Barnard ot al., 1991).

In most instances, the effects of PGI; are mediated by the production of cAMP as
responses can be mimicked in cultured cells using isoprenalinc and forskolin, and

potentiated using the general PDE inhibitor, IBMX.

Clinical studies investigating the use of prostacyclin analogues as a treatment in PAH
revealed they increase survival rate (reviewed in Badesch et al 2004). However, short half-
lifes and side effects compromise the benelits, therefore new prostacyclin analogues are
under development and testing. Subcutanecus delivery of Treprostinil hus beneficial
effects on exercise and hemodynamics, however side effects including nausea, headaches
and pain and erythema al the site of delivery. In Burope, another prostacyclin analogue,
Tloprosi, hus recently been approved for the treatment of PAH and is delivered through
inhalation. Inhaled iloprost has little effect on the systemic circulation, providing sclective
vasodilation of the pulmonary circulation as does inhaled nitric oxide, but only iloprost

studies indicate an increased survival rate.

1.5.5.4 Vascuiar Growih Factors

Many vascular growth factors are sccrcted by PAEC and a number of these have been
observed to be increased in IPAH. The most well characterised example is the vascular
endothelial growth factor (VEGF). Although VEGF is not secreted by endothelial celis
under physiological conditions, it is present in plexiform lesions of PAH patients (Archer
& Rich 2000). The only known target of VEGF is the endothelial cells themselves. In
hypoxic conditions, the VEGF gene is stimulated almost instantly due to binding of the
hypoxia inducible factor -1 (HIF-1; reviewed in Semenza 2000) to a hypoxia responsc
elernent (HRE) in the promoter region (Gerber et al., 1997). VEGF is also known to be
upregulated in PAH (Tuder et al., 1995).

Endothelial cells nnder hypoxic conditions are also known to release a plaelel-derived
growth tactor (PDGF) which induces vasoconstriction and stimulates PAF migration and
prolifcration (Peacock et al., 1993; Faller et al., 1999). PDGF is also capable of inducing
VEGF. Another growth factor upregulated in PAH is TGF-f (Acrot et al., 1993). In
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vascular cells, the predominant effects of TGF-B are growth inhibition, cell

differentiation and stimulation of collagen synthesis. Other growth factors elevated in PAH
include; bFGF (Arcot et al., 1995); IGE-t (Perkett et al., 1992) and EGF (Gillespie ct al.,
1989). The increase in secreted growth factors from endothelial cells can lead to increased
profiferation of PASMC through feeding into the mitogen aclivated protein Kinases
(MAPK) pathways (Xiao 1993).

1.5.6 Mitogen Activated Protein Kinases

Mitogen activated protein kinases (MAPK) are activated by a wide range of stimuli
including growth factors, hormones, extracellular matrix components, GPCR agonists,
cellular stress and cytokines (reviewed in Gutkind 2000; Tibbles & Woodgcil 1999;
Wildman et al., 1999). MAPK are split into groups according to their function. The best
characterised MAPK are the extracellular regulated kinases | and 2, also known as p44 and
p42 respectively. The functions of the ERKI/2 are extremely diverse and include
regulation of ccll profiferation (reviewed in Stork & Schmitt 2002), differentiation and
tumorcgeucsis. Other well characterised MAPK wie; the c-Jun NH;-terminal kinases also
known as INK/SAPK, and the p38 MAPK [umily. INK and p38 MAPK are involved in the
cellular response to stressors. MAPK are activated through phosphorylation by a« MAPK
kinase (MAPK) which is activated through phosphorylation by a MAPKK kinasc
(MAPKKK)}. Each family of MAPK have specific MAPKK and MAPKXK and upstream

activators (figure 1.4).

1.5.6.1 Activation of MAFPK
The classical MAPK pathway of ERK1/2 is now well characterised (figure 1.5). Binding of

epidermal growth factor (EGF) to its tyrosine kinase receptor (RTK) Icads to the
phosphorylation of the receptor itself and other substrates. Phosphorylated sites act as
docking sites for adaptor proteins such as Gib2 which conlaing a Sre homology 2 (SH2)
domain and two SH3 domains or Shc which possesses a phosphotyrosine binding (PTB)
domain, one 8112 and one SH3 domain. She acts as a subsirate for the EGF receptor and
upon phosphorylation binds the SH2 demain of Grb2, resulting in the recruitment of SOS.
S80S induces the exchange of GDP bound fo Ras for GTP and initiated the MAPKKK
cascade. Once activated, [LRK1/2 translocates to the nucleus and phosphorylates key
transcription fuctors that ultimately reguolate the expression of genes essential for proccsses
such as cell proliferation. GPCRs can also influence cell growth and differentiation
through activation of the ERK /2 pathway (reviewed in Gutkind 2000). This occurs in the

same munner as RTKs, In contrast, activation of the JNK pathway occurs through GPCRs
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and not RTKs {Coso et al., 1995). How this occurs is as yet unclear as is the activation

of the p38 pathway by GPCRs.

1.5.6.2 Hypoxia-induced activation of MAPK

Nunerous studics have revealed hypoxia induced activation of the MAPK cascades in
many different cell types {reviewed in Minet et al.,, 2000a). PAF and PAEC have been
reported by several groups to display a marked activation of the ERK1/2 pathway under
hypoxic conditions (Minet et al., 2000b; Scott el al., 1998; Welsh et al., 2001). In addition,
pulmonary arteries from chronic hypoxic rats also show ar activation of ERK1 and 2 that
peaks at day seven (Jin et al.,, 2000). Increased phospho-ERK1/2 was observed in both

large and small pulmonary arteries along with the activation of JNK and p38.

The p38 family and JINKs have also been reported to display an increased activity in PAF
exposed to acute hypoxia for up to 30 hours (Scott et al., 1998). Activation of p38 peaked
at 6 hours and 24 hours while JINK activation peaked at 6 hours before returning 1o basal
levels. p38 activity is also increased in PAF, but ot in aortic fibroblasts, under chronic
hypoxic conditions (Welsh et al, 2001). The transient increase in aetivation can be
explained by the induction of MAPK phosphatases in hypoxia or in response to MAPK
activation (Laderowte et al., 1999; Ward et al., 1994). "This feedback control could be to

avoid apoptosis which has been shown (0 occur with sustained MAPK activation.

1.5.6.3 HIF-1 and ERK1/2

Hypoxia inducible factor -1 (HIF-1} is a transcription factor responsible for the induction
of expression of glycolytic enzymes, metabolic enzymes, proteins involved in proliferation
and proteins involved in vascular biology (reviewed in Semenza 1999; Huang & Bunn
2003). HIF-1 can be induced by various hormones, serum and hypoxia. HII-1 is composed
of two subunits, HIF-1a and HIF-1f3. Both subunits arc constituitively expressed, however
HIF-1a is rapidly degraded under normal conditions by proteasomal degradation. Under
hypoxic conditions however, degradation of the HIF-1a subunit is attenuated allowing a
higher amount of functional dimers to form (Sutter ct al,, 2000). Thus, research has
focused on HIF-1a as the regulator of the hyposic response. HIE-1 activates target genes
by translocating to the nucleus and binding to a hypoxia response clement (HRE) in the
promoter region. HIFF-1a and HIF-1 knockout mice models results in embryonic lethality,
Pattially HIF-1o deficient mice display a marked reduction in vascular tcmodelling in

response o hypoxia (Yu et al., 1999),

A
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HI-1a is highly phosphorylated in vivo which allows the stabilisation of the protein.

Phosphorylation of HIF-1a is mediated by an ERKI/2 dependant pathway (Minet et al.,
2000b). The other well known MAPK, JNK and p38 MAPK, do not phosphorylate HIF-1a
(Richard et al, 1999). HRKI1/2 phosphorylation has been shown to promote the
transcriptional activity of HIF-1a (Richard et al,, 1999). The effect of HIE-1o on gene
expression is also regulated by p53 which inhibits HIE-1 stimulated transcripiion
(Blagosklonny et al., 1998). Other regulators of IIF-1 include Jabl and p300/CBP (Bac et
al,, 2002; Kallio et al., 1998).

1.5.7 Role of 5-Hydroxyiryptamine in PAH

The use of appetite suppressants such as aminorex has been determined to be a significant
risk factor for the development of PATI (Tashman 1999). These drugs belong to a vast class
of amphetamine and epinephrine like drugs that act by increasing local and circulating 53-
HT levels. This increase is achieved by the inhibition of 5-HT transporters (5-HTT),
release of platelet 5-HT and preventing 5-HYT clearance by inhibiting monoamine oxidase

MAO).

5-HT is a vasoconstirictor of the pulmonary circulation and a co-mitogen of vascular
smooth muscle cells in culture. 5-HTT is also involved in 5-HT signalling through
activation of NAD(P)H oxidase to produce reuctive oxygen species (ROS) and ERK1/2
activation which is involved in 5-HT induced smooth muscle cells hyperplasia or
hypertrophy (Lee et al., 1999). 5-HT levels have been reported to increase under scveral
conditions that Icad to the development of PAH (reviewed in Macl.can ct al., 2000). Levels
of the 5-HTT are ulso observed to increase in lung tissue and pulmonary arteries from PAH
patients with a resultant enhancement of PASMC proliferation in response to 5-HT
(Eddahibi et al., 2001). This has also been observed in hypoxic PASMCs (Eddahibi et al.,
1999). The increased expression of the 5-HTT is also associated with a polymorphism of
the 5-HTT promoter (Eddahibi et al., 2001). It has previously been shown that mice with
targeted S-HTT gene disruplion are tess prone to develop PAH than control mice (Eddahibi
ct al,, 2000). 5-HTT inhibitors have been observed o attenuate hypoxia induced PAH.

Vasoconstriction induced by 5-HT occurs through the 5-HTpnp and 5-HT24 receptors
depending on vascular tone and in a species specific manner. In humans, vasoconstriction
is mediated by the 5-ITT(y receptor (Mackean 1999). In rat pulmonary artteries,
vasoconstriction usunally occurs through the 5-1TT:a receptor, however in the chronic

hypoxic rat model, vasoconstriction is mediated by the 5-HT g and 5-HT,a receptors
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(MacLean et al., 1996). 5-HT p/p receptors are coupled to the Gao; protein and induce

contraction by decreasing cAMP levels. Confraction through the 5-HT;, receptors occurs
through stimulating the Go, pathway, leading to an increase in intracellular calcium and

activation of PKC.
1.5.8 Cyclic nucleotide pathways in PAH

1.5.8.1 Cyclases

Functionally important isoforms of adenylyl cyclase found in the rat lung are AC2, AC-6
and AC-8 (Jourdan et al., 2001). AC-2 is potently stimulated by PKC (Facobowitz &
Tyengar 1994) and is tnsensitive to calcium. AC-6 is inhibited by both PKA and PKC, as
well as by calcium (Lai ct al., 1999; Iwami ct al., 1995; Cooper et al., 1995). AC-8 is
stimulated by calcium binding and PKC has no effect (Cali et al., 1994). Taken together,
these regulatory properties of the AC isoforms found in the lung allows for a tight
regulation of cAMP levels, able to tailor stimulation or inhibition when required in
response o specific etfectors. Under chronic hypoxic conditions, it has been demonstrated
that AC activity measured under GTP, forskolin or isoproterenol stimuiation is reduced in
rat hearts (Pet et al., 2000; Hrbasova et al., 2003). Hypoxia has also been demonstrated to
atfect gnanylyl cyclase. Soluble GC levels and activity have been reported o increase in

chronic hypoxic rals (Li et al., 1999).

1.5.8.2 Cyclic nucleotides

Muany of the effects of thc pathways mentioned exert their effects through cyclic
nucleotides. Stimulation of the cAMP or cGMP pathways in smooth muscle leads to
relaxation while inhibition of these nucleotides would lead to contraction of smooth

muscle. This is mediated by the cAMP- and cGMP-dependant kinases, PKA and PKG.

An increase in either cAMP or cGMP is known to inhibit vascular smooth muscle cell
proliferation (reviewed by Koyama et al., 2000; Hayashi et al., 2000). Through (he actions
ol PKA, cAMP attenuates proliferation by antagonising mitogenic pathways and causes a
cell cycle block by arresting cells in the Gy phase and also in the Go/M phase (Kronemann
ct al., 1999; Stewart ct al., 1999; Van Oirschot ct al., 2001), Growih factors such as PDGF
induce the ERK pathway in early G| phase of the cell cycle, Several studies have indicated
the regulation of ERK activation by cAMP {reviewed in Schmitt & Stork 2001). cAMP can
inhibit growth factor mediated activation of ERK and also suppress activity of the ERK
pathway (Bornfeldt & Krebs 1999; Yu ct al., 1997). It is believed this is uchieved through

the antagonism of Ral activation. FHowever, inhibition of the ERK1/2 pathway is not
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always required for cAMP induced growth arrest (Balmanno et al., 2003). Inhibition of

CRK by cAMP is cell-specific, in certain cell types cAMP can lead (o the activation of
ERK. In cells expressing COX-2, activation of the ERK cascade acts us a negative

regulator of proliferation through the production of cAMP (Bornfeldt and Krebs 1999},

Raising cGMP levels also attenuates smooth muscie cell proliferation, although not as
potently as cAMP (Yu et al., 1997). In contrast to the cAMP-induced biock of the cell
cycle, it has been observed that cGMP delays Gi/S transition in smooth muscle cells
(Fukumoto ct al., 1999). This indicates the pathways governed by cAMP and ¢GMP

involved in proliferation are distinct,

In addition (o its inhibitory effects on proliferation, cAMP also inhibits migration of
smooth muscle cells (Goncharova et al., 2003; Newman et al., 2003). It is uncicar how this
is achieved, although a link between PKA and inhibition of cell migration is clear in
several siudies, aithough this effect is again cell-specific (Sun et al., 2002; Kaufman et al.,
2002). In addition, cAMY inhibits the synthesis of some extracellular matrix proteins (Kaji
et al., 1996) and also, as mentioned previousiy is involved in the role of smooth muscle
cell contraction/relaxation. It appears that raising cAMP levels is able to inhibit most of the
processes involved in the response to vascular injury in smooth muscle cells, making
cAMP signalling pathways an attractive therapeutic targel in cardiovascular disease such
as PAH. Indced it has been shown that the chronic hypoxic rat displays reduced levels of
both cyclic nucleotides in all pulmonary arteries with the cxeeption of the resistance
arteries (MacLean et al., 1996). The differing eflects of hypoxia on the cyclic nucleotide
levels in separate arteries can be explained by the heterogeneity of the smooth muscle cells
in each branch. It should be noted thut other studies have indicated a rise in cGMP levels in
chronic hypoxic rats compared to controls (Cohen et al.,, 1996). An increase in cyclic
nucleotides would be beneficial under hypoxia, aiding to restore the normal tone of the
pulmonary circulation. In fact, it has been suggested that hypoxia initially leads (o an
increase in cAMP through PGI. activation, yet after proifonged exposure to hypoxia,
desensitisation occurs and pathways are initiated to remove cAMP. In addition, it has been
shown that PKA can activate PDE3A and PDE4 in smooth muscle whilst inhibiting AC6,
altogether reducing cAMP levels (Murthy et al., 2002).
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1.5.8.3 CREB

The cAMP response clement binding protein (CREB) is activated by PKA and is
responsible for cAMP effects on gene cxpression (reviewed in Mayr & Montminy 2001,
Shaywitz & Greenberg 1999). PKA activates CREB threugh phosphorylation on Ser! >,
Phosphorylated CREB is then able to bind to cAMP responsive elements (CRE) in the

promoter region of cAMP inducible genes.

CREB has also been reported to be phosphorylated at Ser'™ by PRG (Pilz et al., 2003),
Akt (Shaywitz et al., 1999), and PKC (Sacki ct al., 1999) amongst other kinascs (reviewed
in Johannessen et al., 2004). Other sites in CREB also act as phosphoacceptor sites

including Ser!'” and Ser'?! including hypoxia induced kinases {Taylor et al., 2000).

Hypoxia has been shown to lead to a rapid phosphorylation of CREB at Ser* in a manner
more potent than that of lurskolin in PCI2 cells {(Beitmer-Johnson & Millhorn 1998).
CREB phosphorylation was not mediated through PKA or any of the pathways known to
activate CREB. In addition, the phosphorylation of CREB was sustained for 24 hours
which is in contrast with the typical rapid phosphorylation/dephosphorylation of CREB.
The authors of this study suggested that the maintained CREB phosphorylation implicated
a role for CREB in the cells adaptive response to hypoxia. Indeed, it is already known that
the CREB coactivator CBP/p300 interacts with [HIF-la and participates in the
transcriptional regulation of hypoxia induced genes (Arany et al., 1996). In smooth muscle
cells, active CREB is apparent in proliferating cells and reduced in thosc that are
proliferation-resistant (Klemm et al., 2001). Indeed, it was reported that CREB levels were
reduced in hypoxia where smooth muoscle cells are known to exhibit increased
proliferation. The activity of CREB was not measured however. These studies implicate
CREB in the hypoxic responsc and a further investigation of CREB regulation and

function could aid in the understanding of hiypoxia regulated gene expression.

1.5.8.4 Phosphodiesterases

Phosphodiesterase (PDE) activity is critical for the tight regulation of cyclic nucleotide
levels. An increase in PDE activity reduces the levels of cyclic nucleotides and thus the
effect of cAMP or cGMP on smooth musele functioning. The lung is known to express all
PDEs except the retinal specific PDE6 (Poison & Strada 1996; Soderling & Beavo 2000;
Yuasa ¢t al., 2000; Koyama et al., 2001). This presents the possibility that the actions of
cvelic nucleotides in the pulmonary circulation are dependant on the activities of the PDE

familics. Indeed, it has beenn demonstrated that both cAMP-PDE and ¢cGMP-PDE activity




increase in the pulmonary arteries of the chronic hypoxic rat (MacLean et al., l997).3£
Within the pulmonary artery, PDE1, PDE2, PDE3, PDE4 and PDES activities have all
been demonstrated (Pauvert et al., 2002). Inhibitors of euch of these families were also
demonstrated to relax precontracted vascular smooth muscle preparations (Pauvert ct al.,

2002).

A role for PDEIC in vascular smooth muscic cells has already been mentioned (Rybalkin
et al., 2002) and it i3 also recognised that PDEIC isoform expression in vascular smooth
cells differs between species (Palmer & Mavrice 2000). This is also thought to be the case

with PDE2 expression in vascular smooth muscle cells.

PDE2 displays low activity levels and although PIDE2 inhibitor use uncovered a role for
PDE2 in hypoxic pulinonary constriction in rat lung in one study (Haynes et al., 1990), a
regutatory function for PDE2 in vascular smooth muscle cell function has not been

reported.

Both genes of the PDE3 family are cxpressed in vascular smooth muscle cells and have
been demonstrated to be induced in response to cAMP-elevaling agents in vivo (Tilley &
Maurice 2002). However, maintained increases in cAMP levels in cultured rat and human
aortic SMC only increased levels of PDE3B (Palmer & Maurice 2000). Chronic hypoxia
huy been observed to incrcase PDE3 activity in rat pulmonary vessels (MacLcan ct al.,
1997). This increase can be explained by the induction of both PDE3A and PDIE3B in
chronic hypoxic rat pulmonary arteries (Murray et al., 2002). In the same study, a cAMP-

mediated increase of the PDE3A isoform in hypoxic hPASMC was demonstrated.

The use of PDE3 inhibitors on vascular SMC has been demonstrated to inhibit
proliferation (Johnson-Mills 1998), migration (Palmer et al., 1998) and act as a vasodilator
(Bardou ct al., 2001}. Indeed, cilostamide attennates hypoxia induced PAH (Phillips et al.,
2000). Unlortunately, PDE3 inhibitors also affect the systemic circulation and could lead
to harmful side effects if employed as a (reatment. Thus, newly developed PDE3 inhibitors
are currently under investigation as putative therapies lFor cardiovascular diseases.
Milrinone and SCA40 have been shown to be potent relaxants of preconstricted pulmonary
arteries (Teffrey & Wallstall 1998). Milrinone has also been reported to significantly
decrease PAP in Lhe hypoxic dog and heart failure paticnts (Jaski et al., 1985; Kato et al.,
1998).
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In rat and human vascular SMC, PDESAL and PDESA2 are expressed (Murray el al.,

2002; Rybalkin ct al.,, 2002). PDES is well known to be involved in the regulation of
smooth muscle cell relaxation. Under conditions of chronic hypoxia, PDES expression and
activity are observed to increase in rat pulmonary arteries and hPASMC (Murray ct al.,
2002), specifically the PDESA2 isoform. In other animul models of PAIL this result is also
observed (Hansen et al., 1998; Black et al., 2001). Consistent with these studies, inhibitors
of PDES are observed (o inhibit prolifcration and migration of vascular SMC, enhance NO-
protection against vascular leakage and act in a pulmonary specific manner (Osinski et al.,
2001; Schutte et al., 2000; Eddahibi ct ai., 1998). All of these mechanisms can atlenuate
the development of PAIL Indecd, the PDES inhibitor sildenafil hus been shown lo be
effective at improving the prognosis for PAH patients with no effect on the systemic
pressure (Zhao et al., 2001; Michelakis et al,, 2003), In the chronic hypoxic rat, treatment
with sildenafil prior to hypoxic exposurc protects against the rise in PAP and inhibits

vascular remodelling (Sebki et al., 2003).

PDE4 inhibitors have been developed for nse in inflammatory conditions such as COPLD
due to their ability to suppress the activity of imamune and inflammatory cells and reduce
airway smooth muscle hypertrophy and hyperplasia (Vignola 2004; Schmidt et al., 1999;
Essayan 1999: Spina 2003). Rccently, new PDE4 inhibitors, cilomilast (Ariflo) and
roflumilast, have been developed for use in the treatment of COPD and asthma (Giembcyz
2001; Compton et al 2001; Underwood et al.,, 1998). Investigation inte the role of PDE4
identified PDE4A and PDE4B us the major regulators of inflammatory cell functions with
4D also mediating in part (Manning et al., 1999). PDE4 and PDE3 inhibitors are able to
cause relaxalion of bronchial rings and when used in tandem, a much greater
bronchorelaxant effect is seen than when used separately. Airway SMC proliferation has
also been shown to be regulated by cAMP levels (Tomlinson et al., [995). PDE4 inhibitors
are known to display similar results in vascular SMC and therefore have been considered
for use in pulmonary disorders. Indeed PDE4 inhibitors are also capablc of inhibiting SMC
tnigration (Palmer et al., 1998) and proliferation (Chen et al 2002, Ogawa et al 2002). In
both proliferation and migration studics, PDE4 inhibitors or PDE3 inhibitors used alone
have mild effects, when used together they synergise to poientiate tbeir effect (Palmer et
al., 1998). Due to the success of clinical trials using PDE4 inhibitors as a treatment for
COPD, the potential for PDE4 inhibitors in wnodufating the response to hypoxia is
apparent. It is as yet unknown what effect, if any, hypoxia has on PDE4 in vascular SMC.
However, a differential expression of PDE4 in cases of COPD has been observed (Barber

et ul., 2004). It would therefore be beneficial to uncover the PDE4 isoforms expressed in
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pulmonary arterial cells and to distinguish isoform-specific functions. In this study, [ set
out to identify the PDE4 isoforms expresscd in human pulmonary artery smooth muscle

cells and investigate their role in the altered cyclic nucleotide fevels apparent in hypoxia.

In addition, the cAMP regulation of prolileration was investigated.
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| Brain Circadian rhythm,
learning, memory
Il Brain, lung Synaptic plasticity,
cell proliferation
arrest
] Olfactory Odorant
epithelium, stimulation
pancreas
v Widespread
\' Brain, heart,
Vi Heart, kidney, Cell proliferation
widespread
Vil Widespread Ethanol
dependancy
Vil Brain, pancreas Synaptic plasticity
IX Pituitary,
widespread

Table 1.1 Summary of adenylyl cyclase isoform distribution.
This table summarises the current knowledge of specific adenylyl cyclase isoform

distribution throughout the body and potential associated functions.
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I - ? 0 +
Il + 0 ? ?
v + + 0 ?
v + 0 - + (&)
VI + 0 - ?
vil + - 0 +

VIII - ? + ?
IX + ? 0 (inhibited ?

by calcineurin)

Table 1.2 Summary of adenylyl cyclase regulation
This table summarises the regulation of each adenylyl cyclase isoform. Question marks
represent modes of regulation that have not been fully investigated for that isoform.

Stimulation is represented by + and inhibition by -. O signifies no effect on that isoform.




PDE1 cAMP/cGMP | Nicardipine, vinpocentine, (+) Ca?*/calmodulin
zaprinast (-)PKA/PKG, CamKIl
PDE2 cAMP/cGMP EHNA (+) cGMP, PKC
PDE3 cAMP Cilostamide, cilostazol, (+) PKA, PKB
milrinone, amrinone (-) cGMP
PDE4 cAMP Roflumilast, Rolipram, (+)PKA, ERK, PA
Ro-20-1724, (-)ERK, caspases
cilomilast, denbufylline,
BAY 19-8004
PDE5 cGMP Sildenafil, DMPPO, (+) cGMP, PKA, PKG
vardenafil, tadalafil (-) caspases
Zaprinast
PDE6 cGMP Zaprinast, dipyridamole, (+)Transducin
sildenafil, DMPPO (-) cGMP
PDE7 cAMP Dipyrimidamole (+/-) PKA
PDE8 cAMP Dipyridamole PAS domain
PDE9 cGMP Zaprinast
PDE10 cAMP/cGMP Dipyramidole (-) cAMP
PDE11 cAMP/cGMP Dipyramidole, zaprinast

Table 1.3 Summary of phosphodiesterase family regulation

This table summarises substrate specificity and regulatory mechanisms for each of the

phosphodiesterase families. Compounds known to inhibit each family are also shown, not

all are selective. Stimulation is represented by +, and inhibition by -.
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Variable Conserved Variable

*Allosteric regulation  sSubstrate binding
*Membrane-targeting  site

*Autoinhibition *Inhibitor binding site
*Dimerisation

Figure 1.1 Modular structure of phosphodiesterases
All phosphodiesterase families share a common modular structure with a unique N-
terminal involved in regulation, a catalytic domain responsible for nucleotide hydrolysis

which is conserved throughout all PDEs and a unique C-terminal domain.
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Figure 1.2 Splice variants of the PDE4 family

The PDE4 family are characterised by the presence of upstream conserved regions known
as UCR1 and UCR2 at their N-terminus. The region that links UCR1 and UCR2 together is
called linker region 1 (LR1), and linker region 2 (LR2) connects UCR2 to the catalytic
domain. The linker regions differ between the different PDE4 families. Alternative mRNA
splicing of members of the PDE4 family gives rise to “long” isoforms containing both
UCRI and UCR2 and “short” isoforms with only UCR2 are produced. An additional splice

site also generates “super-short” isoforms which have an N-terminally truncated UCR2.
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Figure 1.3 Autocrine activation of PDE4DS5 by ERK

ERK activation inhibits PDE4D5 activity through direct phosphorylation. In human aortic
smooth muscle cells however, ERK leads to the autocrine production of PGE, which
stimulates adenylyl cyclase. cAMP levels then rise and PKA is activated and can then
phosphorylate PDE4DS. Due to the rapidity and magnitude of ERK dependant PKA

phosphorylation of ERK, activation overall is achieved (Baillie et al., 2001).
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Parkinsons's disease

Kakkar et al., 1999; Kakkar et al.,

PDE1
Tumorigenesis 1997
PDE3 PAH Wagner et al., 1997; MacLean et
al., 1997; Murray et al., 2002
PDE4 Asthma, COPD, Torphy 1998; Schmidt et al.,
depression, malignant 1999; Schudt et al., 1999; Torphy
gliomas, PAH, acute et al., 1999; Spina 2003; Gale et
lymphoblastic al., 2002; Nemoz et al., 1985;
leukemia, ischemic Grootendorst et al., 2003; Chen et
stroke al., 2002; Ghoframi et al., 2004;
Hatzelmann & Schudt 2001;
Wagner et al., 1997;Goirand et
al., 2001; Ogawa et al., 2002;
Gretarsdottir et al., 2003
PDES Lung ischemia Schutte et al., 2000; Sebkhi et al.,
reperfusion injury, PAH | 2003; Michelakis et al., 2003;
Eddahibi et al., 1998; Goirand et
al., 2001; MacLean et al., 1997;
Murray et al., 2002

Table 1.4 Summary of disease states PDEs are reported to play a role

This table summarises some of the diseases PDE inhibitors are therapeutic in or diseases in

which the PDE family has been implicated. References for the named disorders are also

included.
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Revised Clinical Classification of Pulmonary Hypertension (Venice 2003)

1. Pulmonary arterial hypertension (PAH)
i.] Idiopathic (IPAH)
1.2 Tamilial {’PAII)
1.3 Associated with (APALD:
1.3.1 Collagen vascular disease
1.3.2  Congenital systemic-to-pulmonary shunts
1.3.3  Portal hypertension
1.3.4  HIV infection
1.3.5 Drugs and toxins
1.3.6  Other
1.4 Associated with significant venous or capiliary involvement
1.4.1 Pulmenary veno-occiusive disease (PVOD)
[.4.2 Pulmonary capillary hemangiomatosis (PCH)
L.5 Persistent pulmonary hypertension of the newborn
2. Pulmonary hypertension witl: left heart discase
2.1 Left sided atrial or ventricular heart disease
2.2 Left sided valvalar heart disease
3. Palmonary hypertension associated with lung diseases and/or hypoxemia
3.1 Chronic obstructive pulmonary discase
3.2 Interstitial lung discase
3.3 Sleep-disordered breathing
3.4 Alveolar hypoventilation disorders
3.5 Cheonic exposure to high altitude
3.0 Developmental abnormalities
4. Pulmonary hypertension due to chronic thrombotic and/or embolic disease
4.1 Thromboembolic obstruction of proximal pulmonary arterics
4.2 Thromboembolic obstruction of distal pulmonary arteries
4.3 Non-thrombotic pulmonary embolism

5. Miscellaneous

Figure 1.4 Venice classification of pulmoenary arterial hypertension.
With the variety of new disorders proven to fead to pulmonary arterial hypertension, the
previous classification of PAH was considered to be outdated. Thus, in the Venice 2003

meeting, the classification was revised. Adapted {rom Simonneau et al., 2004,
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Figure 1.5 Activation of MAPK

The ERK, JNK and p38 cascades are the classic examples of MAPK cascades. Upon
stimulus, a MAP kinase kinase kinase, MAPKKK, activates its MAP kinase kinase
MAPKK. This leads to activation of the MAP kinase which can then relocate to the

nucleus and regulate gene expression through its action on transcription factors.
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Figure 1.6 ERK pathway

The ERK pathway can be activated through the actions of a stimulated G-protein coupled
receptor or activated tyrosine Kinase receptor. The intracellular cascades have different
points of cross talk where they can ‘finely-tune’ the ERK response following stimulation.

Red arrows signify the cAMP pathway involved in ERK activation.
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2.1 Mammalian Cell Culture

2.1.1 Maintenance of hPASMC

2.1.1.1 Human Pulmonary Artery Smooth Muscle Cells

Human Pulmonary Artery Smooth Muscle Cells (hRPASMC) are obtained commercially
from Cambrex Biowhittaker and are derived from 1% and 2™ order pulmonary arteries.
Each vial of cryopreserved cells came with a certificate ol analysis showing guaranteed
viability of cells, presence of smooth muscle cell markers and negative viral detection.
hPASMC were maintained in Smooth Muscle Growth Medium (SmGm, Carabrex) which
had been optimized for the growth of smooth muscle cells. The SmGm was prepared using
Smooth Mascle Basal Medium (SmBm) supplemented with 5% Foctal Calf Serum (FCS),
gentamycin GA-1000 (50ug/ml) penicillin/streptomycin (100 units/ml), human fibroblast
grawth factor-B (2ng/ml), human HGI (0.5 ng/ml) and insulin (Sug/mtb). ‘Ihese were all
available from Cambrex in single use aliquots as 4 SmGm-2 bullet kit. Cells were seeded
into 25cm” flasks at the recommended seeding density of 3500cells/cm” using the

following calculations:
Max. arca that can be plated = No. of cells available/Recommended sceding densily
Max. no. flasks prepared = Max. surface area that can be plated/Growih area of flask

Flasks were prepared with 1ml SmGm-2/5¢m? growth area of flask at 37°C in a 5% CO;
atmosphere for 30 minutes prior (o seeding. The day after seeding, and every other day
thereafier, the SmGm-2 was replenished to remove unattached cells and waste from the
cells, As the cells became more confluent, 2ml SmGm-2/5¢m? growth arca of flask was
used. Cells were maintained in a Heraues C0; incubaior set at 37°C in an atmosphere of 5%
CO,. The cells were examined daily for any signs of stress, for example atypical
morphology. Each vial of cells arrived at passage 3 and were used at passage 5-7 for all
experiments. Cambrex goarantee normal morphology and proliferation rates of cells until

passage 16,

2.1.1.2 Passaging of hPASMC

Cells were passaged at 85% confluency. This was achieved by rinsing the cells in SmBm
to remove atl traces of sermm. To detach the cells from the culture vessel, 2mls/100mm
plate of Trypsin/EDTA (145mM Na(l, 5.4mM KCl, 8.2mM Napl1PO,, 1.5mM KII,POq,
42mM Trypsin, 10mM Glucose and 0.7mM LEDTA) was added to the culture flask which
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was then left at room tempcerature. After 5 minutes incubation with Trypsin, the culture
vessel was rapped gently to detach any remaining adherent cells. Complete cell detachment
was checked by microscopic examination. The cells were then collected in 2mls/100mm
plate of fresh SmGm-2 and centrifuged at 700rpm for 3 min in the MSE Mistral 1000
swinging bucket centrifuge. The Trypsin/SmGm-2 solution was aspirated off the cells
before resuspending them in prewarmed SmGm-2. The cells were then plated out at the
optimal seeding density of 3500 cells per cm’ of growth area, SmGm-2 was replaced every

other day.,

2.1.1.3 Hypoxic hPASMC Model

At the desircd passage number and confluency, the culture vessels were split into two
groups following replenishment of SiGm-2. One group was returned to the normoxic
incubator whilst the other group were fransferred to a hypoxic incubator (Woll
Laboratories — Galaxy CQ; Galaxy incubator with 2-99% oxygen control) at an atmosphere
ol 5% CO, {550 bar), 10% O, balance N, (300 bar). Cells were initially maintained in the
hypoxic incubutor for 24 hours — (4 days to deterimine the optimal time point to investigate

sighalling. At all times, the hypoxic cells were (reated identically o the control cells.

2.1.1.4 Treatment of hPASMC with Agonists/inhibitors

Prior to treating hPASMC with various drugs, the cells were quiesced for 24 hours by

replacing the growth medium with SmBm.

2 1.2 Transfection of hPASMC with the Amaxa Nucleofactor

WPASMC were translected using a nucleofcctor and human aortic smooth muscie cell
nucleofector kit {Amaxa) according 1o manulacturer’s instructions. Briefly, hRPASMC were
irypsinsed as in section 2.1.1.2 and 1x10° cells/transfection were resuspended in 100u]
nucleofector solution. This was placed into a cuvette and inserted into the nucleofector that
was set at programme U-23. Once the programme was finished, the cells were gently
transferred into 3 wells of a G-well culture plate containing SmGm and left at 37°C in an

atmosphere of 5% CO, for 4-24 hours.

2.1.2.1 Transfection of siBNA consiructs

Using the nucleofector as described in section 2.1.2, siRNA samples were wransfected into
hPASMC. The siRNA samples were diluted to 60nM prior to usc and after nucleofection,
the cells were gently {ransferred into 3 wells of a 6-well culture plate containing SmGm

and left at 37°C in an atmosphere of 5% CO; for 24 hours.




2.2 Proliferation Analysis

2.2.1 DNA Synthesis Assays

22.1.1 Assay preparation

hPASMC were plated out into 96-well tissue cultwe plates at a seeding density of 1000
ceils/well 5 duys prior to the DNA synthesis assay. Cells were quiesced in SmBm for 24
hours prior o treatments. Smooth muscle growth medium containing 5% FCS was

reintroduced after this time.

2.2.1.2 Addition of [PH}-Thymidine

Twenty hours after additions, 0.5uCi/well PH]-Thymidine (Amersham) was added to the
plates. The cells were placed in their respective incubators for a further four howrs to allow
the tritiated Thymidine to incorporate before the plates were placed at -20°C to stop

prokifcration.

2213 Measuring radioactivity

The 96-well tissue culture plates were allowed to thaw at room temperature for two hours
beforc using a Betaplate 96-well harvester (Wallac) to harvest the plates onfo glass fibre
filler mats (Wallac). These were Lhen placed inio sample bags (Wallac) before being placed
into a 1205 Betaplate Liquid Scintillation Counter (Waltac) and [:‘H]—Thymidine

incorporation, expressed as counts per minute (cpm), was measured.
2.3 Biochemical Analysis

2.3.1 Harvesting Cell Lysate

23.1.1 Whole cell lysate production

Cells were harvested on ice and all buffers were pre-chilled. Cell media was removed from
plates and the cells were rinsed in icc-cold PBS. The cells were drained before scraping
into a [.5ml eppendorf in 350uls / 100mm plate complete KHEM buffer (S0mM KCl,
10mM EGTA, 1.92mM ECTA, 59mM HEPES-KOH pH 7.2 pius complete, EDTA-free
protease inhibitor cockiail tablets (Roche) and 1% Triton X-100. The cells were
homogenized by passing them through a 26 gauge needle 12 times whilst on ice. The cells
were then centrifuged at 13000rpm at 4°C for 3 minutes (Biofuge frescoe, Heraeus) to
remove cellullar debris. The supernatant was then removed, aliquoted and used for analysis

or shap frozen in dry ice before being stored at -80°C,
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2.3.2 Determination of protein concentration (Bradford assay)

Protein assays were carried out in 96 well microtitre plates. 2ul of sample was added to
48ul dH,0O and 200u] Bio-rad reagent (diluted 1/5 with distilled water). Each sample was
analysed in triplicate. Protein concentration of samples was calculated by meuasuring the
absorbances and constructing a standard curve using known concentrations of Bovine
Serum Albumin {BSA). This was achieved by using the Revelation package on the
computer, connected to an MRX wmicrotitre plate reader, which read abserbance at a
wavelength of 590nm. Protein concentrations were determined by plotting the standard
curve and using least squared regression analysis Lo obtain the line of best fit. The equation

of the line was used to determine the protein concentration of the samples.
2.3.3 SDS-PAGE Electrophoresis

2.3.3.1 Sample preparation for SDS-PAGE electrophoresis

Lysates were obtained from 100mm dishes scraped into 350pl of cKHEM + 1% Triton X-
100 buffer and spun at 13000 vpm for 3 mins at 4°C. The supernatant was kept and used for
protein measvrement before boiling in Hannah sample buffer (260 mM Tris/HCI (pk6.7),
55.5% Glycerol, 8.8% SDS, 0.007% Bromophenol blue, 11.1% 2-mercaptoethanoi,

Laemmli et al., 1970), for 5 minutes to denature the proteins.

2.3.3.2 Casting and running an acrylamide gel

When using over 50ug protein, a Bio-Rad Protean Il system was used. 16cm thick plates
were rinsed with distilled water and ethanol prior to use. The apparatus was assembled
according to the manufacturer’s instructions. A rcsolving gel containing the appropriate
percentage of acrylamide {determined by the molecular weight of the protein of interest),
usually 10% unless otherwise stated, was cast between the two plates of the gel apparatus
(10% 29:1 acrylamide:N,N’-methylenebisacrylamide mix, 375mM Tris/HCI (pHS8.8), 0.1%
SDS, 0.1% Ammonium persulphate, 0.06% N,NN°,N’,-tetramethylethylenediamine
(TEMED)). This was overlaid with water o ensure an cven gel and allowed to polymerise
at room temperature for one hour. The water was then removed and a 5% stacking gel was
poured, (5% 29 :1 acrylamide:N,N'-methylenebisacrylamide mix, 125mM Tris/HCI
(pH6.8), 0.1% SIS, 0.1% Ammonium persulphate, 0.1% TEMED). A comnb was carefuily
inserted immediately between the plates. The stacking gel was allowed io polymerise for
30 minutes before the comb was removed and the wells were washed with (ank buffer
(192mM Glycine, 23mM Tris, 0.15% SDS) to remove any unpolymerised acrylamide. The
gels were then placed in a running tank containing tank buffer in both upper and lower

reservoirs. Bio-Rad prestained broad range precision protein markers were loaded iato the
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first well to allow determination of protein weight by gel electrophoresis inigration,
Prepared samplcs were loaded into the wells and the gels were run at the appropriate

current (8mA overnight) uatil the dye front reached the bottom ol the gel.

2.3.3.3 Running a NuPAGE gel

When using less than 50pg protein, the Novex NuPAGE gel systcms were used with
Invitrogen pre-cast 4-12% Tris-Glycine gels. Samples were prepared as in 2.3.3.1. Tank
buffer used was either MOPS buffer or MES buffer depending on the size of the protein

wishing to visualize. Gels were run for 45 minutes at 200V,
2.3.4 Western Blotting

2.3.4.1 Protein transfer from acrylamide gef to nitrocellulose membrane

Following electrophoresis, the gels were placed into a transfer cassette. Under transfer
buffer {192mM Glycine, 25mM Tris, 20 % Methanol), a piece of foam was overlaid with a
piece of Whatmann 3MM filter paper. The gel was placed on top of this and overlaid with
a piece of Protran nitrocellulose paper (Schleicher & Schuell). The nitrocellulose was
covered with another piece of Whatmann filter paper und finally another piece of foam.
During assembly, care was taken Lo ensure air bubbles were excluded from alf layers. The
cassette was closed and placed into a Hoefer transfer tank filled with transler buffer with
the nitrocellulose side of the cassette to the positive electrode. The proteins were

teansferred for 0.06 amps overnight or 0.6 amps for 1.5 hours.

2.3.4.2 Blocking of nitrocellufose

Onee the proteins had been transferred onto the nitrocellulose as in section 2.3.4.1., the
membrane was washed with distilled water followed by visualisation of the transferred
proteins with Ponceau S stain {0.1% Ponceau S, 3% Trichloroaceatic ucid). The Ponceau S
stain was added to the nitrocellulose for a few minutes until the protein became stained, the
nitrocellalose membrane was then washed with water and rinsed with Tris-buftered saline
(TBS-tween 20) (137mM NaCl, 20mM Tris/HCl (pH7.6), 0.1% tween2() before
immunological detection of protein. The unoccupied protein binding sites on the
nitrocellulose were btocked with 5% skimuned milk powder (Marvel) in TBS-tween20 for

1 hour ar room temperature with gentle agitation.

2.3.4.3 Immunoblotting
After blocking, the appropriate primary antibody was added at the relevant dilution (sce
table 2.1) in 2% skimmed milk powder in TBS-tween20, 'L'his incubation was carried out

for 1-2h at room femperature or overnight at 4°C with vigorous agitation. The membrane

ﬁ
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was washed three times in TBS-tween20 for 5 minutes before being incubated with the
appropriate diluted secondary antibody mix for 1 hour at room temperature with vigorous
agitation. The secondary antibody (Sigma) was a horse-radish peroxidase (HRP)
conjugated anli-immunoglobulin (IgG) antibody directed against the primary antibody.
This antibody was diluted £:5000 in 2 % skimimed nilk powder in TBS-tween20. The
nitrocellulose was finally washed 3-5 times in TBS-tween20 for 5 minutes. To detect
immunoreactive bands, the membranc was incubated with ECL reagents (Amersham) for a
minute with gentle rocking. A piece of x-ray film (Kodak) was exposed (o the membrane
in a darkroom for the appropriate amount of time and then developed using a Kodak X-

omat.

2.3.5 Phosphodiesterase 4 Activity Assay

Phosphodiesterase activity was measured using a modification of the two step procedure of
‘Thompson and Appleman [Thompson and Appleman., [971], as described previously by
Marchmont and Iouslay [ Marchmont and Houslay, 1980]. The first step is the hydrolysis
of the *H-cyclic nucleotide (8 position of the adenine or guanine ring} by the
phosphodiesterases, which generates labelled nucleotide monophosphate. In the sccond
step, incubation with snake venom, (which has 5’-nucleotidase activity), converts the
mono-phosphate ring to the corresponding labelled nucleoside, The unhydrolysed cyclic
nucleotide was scparated from the nucleoside by batch binding of the mixture to Dowex
I X8-400 anion exchange resin. This binds only the charged nucleotides and leaves behind

the uncharged nucleosicdes.

2.3.5.1 Activation of Dowex

To activate the Dowex 1X8 400, 41 of IM NaOH was added to 400g of the resin, the
mixture was stirred for §5 min at room temperature. The resin was allowed to settle and the
supernatant was pourcd off. The resin was then washed 30 times with 41 distilled water.
The resin was then resuspended in 41 |M HCI und stirred for 15 min at room temperature
before being aliowed to settle by gravity. The resin was then washed 5 times with 41
distilied water. The activated resin was stored at 4°C as a [:1 slurry with distitled water

until required.

2.3.5.2 Sample preparation for assay

Into [.5ml eppendorf tubes an appropriate amount of cell lysate was placed (30-60 pg
protein depending on the concentration of the sample) and made up to a volume of 50l
with PDE assay diluting buffer {20mM Tris/HCl, pH7.4). Each sample tube was repeated

in triplicate. All tubes were set up on ice, and remained on ice until all components for the
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assay had been added. To each tube 50yt of 2pM ¢AMP containing 3uCi CHICAMP in
20mM Tris/HC! /10imM MgCl, pH7.4 was added, the tubes vortexed and incubated at
30°C for 10 min. After this tirne, the tubes were boiled for 2 min to inactivate any PDE
present and then cooled on ice for 15 minutes. 25ul of Img/ml snake venom in 20mM
Tris/HCI, pH 7.4 was added to cach tube, mixed by vortexing and incubated at 30°C for 10
minutes. The tubes were then cooled on ice for 15 minutes and 400ul
Dowex/ethanol/water, in a 1:1:1 ratio, was added to the tubes, vortexed and incubated on
ice for at least 20 min. The tubes were vortexed again, the dowex removed by
centrifugation at 13000 rpm for 3 min (Heraeus bench top centrifuge) and 150ul of the
clear supernatant added to Imi Opti-scint scintillation finid and counted on 4 Wallac 1409

liguid scintillation counter.

2.3.5.3 Determination of PDE3 and PDE4 activity

The PDE3 (amily is specifically inhibited by the drug cilostamide (Hidaka et al., 1979} and
the PDE4 family by colipram (Wachtel, 1982). PDE inhibitors were dissolved in 100%
DMSO as 10mM stocks and dilated in PDE assay dilution buffer for use in assay. The
residual levels of DMSO do not affect PDE activity at the concentrations nsed (Spence ct
al., 1995). Measurement of PDE activity with and without cilostamide (10uM) and with
and without rolipram (10uM) present gave the confribution of PDE3 and PDE4

respectively.

2.3.6 Immunoprecipitation

2.3.6.1 Pre-clearing agarose beads

Protein G beads were used when the target protein was immuno-precipitated with a
moneclonal antibody or a polyclonal antibody raised in a sheep and protein A beads were
used when the target protein was immuno-precipitated with any other polyclonal
antibodies. 25 pl of the appropriate beads were washed in 200 pl ¢cKHEM buffer and
recovered by centrifugalion at 13000 rpm for 2 min at 4 °C in a refrigerated bench-top
centrifuge. 300 pg of protein from cell lysate, diluied to a tolal of 500 il with Iysis buffer
supplemented with protease inhibitors, was added lo the washed beads and incubated with

end-over-end rotation at 4 °C, for 30 min.

2.3.6.2 Binding target protein to antibody

After pre-clearing the beads were collected by centrifugation at 13000 rpm at 4 °C for 2

min (Ileraeus refrigerated bench-top centrifuge), the supernatant was removed and placed
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into a fresh eppendor] wbe. To this fresh tube 7 ul of the polyclonal antibody or 3 wl
monoclonal antibody was udded and the wbe rotated end-over-end at 4 °C for at least 2 h,
to cnable the protein and antibody to bind. The solution was then transferred into o tube
containing 60 il pre-washed protein beads (A or G as required) and rotated c¢nd-over-cad
overnight at 4 “C. The beads were isolated from solution by centrifugation at 13000 yprn at
4 °C for 2 min (Heraeus refrigerated bench-top centrifuge) and washed ta remove any non-
specifically bound protein. The beads were washed firstly in lysis buffer supplemented
with 500 mM NaCl, secondly with lysis buffer supplemented with 0.1 % SDS and then
washed with 0.1 % NP-40 in 10 mM Tris pH 7.4. The {inal wash was cartied out in 20 mM
Tris (pI 7.4) to prepare samples for use in a PDE assay.

2.3.7 Cyclic AMP Assay

Intracellular cAMP levels were measured using a modification of the procedure of Savage.
(Savage, 1995). The assay involves the measurement of cAMP by the use of the cAMD-
binding protein, cyclic AMP-dependant protein kinase. (Brown, 1972) Biiefly, following
stimulation of the cells, they were lysed to release the cytosolic cylic vucleotides. After
nentralization, the Iysate was incubated with [5', 8' -'I] cyclic AMP and cyclic AMP
binding protein, allowing competition of labelled and unlabeiled cyclic AMP for a limited
number of binding sites on the binding protein. Activated charcoal was then added to the
sample Lo bind any free cyclic nucleotide and the charcoal pelleted by centrifugation. The
radioactivity of the supernatant was then mcasured. A standard curve was generated by
incubating a range of known concentrations of cAMP with the fixed amounts of binding
protein and radioactive cyclic AMP. It was then possible to determinc cAMP

concentrations from the radioactivity counted by relference to the standard curve.

2.3.7.1 Agonist Treatment

Cells were plated out in 6-well plates at the optical sceding density of 3500cells/em?® four
days prior to treatment. Cells were sernm starved overnight prior to agonist stimnlation.
Agonists were usually made to a stock solution of 10mM in 100% DMSO and were diluted
in SmBm to a desired concentration prior to addition to cells. Bach treatment was

performed in triplicate in each assay.

2.3.7.2 Lysale exiraction for assay

To halt agonist treatment, the media was aspirated from the cells and 100ul of 2%
Perchloric acid was added directly onto the cells. The media was kept to be used for
measuring extracetlular cAMP levels. Following incubation on ice for 15 minutes, the cells

were scraped into eppendorfs and the precipitated protein pelleted by centrifuging the
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samples in a microfuge at 13000rpm for 3 mins. Two wells from both normoxic and
hypoxic plates were lysed into 100p] cKHEM + 9% Triton X-100 as in section 2.3.3.1. (o

be used for protein quantification.

2.3.7.3 Neutralisation of the sample

The supernatant from section 2.3.6.2 was added to 5ul universal indicator solution (BDH)
and it turned pink. The samples were neutralised by gradual addition of 2M KOH, 0.5M
Triethanolamine until the solution turned light green, indicating a pH of 7-7.5.

Centrifugation at 13000rpm for 3 minutes pelleted the potassium perchlorate precipitate.

2.3.7.4 Reagent preparation for assay

cAMP assay buffer: SOmM Tris/4mM EDTA kept at 4°C.
The following solutions were prepared fresh on the day of the assay,

cAMP Standards: Stock of mM cAMP in cAMP assay buffer diluted £:100 and an initial
dilution of 32pmol/50ul generated. A series of two-lold dilutions from this concentrated

standard generated the dilutions used in the assay.

[5", 8' -*H] cyclic AMP: 871 [5, 8" -’H| cAMP
10mls cAMP assay buffer,

Binding Protein: 10mg Bovine Crade Fraction
125mg BSA
25mls cAMP assay buffer.

Diluted 1:5 in cAMP assay buffer for nse on day of assay.

Charcoal Solution: 29% wiv activated charcoal
1% wiv BSA
30mls cAMP assay bufter.

Charcoal solution was stirred on ice for 20 minutes priotr to use in assay.

2.3.7.5 Sample preparation for assay

A standard curve was obtained for each assay by including a set of tubes containing knowi
quantities of cAMP ranging from 0.00625 and (6pmol. The standards tubes were set up in
duplicate on ice with the unknown samples in the order as follows (with binding protein

being added last):
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cAMP Buffer [*H]-cAMP Binding Protein
Tube No
(pmol/50u1) (ub) (1D (ul)
1-2 Blank 200 100 0
3-4 Zero 100 100 100
5-6 0.0625 50 100 100
7-8 0.125 50 100 100
9-10 0.25 50 100 100
11-12 0.5 50 100 100
13-14 | 50 100 100
15-16 2 50 100 100
17-18 4 50 100 100
19-20 8 50 100 100
21-22 16 50 100 100
23 onwards Unknown 50 100 100

The first two tubes with no binding protein were included as a blank to determine the
amount of cAMP that remained after nucleotide binding by charcoal. Tubes 3 and 4
indicated the maximum cAMP bound in the absence of unlabelled cAMP and tubes 5 to 22
were prepared with known concentrations of unlabelled cAMP to aid in the construction of

a standard curve to allow calculation of unknown cAMP values.

Tubes 23 onwards were set up as shown using samples prepared as in 2.3.6.1 or media
from the cells. The tubes were vortexed and incubated on ice for 2 hours. After this time,
25ul charcoal solution was added to each tube. The tubes were vortexed and centrifuged at
13000rpm for 3 minutes. 300u1 supernatant from each tube was added to Iml Opti-scint
scintillation fluid, vortexed until clear and counted on a Wallac 1409 liquid scintillation

counter.

2.3.7.6 Construction of standard curve

Microsoft Excel was used to plot standards (pmol cAMP vs |/DPM-mean blank) and

generate a formula for the best fit curve.




61
2.3.7.7 Calculation of cAMP levels
After generating the best fit formula for the standard curve, this was used with the
unknown samples to calculate their cAMP concentrations. Results were caleulated as pmot
cAMP/ng protein and expressed as mean percentage normoxic basal £ S.E., with normoxic

basal = 100%.
2.3.8 PKA Assay

2.3.8.1 Cell lysate extraction for PKA assay

Cells were grown in both normoxia and hypoxia for seven days, after which time the cell
media was removed, the cells washed with PBS and drained thoroughly. The monolayer of
cells was scraped into S00pl extraction buffer (5mM EDTA, 50mM Tris, pH 7.5) and
homogenized by drawing through a 13 gauge needle 12 times. The cell debris was then
removed by centrifugation for 2 mins at 13000 rpm at 4°C (Heraeus refrigerated bench-top

centrifuge) and the supernatant was used for a PKA assay.

2.3.8.2 PKA assay tube pre-incubation

For each cell lysate, the following were set up on ice in 1.5 ml eppendorf tubes. The cell

extract was added last and the samples were incubated on ice for 20 min to allow the

inhibitor to bind PKA.

Tube | Cell Extract | Diluent | 4x PKA Inhibitor | 4x PKA Activator
A 10pl 20ul Quul Ol

B 10wl 10k | 1oud Oul
| C 10ul 10wl Oul - 10ul

D 10wl oul 10ml 1 10ul

PKA Assay Diluent: 50mM I'ris, pH7.5.
4 x PKA Iohibitor: 4pM PKI(6 -22) amide, S0mM Tris. pH7.5.
4 x PKA Activator: 40uM cAMP, 50mM Tris, pH7.5.

4 x PKA substrate: 200uM Kemptide, 400uM ATP, 40mM MgCl,, | mg/ml BSA,
50mM Tris, pH7.5.
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2.3.8.3 PKA assay reaction
To 1m} of the 4 x PKA substrate, 6000 pCi/mmol of ["{-32P]ATP was added whilst

maintained on ice. To the first assay tube, (1A), 10l of radioactive 4 x PKA substrate
solution was added. The sample was mixed gently before being placed in a waterbalh at
30°C for !0 minutes. 20 seconds after substrale addition to the first tube, 10 ui of the
radivactive substrate was added to the next tube, (1B), which was then mixed and
incubated. This method of addition of substrate to tubes every 20 seconds continued until
substrate had been added to all samples and they were incubating at 30 °C. After the 10
min incubation of the first tube, 201 of the reaction mix was removed and spotied onto a
pre-marked piece ol ion exchange phosphocellutose paper P81 (Whatman). This was
carried out for all tubes after they had each undergone the 10 min incubation with the
substrate. The phosphocellulose pieces were then placed into a large beaker containing |
%{v/v} phosphoric acid (H;PO4) and washed for 3 min with slight agitation. The waste
acid was removed and the acid wash repeated. The phosphoceliulose was then washed
twice in dli;O before being placed in 1.5 ml eppendorfl tubes, to which 1 ml scintillation
fluid was added. The P incorporated into the peptide bound Lo the phosphocellulose was
counted on the Wallac 1409 liquid scintillation counter. Two separatc vials werc set up
with 10ul of the radicactive 4 x PKA substrate added to [mt scintillation fluid to enable

the determination of the total counts from the substrate solution.

2.3.8.4 Calcufations for PKA assay data

Step L.

_Total COUnts P lnmol
dnmolATP 1000 pmol

= cpm/pmol phosphate

Step 2.

(cpm/phosphocellulose)x2
STEPL

= total pmol peptide — incorporated phosphate

Step 3.

SIEP 2
10 min

= pmol/ min /assay tiube

Step 4.




STEDP 3

= pmol/ min /mi
0.0 m! extract

Step 9.

Tube A - Tube B = pmol/min activated PKA
Tube C - Tube D = pmol/min tolal PKA
Step 6.

pmol/ min activated PKA
pmol/ min total PKA

x100 = % activated PKA

2.4 Molecular Biology

To prevent any contamination all glassware, tubes, tips, buffers and media used for

molecular biology were sterilised.

2.4.1 DNA Production

2.4.1.1 Small scale production of DNA

5mi LB growth media (580mM NaCl, 0.5 % (w/v) BactoYeast Extract, | % {w/v) Bacto-
Tryptone pH7.5) supplemented with antibiotics in a sterile 25 mi universal tube was spiked
with a pipette tip from a glyccrel stock of trunsformed cells containing the DNA of
interest. The culture was incubated at 37 °C overnight with agitation and the cells
harvested the next day by ceutrifugation at 3000 rpm for 5 min (Heraeus bench-top
refrigerated cenirifuge), The DNA was exiracted from the celis using the QIAprep spin
miniprep kit according to the manufacturer’s instructions. Briefly: The bacterial pellet was
resuspended in 250 Buffer PI (resuspension buffer), to which 250ul Buffer P2 (lysis
bulfer) was added. The solutions were mixed and incubated at room temperature for 35
minutes. 350! of Buffer N3 (neutralisation buffer) was then mixed with the lysed cells
and the solution was centrifuged for 10 min at 13000 rpm. The supernatant was added to
the QlAprep spin column and centrifuged at 13000 vpm for 1 min. The flow through was
discarded and the column washed with 750ul Buffer PE. The column was centrifuged for |
min prior to the elution ol the bound DNA to ensure removal of all buffer. 30ul dH,O was

placed onto the resin in the column and incubated for S minutes and the DNA was elutcd
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from the column by centrifugation for | min at 13000 rpin (Heracus bench-top relvigerated

centrifuge).

2.4.1.2 Large scale production of DNA

400ml LB growth media supplemented with antibiotics in a 21 flask was spiked with a
pipette tip from a glycerol stock of transformed cells conlaining the DNA of interest. The
culture was incubated at 37°C overnight with agitation and harvested the next day by
centrifugation at 5000g for 10 minutes using the JA-14 rotor in the Beckman refrigerated
centrifuge. The DNA was extracted from the cell pellet using the Promega Wicard
Maxiprep kit according to the manufacturer’s instructions. Briefly: The bacterial pellet was
resuspended in 15ml resuspension solation, to which 15ml lysis buffer was added. The
solutions were mixed gently and inverted for 15 minutes. 15ml of neutralisation buffer was
then added (o the lysed cells and the mixture was genily inverted three times. The cell
lysate was clarified by centrifugation of the solution at 13000 g for 15 minutes at room
temperature and then passed through muslin to separate out clumps. 0.6 x volume
Isopropanol was added and mixed before centrifugation at 13000g for 1 hour at room
temperature. The DNA pellet was then washed and resuspended in 2mls TE buffer. 10mls
DNA purification resin was added and mixed with the resuspended DNA peliet. The
resin/DNA mix was then passed through a Maxicolumn by attached to a vacuum manifold
and applying a vacuom. To wash the calumns, 23mls colwmnn wash solution was added and
drawn through by vacuum. The resin was rinsed with Smls of 80% ethanol. To ensure all
ethanol was removed, the maxicolumn was centrifuged at 1300g for 5 minutes and the
resin was then dried by applying a vacuum for 5 minutes. Follawing this, 1.5mis preheated
(70°C) nuclease-free water was added to the maxicolumn to elute the DNA into a 50ml
screw cap tube. The water was left on the column for 5 minutes at room temperature before

centrifugation at 1300g for 5 minutes.

2.4.1.3. Quanitification of DNA & RNA

DNA and RNA concentrations were quantified by a WPPA Lightwave spectrophotometer
blanked with distilled water, Sul DNA or RNA was diluted to Iml with distilied water and
absorbance measurements were taken at 260nM and 280nM. The concentration of nucleic

acid was then calculated using the following approximations:

An absorbance reading of | at 260 nM corresponds to;
50u g/mi double stranded DNA
40u g/m! single siranded RNA
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Therefore, [DNA] (ug/ml) = Azsex SO x 200 (Dilution Factor)
[RNA] (ug/ml} = Asep x 40 x 200 (Dilution Factor).

The ratio between the absorbance measurements at 260uM and 280nM provided an
indication of the purity of the nucleic acid. In solution, pure DNA or RNA typically have

Agen :Ange ratios of beltween 1.8 and 2.

2.4.2 Glycerol Stock Production
A 500ul samplc from an overnight culture of transformed cells was taken aseptically and
placed into u sterile screw top cryovial to which 500ui sterile 80% glycerol was added. The

sample was mixed well and stored at ~80°C for further use.
2.4.3 Reverse Transcription PCR

2.4.3.1 Total ANA extraction

Far isolation of total RNA from hPASMC, a Qiagen RNeasy kit was used. Cells were
trypsinised as described in section 2.1.1.2, pelleted and the medium aspirated, The cell
pellet was then cither frozen at -80°C for use at a later date or resuspended in 6001 Buifer
RLT containing 10ud/ml of 14.5M B-Mercaptoethanol. Lysates were then loaded onto QIA
shredders to eansurc maximum homogenization of sample and the manulacturer’s

instructions tor the kit were followed.

In order to prevent potential contamination from genomic DNA, an incubation step with 4
units DNase at room temperature for 15 minnies was included. The clean up protocol was
also used to ensure maximal purity. Total RNA was eluted in RNasc frece 11O and stored at

-20°C.

To determine the concentralion and purity of RNA, the absorbency of the sample was

measured at 260nm and 280nm in a spectrophotometer. (WPA, Lightwave).

2.4.3.2 cDNA synthesis

First strand synthesis was carried out in each reaction using 2ug total RNA catalysed by
the enzyme Superscript I reverse transcriptase (Invitrogen). The reaction was primed
using 500ng of Oligo(dT)I5 (Promega), in a final volume of 20ul. The reverse
transcription mixture contained Il of 10mM stock dNTP mix, 4ul 5X First strand buffer,
211 0.1M DTT, 40 units of ’Nasin Ribonucleasc inhibitor and 200 units of Superscript 11

RNasc I Reverse Transcriptase or 1pul HO(molecular biology grade) as a negafive
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control for PCR. The mixture was incubated at 42°C for 50 minutes before heating to 70°C
for 15 minutes to terminate the reaction. Control reactions were carried ouf without

enzyme.

2.4.3.3 PCR reaction

The PCR reaction was set up using Platinum Pfyx DNA Polymerase (Invitrogen). lpg
cDNA (generaied in 2.4.3.2) was added to 2.5ul of 10X Pfx amplification buffer, 0.75ul of
10mM dNTPs, 0.5ul 30mM MgS0O4, 0.7511 10uM of each of sense and antisense primers
for detection of the transcript of interest, 0.751ul {OuM of sensc and antisense primers for
cyclophylin, 0.25111 of Platinam Pfx DNA Polymerase and made up to a total volume ol
25ul with RNase- free water. Tubes were also set up as blanks using the control reaciions
without enzyme from section 2.4.3.2.
‘The PCR conditions used were as [ollows:

95°C for 2 minutes,

94°C for 30 secs,

#58/60°C for 30 secs, 40 cycles

72°C for 1 minute,

72°C for 10 minutes,

4°C forever.

*The annealing temperature for 4DS was 58°C whereas it was 60°C for all other isoforms.

2.4.3.4 Semi-Quantitative RT-PCH

The PCR reaction was set out as in section 2.4.3.2 in triplicate, Onc tube per sample was
removed after 30 cycles, one after 35 cycles and another was left to undergo another 5
cycles. To ensure even comparison, there was no final extension step of 72°C for 10

minutes.

2.3.4.5 Visualisation of PCR Products

DNA was visualised using agarose gel electrophoresis, the percentage of agarose used in
the gel was dependent on the size of DNA fragment to be identified, usually 2 %. For 4 2
% agarose gel 2 % agarose was dissolved in | x TBE (45mM Tris/IICI, I1mM EDTA, 0.9M
Boric Acid) by heating until the agarose dissolved. To this, 0.01 % cthidium bromide was
added, which enabled visualisation of the DNA under a UV light source. The molten agar
was poured into the gel apparatus, set up according to the manufacturer’s instructions and
allowed to sct completely. The comb and end stoppers were removed, the gel tank filled
with 1x TBE and the samples loaded into the lanes. All DNA samples were diluted 6:1 in
ox sample buffer (0.25 % Bromaophenol Blue, 0.25 % xylene cyanol blue, 30 % glycerol in

M
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H,0). In order to size the DNA fragments, the molecular size marker X1V (Promega) was
loaded alongside the samples. The gel was run at 100 volts until the dye front moved
sufficiently through the gel. The gel was removed from the tank and the DNA observed
under UV light.

The range of sepacation of linear DNA molecules according to agarose concentration;

Percentage Gel | Size of Fragment (kb)
0.9 0.5 -7
1.2 04 -6
1.5 0.2 -3
2 0.1-2

2.5 Microarray Analysis

2.5.1 RNA Extraction

2.5.1.1 Exiraction of total ANA

Total RNA from both normoxic and hypoxic samples was isolated as in section 2.4.3.]
using the Qiagen RNeasy kit. RNA concentration was determined and samples were stored
at "80°C until needed.

2.5.1.2 Clean up of total ANA

RNA was cleaned up following the add-on protocol of the Qiagen RNeasy kit to increase

purity und remove paotential contaminants.
2.5.2 Incorporation of Fluorophores

2.5.2.1 cDNA synthesis

Two reaction tubes were set np together, one with either normoxic or hypoxic RINA and
Cy3 or Cy5 —dCTP. cDNA was synthesised using 25ug of totul RNA mixed with 12ug
random hexamers and incubated at 70°C for 10 winutes (0 allow the primers (o anneal.
First strand cIDINA synthesis was performed using 400U Superscript 1T (Invilrogen) and 40
1M of one of Cy-3 or Cy-5. This reaction was mixed and incubated at 25°C for 10 minutes
then 42°C for five hows before stopping the reaction then cleaning up the cDNA using a

QlAguick column.
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2.5.3 Hybridisation

2.5.3.1 Incubation of microarray with sample

Both sets of cDNA were mixed together with a hybridisation buffer and incubated at 95°C
for 3 minutes before being placed on ice for 1 minute. This mixture was then placed on the
microarray and covered with a coverslip. The microarray was then rotatcd gently at 42°C

for 24 hours.

2.5.3.2 Washing of microarray

The microarray was washed gently with S8C buffer three times by being placed inside a
50ml centrifnge tube with buffer and placed horizontal on a rotator set at the lowest setting.

The microarray was then dried by brief centrifugation.

2.5.4 Analysis

Analysis of microarray was carried out by Dr. Jan McPhee. A Genetic Microsystems 418
array scanner was used to obtain the data with Imagene 5.0 to determine the values. Gene

sight light 3.2 was used to normalise the data and calculate ratios.

2.6 Statistical Analyses

Data was analysed by two-way ANOVA with Bonferroui's post test using GraphPad Prism
version 4.00 for Windows, GraphPad Software, San Diego California USA, to analyse raw
data. Whete only two groups of data were to be analysed, an unpuired (-Icsl was

performed, and *p<0.05 was considered to be significant,




Antibody Dilution Incubation Time  [Secondary
Company

PDE4A,B.C,D ICOS 1:10000 1 hour Anti-mouse IgG
PDE4A,B,C,D SAPU 1:5000 1 hour Anti-goat IgG
4A4 Genosys 1:5000 2 hours Anti-rabbit 1gG
4A10 Genosys 1:1000 2 hours Anti-rabbit IgG
pERK1/2 Cell Signalling 1:1000 Overnight Anti-mouse IgG
ERK1/2 Cell Signalling 1:1000 Overnight Anti-mouse IgG
PKA Rla BD Transduction |1:1000 1 hour Anti-mouse IgG
PKA Rlla BD Transduction [1:1000 I hour Anti-mouse 1gG
PKA RIIp BD Transduction |1:2000 1 hour Anti-mouse IgG
a - tubulin Sigma 1:10000 1 hour Anti-mouse I1gG

Table 2.1 Antibodies and Dilutions
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This table shows the antibodies used for western blotting throughout this study and the

conditions determined to get an optimal immunoreactive signal.




Chapter 3

Effect of Chronic Hypoxia on PDE4 in hPASMC
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3.1 Introduction

3.1.1 Puimonary Arferial Hypertension

3.1.1.1 Pulmonary arterial hypertension

Pulmonary arterial hypertension (PAH) is characterised by inecreased vascular resistance
which leads to pulmonary artery remodelling and increased smooth muscle cell
prolileration (IYishman 2004; Humbert et al., 2004). Normal mean adult pulimonary arterial
pressure is ~14mm Hg whereas patients with pulmonary hypertension have a mean PAP
exceeding 25mmllg at rest and 30mmHg during excrcise. Pulmonary hypertension can
occur without apparent cause, previously known as Primary Polmonary Arterial
Bypertension {(PPAR) It is now known that PAH can be due io motations in the bone
motphogenetic protein receptor 11, BMPR2, or 5-HT trausporter gene (The International
PPH Consortium et al., 2000; Thomson et al., 2000; Machado et al., 2001; Eddahibi et al.,
2003). Hence these forms have been classified as familial pulmonary arterial hypertension
(FPAH; table 1.5). These cases ouly account for 6% of all PPAH patients. The occurrcnce
of PPAH in the population is rare, with only two cases per million. PPAII can oceur in
men, women and children of all ages though it is most commonly scen in females between
20 and 40 years old. PAX occurs more often secondary to pulmonary vascular disorders,
such as chronic obstructive pulmonary disorder (COPD), and exposwre to hypoxic
conditions. This form of PAH is now classified as PAH'PAH with lung discasc and /or
hypoxemia’ and is relatively common but is underdiagnosed due to the large number of
causes. As such, an estimate of the prevalence of secondary PAH is difficult to obtain.

PAH is usually progressive and fatal.

There is currently no cure for PAH. Current treatments for PAH include anticoagulants,
diuretics, calcium channel blockers and vasodilators. Vasodilators used include inhaled
nitric oxide (NO), ACE inhibitors or prostacyclin. So far, only treatiment with prostacyclin
analogues such as iloprost have improved survival, Heart and/or lung transplantation is
considered in extreme cases, Promising results have been found with sildenafil, a PDES
inhibitor, which has been shown to significantly reduce pressure in severe PPAIL patients
(Michelakis et al., 2003; Prasad et al., 2000). It has even been shown to be more effective
than. inhaled WO in decrcasing PADP and reducing pulmonary vascular resistance
(Michelakis et al., 2002). The responses to medication are varied between patients so it can

take time before a successfid drug therapy is achieved. If a cure is to be found for PAH,
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then the underlying cellular and molecular changes, along with the physiology of the

disease, must be determincd.

3.1.1.2 Hypoxia-induced Pulmonary Hypertension

Hypoxia causes high altitude-induced PAH and is also thought to play a role in PAH
associated with COPD. The mechanism underlying this is currently unclear. Animal and
cellular modcls have been utifised to investigate PAH, and to suggest possible treatment

turgets,

Chronic hypaoxia can lead to the structural remodelling of pulmonary arteries, In contrast to
svstemic arteries, the pulmonary arteries are distinct in that they constrict in response to
hypoxia {Voelkel & Tuder, 1997). This is required for ventilation-perfusion matching in
which pulmonary capillary blood flow is auntomatically adjusied to match alveolar

ventilation.

1t is known that vasoconstriction is an intrinsic property of pulmonary vascular smooth
muscle cells (Voelkel and Tuder 1997) and it has been shown that hypoxia can have a
direct effeci on smooth muscle cells. After | week of hypoxia, proliferation rates ol
PASMC (rom distal human pulmonary arteries were observed to increase (Yang et al
2002). The cells were also observed to contract in response to hiypoxia (Murray 1990). Due

to this, hypoxic PASMC have been used as a cellular model of PAT.

3.1.2 Cyclic Nucleotide Signaliing in Models of Hypoxia-Induced Pulmonary
Hypertension

3.1.2.1 Cyclic Nucleotides in Hypoxia

The second messengers’ cAMP and ¢cGMP have heen shown to play vital roles in the
regulation of vascular smooth muscte tene (Murray et al., 1990b). cAMP and cGMP relax
smooth muscle through the activation of protein kinase A (PKA) and protein kinase G
(PKG) respectively. PKA and PKG can induce relaxation by acting on downstream largets
of Ca2+ mehilisation (Shabb 2001; Marin et al., 1998). Aclivation of these Kinases is
achieved by either stimulating adenylyl or guanylyl cyclase or through inhibiting the action
of cyclic nucleotide phosphodiesterases (PDEs). These pathways have been of interest (o
researchers to uncover the mechanisms underlying PAH (MacLean et al., 1996).
Investigation ol the hypoxic Wistar rat model uncovered that the levels of both cyclic
nucleotides are seen to decrease, with a corresponding increase in PDE activity, in

response to two weeks of 10% O, (MacLean et al., 1997).




3.1.2.2 Phosphodiesterases in Hypoxia "
In the rat pubwmonary arterial circulution, the predominant cyclic nucleotide
phosphodiesterases ure from the PDEL, PDE3, PDE4 and PDES families (Rabe et al.,
1994), although PDE2 is also present (MacLean et al., 1997).

Investigations into the expression of these PDEs in hypoxia have revealed that their
profiles are altered. PDH activity was examined in pulmonary arleries from control and
hypoxia-induced pulmonary hypertensive rats (MacLean et al., 1997). cAMP-PDI activity
was increased in first-branch and intrapulmonary arteries from the hypoxic rats. cGMP-
PDE activity was alse increased in the first, intrapulmonary and main pulmonary arlerics
of the hypoxic rat. Investigation of these increases attributed it to an increase in PDE3J,
PDE1 and PDES activities (MacLean ¢t al 1997),

Using human PASMC and rat pulmonary arlery homogenates, it was discovered that PIDH3
and PDES expression levels and activity were increased after two weeks exposure at 10%
O3 (Murray et al., 2002). The increase in the PDE3A isoform in hPASMCs was observed
to be PKA-dependant and could be mimicked by cAMP analogs (Murray et al., 2002),
There was also an increase in PDE3 and PDESA2 mRNA and protein levels in pulmonary
arteries from. the chronic hypoxic rat model (Murray et al., 2002).

The role of PDI imhibitors as a therapy for PHY is under investigation. PDE inbibitors
have been shown ito reduce smooth mmuscle cell proliferation, migration and induce
vasedilation of the pulmonary circulation (Koyama et al,, 2001; Ghofrani et al.,, 2004;
Wagner et al., 1997; Bardou et al., 2002; Goirand et al., 2001; Palmer et al., 1998; Osinski
& Shror 2000). Zaprinast, rolipram, cilostamide and theophylline can all oppose
pulmonary vasoconstriction seen in hypoxia (Pauvert et al., 2002, Goirand et al., 2001).
PDE3 or 4 inhibitors can also improve responses to f-adrencrgic agents that arve atrenuated
in hypoxia. When both PDE3 and PDE4 inhibitors are used, they act synergistically to
potentiate this effect (Wagner et al., 1997). Rolipram has been observed 0 be more potent
than PDE3 or PDES inhibitors at relaxing huwman intralobar pulmonary arteries (Bardou et
al,, 2002).

3.1.2.3 POE4 in Hypoxia

PDE4 is a cAMP-specific, rolipram-inhibited PDE that is known (o be the major
hydrolysing enzyme of cAMP in vascular smooth muscle cells. There are ejghteen known

human PDH4 isoforms with differing subcellular locations and modes of regulation
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(reviewed in Houslay 2001; further details in general introduction, sections 1.2.4 and

1.3). General PDE4 inhibitors are currently being tested as a putative therapy for such
diseases as asthma and COPD (Giembycz 2001; Spina 2003). However, little is known
about the effect hypoxia has on PDE4 isoforms in vascular smooth muscle cells. In this
chapter, 1 sct out to investigate PDE4 expression and activity in hlPASMC under normoxic

and hypoxic conditions,
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Results

3.2 Characterisation of PDE4 Profile in hPASMC

All methods vsed in this chapter are described in full in section 2, materials and methods.

3.2.1 Analysis of PDE4 expression

I'o determine the PDE4 profile in hPASMC, western blotting was employed as described
in section 2.3.4. PDE4A, 4B, 4C and PDE4D antibodies have been raised against peptide
sequences from the C-terminal of each PDE4 family. This has generated subfamily-
specific isofonns as the C-termival is only conserved among sublamily members, i.e. all
PDE4A isoforms but not any PDE4B, PDE4C or PDEA4D isoforms {Huston et ai, 1996;
Mackenzie et al., 1998). These PDE4 subfamily specific antibodies were used to probe
hPASMC lysates to identify the PDE4 family isoforms present within these cells. The

resulis gained were further specified and confirmed by RT-PCR analysis.
3.2.2. PDE4A profile in hPASMC

3.2.2.1 Westem blot analysis of PDE4A isoforms in hPASMC

To identify whether PDE4A isoforms were cxpressed in hPASMC, cell lysates were
immunoblotted with a 4A monoclonal antibody (Maicrials and Methods 2.3.4) raised
against the sequence EEFVVAVSHSS, which is found at the C-termini of all known active
human PDE4A isoforms. This detected a single PDE4 splice variant that co-migrated with
tecombinanl PDE4A4 (Genbank accession 1.20965) and PDE4ATO (Genbank accession
AF073745) isoforms, having an apparent Mwt of 120kDa when analysed by SDS-PAGE
(Figure 3.1). PDE4AL] (Genbank accession AF069488) is also known to migrate at this
weight. Thus, isoform specific antibodies werc employed to ideatify this band. The
PDE4A4 specific antibody did not react with hPASMC lysate indicating the absence of
PDE4A4 in these cells, The specificity of this PDE4A4 specific antibody was confirmed
by detecting PDE4A4 recombinant protein, but not PDE4A 10 or PDE4AL, The specificity
of thc PDE4A 10 antibody was confirmed by the detection of the PDE4A 10 recombinant
protein and not PDE4A4 or PDE4A1. This PDE4A10 specific antibody identificd a band at
120kDa, confirming the presence of the PDE4AI1Q isoform in hPASMC. A PDE4All
antibody has not yet been successfully generated so it was impossible to confirm the

absence or presence of PDE4A 11 by western blotting.
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3.2.2.2 RT-PCRH analysis of PDE4A isoforms in hPASMC

RT-PCR was employed to identify thel20kDa immunoreactive species detected through
western blotting (Materials and Methods 2.4.3). As the long human PDE4A isoforms,
PDE4A4, PDE4AI0 and PDE4ALl, all migrate at this weight on an SDS-PAGE gel,
isoform specific primers were used to investigate transcript expression of these three splice
variants. Primers to PDE4A1 and PDE4A7 were also used to investigate if transcripts for
these isoforms were present or not. This was because PDE4A7 is truncated at the C-
terminus and there is no antibody available (o detect it. Also, in the case of PDEAAI, it is
possible that it could be expressed at such low levels that western blotting would be unable
to detect it. RT-PCR analysis of total RNA identified the presence of PDE4A7, PDE4A10
and PDE4A11 transcripts in hPASMC but not those for PDE4A4 (Figure 3.3).

3.2.3 PDE4B profile in hRPASMC

3.2.3.1Western blot analysis of PDE4B isoforms in hPASMC

To identify if any PDE4B isoforms are expressed in hPASMC, cellular lysates were
immunoblotted with a PDE4B specific polyclonal antibody (Materials and Mectheds 2.3.4)
raised against the sequence DPENRDSLGETDIDIATED, which is found at the C-
terminus of all known, active PDE4B isoforms. This antisera detected a single PDE4B
splice variant that co-migrated with the recombinant PDE4B2 standard (Genbank
accession L.20971) This PDE4B2 standard recombinant protein migrated at 80 kDu on
SDS-PAGE (Figure 3.4).

3.2.3.2 RT-PCH analysis of PDEA4B isoforms in hPASMC

As a means of confirming the presence ol the PDE4B2 isoform, RT-PCR was employed to
identify trunscripts for the single immunorcaclive species observed at 8CkIDa through
western blotting (Materials and Methods 2.4.3). Primers specific lo PDE4B |, PDE4B2 and
PDE4B3 were also used to investigate transcript expression of these three known human
PDEA4B splice variants. RT-PCR analysis of total RNA using such isoform specitic primers
identified the presence of PDE4B2 transcripts but failed to detect those for PDEABI and
PDEA4RB3, thus confirming the absence of expression of the PDE4B1 and PDE4B3 long
isoforms in hPASMC (Figure 3.0).




3.2.4 PDEA4C profile in hPASMC

3.2.4.1Western blot analysis of PDEA4C isoforms in hPASMC

To identify whether PDE4C is expressed in hPASMC, cellular lysates were immunoblotted
(Materials and Methods 2.3.4) with a polyclonal PDE4C specific antibody, which delects a
sequence located in the extreme C-termini of all known uactive PDEAC isoforms. This
detected a single reactive species which co-migrated with recombinant PDE4C2 (Genbank
accession U66346), which migrated with an apparent molecular weigiit of 80kDa on SDS-
PAGE (Figure 3.7)

3.2.4.2 RT-PCR analysis of PDEA4C isoforms in hPASMC

As a means of confirming the presence of the PDE4C2 isoform, RT-PCR was employed to
tdentify the reaclive spectes observed at 75kDa through western blotiing (Materials and
Methods 2.4.3). Primers specific to PDE4C2 were used to investigate transcript expression.
RT-PCR analysis of total RNA using isoform specific primers identified the presence ol
PDE4C2 transcripts in hPASMC, thus confitming the western blot data that identified
PDEA4C2 expression (Figure 3.8).

3.2.5 PDE4D profile in hPASMC

3.2.5.1Waestern biot analysis of PDE4D isoforms in hPASMC

To identify if any PDE4D isoforms are expressed in hPASMC, cellular lysates were
immunoblotted with a PDE4D specific monoclonal antibody (Materials and Methods
2.3.4) raised to a peptide corresponding to the sequence; TQDSESTEIPLDEQVEEL,
located at the C-termini of all known PDE4D isoforms. This detected three
immunoreactive bands. These co-migrated with rccombinant PDE4D1/2 (Genbank
accession US50157, US0158 respectively), PDEAD3 (Genbank accession L20970) and
PDEA4DS (Genbank uccession S:1059276), whose molccular weights are 68 kDa, 95kDa
and 105kDa, respectively, on SDS-PAGE (Figure 3.9).

3.2.5.2 RT-PCR analysis of PDE4D isoforms in hPASMC
To confirm the presence of the PDEADI/2, PDE4D3 and PDE4DS in bPASMC, RT-PCR

was employed to identify the reactive specics observed through western blotting (Materials
and Methods 2.4,3). Primers specific to PDE4D1, PDE4D2, PDE4D3 and PDE4DS werc
used to identify transcript expression. Primers to PDE4D4 were also used o determine if
this isoform was present at such low levels that western blotting would be unable to detect

it. RT-PCR analysis of total RNA using isoform specilic primers identified transcripis for
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PDE4D1, PDRAD2, PDRE4D3 and PDE4DS5, thus confirming their expression in

hPASMC, but failed to identify transcripts for PDE4D4, confirming the inability to detect
this isoform immmunologically in WPASMC (Figure 3.11).

3.2.8 cAMP-PDE activity in hPASMC
PDE3 and PDE4 are known to be the main cAMP hydrolysing enzymes expressed in

vascular smooth muscle cells (Palmer et al., 1998). In order te determinc how much of this
is attributable to PDE4 within hPASMC, a cAMP-PDE activity analysis (Materials and
Methods 2.3.5) was carried out in the presence and absence of either the PDE4 selective
inhibitor rolipram {(Nemoz ct al., 1985) or the PDFE3 selective inhibitor, cilostamide.
Briefly, the PDE activity of cell lysates was assayed in the presence of 1uM cAMP in
either the absence of presence of 10uM of the PDE4-specific inhibitor rolipram or the
PDE3-specific inhibitor cilostamide. Analysis revealed that the main ¢cAMP hydrolysing
enzymce in BPASMC, contributing 53 £ 7% (SEM; n = 6) of the total cAMP-PDE activity,
is the rolipram-sensifive fraction, namely PDIE4 activity. 1¢ was found that a farther 25 +
8% (SEM; n=3) of the activity is due to PDE3 activity {(Figure 3.12). Total cAMP-PDE
activity was 66.5 + 4.7 pmol/min/mg protein (SEM; n=0), PD:4 activity was 37.1 £ 5.3
pmol/min/mg protein (SEM; n=6) and PDE3 activity was 16.9 & 0.7 pmol/min/mg protein
(SEM; n=3).

3.3 Effect of chronic hypoxia on PDE4 in hPASMC

3.3.1 Examining the effect of chronic hypoxia on PDE4

Previous research into models of pulmonacy hypertension has indicated that cAMP
signalling is altercd. Thus, once the PDE4 profile and activity bad been determined in
hPASMC, 1 set cut to investisate whether these were allered by exposing the cells to
hypoxic conditions. Initially, the cells were maintained in u 10% oxygen (balance N»)
environment for a period of two weeks as done before (Murray et al 2002) and to

determine the optimal time point to study the cells.

3.3.2 Analysis of PDE4 isoforms expression in chronic hypoxia
Cells were placed under hypoxic conditions (Materials and Methods 2.1.1.3) with a
corresponding set of normoxic controls. Cells were harvested for lysate or total RNA as

required and cxamined for PDE4 expression compared ta normoxic.
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3.3.2.1 PDE4A

3.3.2.1.1Western biot analysis of PDE4A

Cells were harvested and probed with the PDE4AA subfamily antibody as described in
materials and methods 2.3.4. PDE4A expression was seen to alter throughout the two
weeks of hypoxia (Figure 3.13}. The PDFAA isoform which migrated at 120 kDa on SDS-
PAGE, and was thus the combined PDE4A 10+PDE4A 1] band, was seen Lo increase to 208
+ 58% (SEM; n=3) of basal levels alter 24 hours exposure to hypoxia and this increase
was maintained throughout the 14 days of incubation. Normoxic PDHE4A10/4A11 only
increased to 102 £ 63% (SEM; n=3) of basal levels.

3.3.2.1.2 Semi-quantitative RT-PCH analysis of PDE4A

In arder to gain insight into whether the increase in PDF4A was duc to cither PDE4A10 or
PDE4AlL, | undertook semi-quantitative RT-PCR analysis on total RINA isolated from
cells maintained vnder hypoxic conditions for seven days and the corresponding normoxic
controls (Materials and Methods 2.4.3.3), Primers specific for PDE4AA1D and PDE4A1}
were used and PCR was carried out on total RNA isolated from seven day normoxic and
hypoxic cells. Primers for cyclophilin were also included to use as a control. It was seen
that an increase in both PDE4A10 and PDIAANIT (Figure 3.14a) after seven days of
hypoxia was confirmed. PDE4A10 Jevels were seen to incrcase to 138 + 15.9% (SEM;
n=3) as compared with normoxic. PDE4A1l imcreased o 124 £ 8% (SHM; n=3) of

normoxic levels (Figure 3.140).

3.3.2.2 PDE4B

3.3.2.2, tWestern blot analysis of PDE4B

The PDE4B subfamily specific antibody was used to probe cell Iysates (Materials and
Methods 2.3.4) collected over a two week period of exposure to 10% oxygen W0 examine
any effect on the expression of the PDE4B2 isoform. The expression of PDE4B2 changed
thronghout the two weeks exposure with a transient increase at day 5-7 to 250 + 64 %
(SEM; n=3) of basal levels and then this gradually decrcased to 120 + 2% over a further
seven days of hypoxia (Figure 3.15).

3.3.2.2.2 Semi-quantitative RT-PCR analysis of PDE4B
Total RNA from cells collected after seven days hypoxia and normoxia was used for semi-
guantitative RT-PCR with PDE4B2 specific and cyclophilin primers to examinc the

increase observed in PDE4B2 scen through western blotting (Materials and Moethods

+
o
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2.4.3.3). Transcript levels of PDE4B2 at day seven were scen to be 125 £ 16% (SEM;

1n=3) that of normoxic controls (Figure 3.16). This increuse was considered insignificant in

an unpaired t-test.

3.3.2.3 PDE4C

3.3.2.3.1 Western blot analysis of PDEAC

Lysates from hypoxic and normoxic cells were collected over the two week period and
probed with the PDE4C specific antibody (Materials and Methods 2.3.4). PDE4C protein
expression was observed (o remain at basal levels throughout the two weeks with only a

104 = 3% (SEM,; n=3) increasc detected at day 7 (Figure 3.17).
3.3.2.4 PDE4D

3.3.2.4.1 Western blot analysis of PFDE4D

To examine the protein levels of PDEAD within hypoxic and normoxic cells, the cells were
harvested and the cell lysate probed with the PDE4D specific antibody (Materials and
Methods 2.3.4). A gradual increase in PDE4DS protein levels, peaking at day five to
seven, was observed (Figure 3.18). This increase was maintained for the duration of the
fortnight. Levels of PDE4DS were scen to 1ise o 172 + 19 % (SBEM; n=3) at day 7 and 177
+ 17% (SEM; n=3) at day 14 of basal levels. PDE4D1/4D2 and PDE4D3 were not

observed to change.

3.3.2.4.2 Semi-quantitative RT-PCR analysis of PDE4D expression

Total RNA from seven day hypoxic and normoxic cclls was used for RT-PCR with
PDE4D1/2, PDE4AD3 and PDE4DS specific primers (Materials and Methods 2.4.3.3).
PDLE4D1/2 levels were scen to alter slightly, with an increase of 115 £ 8% of PDE4D1 and
116 £ 7 % of PDE4D2 (SEM; n=3) of normoxic levels. PDE4D3 was confirmed to
significantly increase after scven days hypoxia to 115 3 1% of basal levels (Figure 3.19a,
b).

3.3.3 Western blot analysis of HIF-1¢ Expression

Cells were placed under hypoxic conditions (Materials and Methods 2.1.1.3) with a
corresponding set of normoxic controls for seven days to reach (he time point witnessed
with maximal change in PDE expression, Cell [ysate was used to perform western blotting
with #n anti-HIF-1o0. antibody to identify a key example of the expression of hypoxia
regulated genes at this time point (Figure 3.20). An anti-buman monoclonal HIP-1a

antibody used in previous studies was procured from BD Pharmingen (Hanze et al., 2003)

* e o e
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and identificd an immunoreactive band at 120kDa in hypoxic samples only. This

concurs with the known molecular weight for HIF-1 .

3.3.4 Microarray Analysis of norimoxic and hypoxic hPASMC

Total RNA from normoxic and seven day hypoxic cells was used for hybridisation onto
custom made cell-signalling microarrays from MWG Biotech. RNA was hybridised onto
the microarray chips and analysis was carried out by Dr. Tan McPhee of Scottish
Biomedical. The chips contained ‘spots’ of hybridisation for specific PDE4 isoforms and
other signalling effectors including PKA isoforms, Rap and ERK. Spots for general PDE4
families were also included. As the normoxic and hypoxic cDNA samples had been
synthesised from RNA, they had incorporated different fluorophores. In different
experiments, this labelling of samples was reversed to allow for naturally differing
intensities of the fluorophores. After hybridisation, fluorophores were excited and intensity
values were taken for cach fluorophore for each spot on the chip. After normalisation, this
data was then interpreted as a ratio of normoxic over hypoxic. By corresponding these

values to a ‘map’ of the chip, changes in gene expression could be identified.

The changes are listed in figure 3.21. It was observed (hat the increase seen through
western blotting and RT-PCR {n PDE4A10/4A1l, PDE4B2 and PDEADS could also be
seen by microarray analysis as the general PDE4A and PDE4B, along with the specific
PDE4DS spots produced values indicative of an incrcase in expression in hypoxia. Other
PDE isoforms obscrved to increase were the PDESA3, PDESA, PDEY9A and PDES.
Strangely however, the general PDESA spot indicated an overall decrcase in PDRESA
isofors. The largest increase in expression of a PDE was of the PDE3B isoform, this
isotorm has previously been reporicd to increase in hypoxic hPASMC (Murray ct al.,,
2002). Madulation of the cAMP pathway appears (o occur in the hypoxic samples as the
PKA isoforms and Raplb also show a change in expression. PKARI expression is altered
with a shift in the RIo to RIf ratio as PKARIR expression is increased in hypoxia. As there
was no indication of an Rl isoform decrease in hypoxia, this indicates an overall increase
in the PKARI subunit of PKA. Also noteworthy were increases in pS53, NFkB and iNOS,
all of which are already known to incrcase in hypoxia (Graeher et al., 1994; Chiarugi ct al.,
1999, Tgari et al., 1998; Palmer et al., 1998).

3.3.5 Effect of chronic hypoxia on cAMP-PDE activity
With the observed increase in PDE4 cxpression in hypoxic hPASMC, T then set out to
determine cAMP-PDE activity in normoxic and hypoxic cells to see il this was altered in

hypoxic cells by the change in PDE4 expression.




3.3.5.1 Total cAMP-PDE activity "
Lysates from hypoxic and normoxic cells were assayed for cAMP PDE activity with 1TuM
cAMP as substrate as described in section 2.3.5. Surprisingly, there appeared to be no
significant increase in totat CAMP-PDE activity {Figure 3.22). Normoxic tatal cAMP-PDE
activity was 66.5 + 4.7 pmol/min/mg protein (SEM; n=6), whilst & value of 70.8 + 4.7
pmokmin/mg protein (SEM; n=6) was noted after 7 days hypoxia.

3.3.5.2 PDE3

PDE enzymatic activity of seven day hypoxic cell lysales was assayed in the presence of
10pM of the PDE3-specific inhibitor cilostamide in order to determine PDE3 activity
(Materials and Methods 2.3.5). As can be seen in figure 3.22 no evident change in PDE3
activity was observed. Normoxic PDE3 activity was 16.9 + 0.7 pmol/min/mg protein
{(SEM: n=3) whilst a value of 19.6 £ 6,2 pmol/min/mg (SEM; n=3) was observed after 7
days hypoxia.

3.3.5.83 PDE4

Cell lysates from seven day hypoxic and normoxic cells were assayed for PDEA enzymatic
activity. This was achicved by measuring tolal cAMP-PDE uctivity at 1pM cAMP
subslrate comcentration in the presence and absence of 10uM of the PDE4-specific
inhibitor, rolipram (Materials and Methods 2.3.5). Again, littie difference in PDE4 activity
was noted (Figure 3.22). Normoxic PDE4 activity was 37.2 £ 5.3 pmol/min/mg protein
(SEM; n=G}, which increased to 44.3 = 3.4 pmol/min/mg protein after 7 days hypoxia
(SEM; n=3).

3.3.5.4 Immunoprecipitated PDE4 subfamilies

The total P4 activity is represented by [our subfamilies within hPASMC. As each
subfamily, and indeed individual isoforms, are subject to different modes of reguiation,
measuring total PDE4 activity would not reveal any change in specilic PDE4 subfumily
activities. Therefore, I used cell lysates from sevenr day hypoxic and normoxic cells to
assay specifically for the different PDE4 subfamily enzymatic activities, This was achieved
by selectively immunopurifying the respective PDE4 subfamilies, as described in section
2.3.6, and using the resulting samples in a cAMP-PDE assay. An increase in the PDE
activity for all four PDIY4 subfamilies, including PDE4C, was obscrved (Figure 3.23).
However, whilst the apparent increase in PDE4A, PDE4B aud PDEAC activities was not
significant that for the PDE4D sublumily was significantly increased (p<0.01) to 172% of
normoxic PDE4D activity. Thus the key target for hypoxia-induced increase in PDE4

activity is due to the PDE4D sub-family, but such an effect can be partially masked due to




the activitics of the three other PDE4 subfamilies, which are fittle if at all changed in

hypoxia.
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3.4 Discussion and Conclusions

Exposing vascular smooth muscle cells to hypoxia has been shown to alter many cell
signalling pathways including cAMP and cGMDP signalling (MacLean et al,, 1997, Murray
et ul., 2002). The decrease ohserved in cyclic nucleotides in hypoxia has been attributed to
increased hydrolysis by PDEs as cAMP-FDE and ¢GMP-PDE activities have been
reported to increase in the pulmonary arteries of the hypoxic rat (MacLcan ct al., 1997).
The ¢GMP-PDE PDES and the cAMP-PDE PDE3 have previously been reported fo
increase during chronic hypoxia in the pulmonary arteries of the rat and in hPASMC
(Murray ct al., 2002). Although PDE4 activity represents a major cAMP-hydrolysing

activity within these cells, their expression and activity have not been fully investigated.

Each cell type has a specific profile of cAMP-PDE isoforms, which is presumed te cnable
differential regulation of cAMP signalling (Houslay & Milligan 1997; Housfay 1998). it
has previously been established that the major cAMP-PDEs present within vascular
smooth muscle cells are PDE3 and PDE4 (Maurice et al., 2003). Prior research has
investigated PDE3 expression and shown that the PDE3A and PDE3B isoforms are present
within hPASMC (Muwrray ct al 2002). Investigation inte the PDE4 profile showed
conclusively that PDE4A7, PDE4A10, PDE4A1l, PDE4B2, PDEAC, PDE4D1, PDEAD?2,
PDE4D3 and PDE4DS are expressed in hPASMC. PDBE4 activity contributes
approximately 53% of the tolal cAMP-PDE uctivity within hPASMC with PDE3 being

responsible {or another 25% under basal/resting conditions.

Once I had established the PDE4 profile within hPASMC, [ set out to investigaic if this
profile was altered in chronic hypoxia, initially through western blotting and then
confirmation by RT-PCR. This enabled me (o discover that the level of expression of the
PDE4 isoforms, PDE4A 10, PDE4ALI, PDE4B2 and PDE4DS5 were all increased to
varying degrees over I4d of exposure to 10% Op. The increase in both PDE4ATO and
PDE4ALl was due to incrcased transcription with RT-PCR identifying a 138% and 124%
increase in PDE4A 10 and PDE4A L respectively. This was the largest increase observed
of the PDE4 isoforms increased in hypoxia. The increased transcription of
PDE4A10/PDE4AT] is suggestive of a hypoxic transcription factor such as HIF-1 being
responsible for the upregulation of these PDE4A isoforms. As PDE4AA10 and PDE4AL]
are recently characterised PDE4A isoforms, their functional attributes have not yet been

determined. It has been hypothesised that PDE4A 10 could be involved in the inflammatory
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response due to the presence of possible sites for GATA within its promoter. This site is

known to interact with the HoOr-activated USIF (Andrews 2000) as weli as CREB and
NF«B. Indeed, acute hypoxia has been observed to increase GATA DNA binding activities
(Jamali et al., 2004). It is known however that the PDE4A subfamily is not subject 1o
regulation by ERK (Baillic et al. 2000). This means PDE4A 10 and PDE4A11 activities are
not susceptible to inhibition by the increased active ERK reported in hypoxic vascular

smooth muscle cells (Minet et al., 2000b; Scott et al,, 1998; Welsh ct al., 2001).

The increase in the PDE4B2 isoform represented the largest increase in protein levels
amaong the altered PDE4 isoforms with an increase to 250% ol basal levels. Although RT-
PCR identified an increase in PDE4B2 transcription {0 125 % of basal, this increase was
not deemed significant by an unpaired t-test due to the large standard error of the mean.
PDE4B2 has been established as having a key role in the regulation of inflammatory
responses {Ma et al., 1999; Wang et al., 1999; Oger et al., 2002). Myometrial contractility
occurs due to intrauterine infections which induce an inflammatory response involving an
increase in the levels of IL-1f. An increase in PDE4B2 expression has been reported to
occur in human smooth muscle myometrial cells exposed to 1L-if8 due to the increased
cAMP levels produced through induction of PGE, (Oger et al., 2002), thereby acting in a
teedback loop to regulate cAMD levels, IL-1P increased cAMP to maximal levels after 12
hours and this induced an increase in PDE4 activity, increasing the hydrolysis of cAMP
and returning cAMP levels to normal after a further 12 hours. An increasc in PDE4B2 has
also been observed directly in response to CAMP raising agents in human myometrial cells
(Mehats et al., 1999). This snggests that the increase in PDE4B2 could be due to an
increase of cAMP in hypoxia. In hypoxic rat pulmonary arteries however, a decrease in
cAMP levels is observed (MacLean et al. 1997). This occurred after 14 days of hypoxic
exposure, The increase in PDE4B2 protein levels observed here was transicnt as protein
levels returned to normal after {4 days, suggesting a sitnilar feedback loop to that shown in
the myometrial cells (Figure 3.24). Hypoxia could initally induce an increase in cAMP
levels through inflammatory mediators and cause an increase in PDE4B2 activity,
reducing cAMP levels {0 below that of normal and alleviate the induction of PDE4B2

cxpression.

Although previous studies have shown cAMP prevents the induction and maintenance of
contraction in smooth muscle cells {(Silver 1985), PDE4 inhibitors can block spontaneous
myomelrial contraction (Mehats et al.,, 2002). During this spontaneous contraction,

PDE4B?2 levels increase, suggesting a role for PDE4B2 in this response (Mehats et al.,

—
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2002). Therefore, this is suggestive of a remaodulation of cAMP signalling during this

contraction and infers PDE4B2 could be initially involved in the hypoxic pulmonary

vasoconstrictive response seen in models of PAH.

PDEAD isoforms are involved in the maintenance of airway smooth muscle tone (Mehats
ct al., 2003). PDI4D knockout mice are refractory to muscarinic cholinergic stimulation
and show increased sensitivity {0 PGE, (Hansen et al., 2000). Therefore an alteration in
PDE4D could affect smooth muscle contraction and refaxation, suggesting the increased
expression of PNE4DS could also be involved in the hypoxic pulmonary vasoconstrictive
response. As PDE4DS increased levels are maintained whereas the PDEAB2 levels return
to normal, it is possible that PDE4D3 is involved in (he maintenance of contraction, while

PDEAB2 is involved in the initial phase of contraction,

PDE4D5 levels have been reparted to iucrease in human arway smooth muscle in
response to cAMP-elevating agents (Le Jeune et al.,, 2002). This response was shown to be
due to a cAMP-response element {CRE) within the promoter region of PDIE4D3. This
again is suggestive of an initial risc in cAMP lcvels in hypoxia which canse an increase in
PDEA4DS exprcssion. Indeed, the PDE4DS increase was shown to be due, at least in part, (o
increased transcription as RT-PCR identified a 115% increase in transcript levels after 7
days hypoxia. PDE4D] and PDEAD?2 also contain a CRE site within their prumoters. |
was ohserved that their transcript levels increased to 115% and 116% respectively,
although no notable increase in PDEADI/PDL4D?2 protein levels was obscerved. The effect
of hypoxia on these PDE4D, cAMP-inducible isoforms, is aguin suggestive of an increase

in cAMP levels in hypoxia.

In this study, the increase in PDE4 expression was not mirroved by a signiticant increase in
total PDE4 activity after seven days of hypoxic exposure. Examining PDE4 subfamily
activities, an increase in PDE4D activity (0 172% of normoxic levels was observed. Total
PDE3 activity was also unaffected, but has previously been reporied to be increased after
14 days hypoxia in hPASMCs in a manner mimicked by cAMP-raising agents and blocked
by a PKA inhibitor (Murray et al., 2002). Tn the aforementioned study (Mehats ot al.,
2002), the observed increase in PDE4 activity was not an immediate effect and required 18
hours exposure to 1E.-1, not reaching maximal levels until after 24 hours. These combined
results lend credence to the hypothesis that cAMP signalling undergoes a gradual
remodulation during chronic hypoxia, with cAMD levels initially rising and a concomitant

increase in PDE activity. After prolonged cxposurc to high cAMP levels however, the PDE
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activities increase to a sufficient level to reduce cAMP and attenuate the effect of

cAMP-raising agents (Wagner et al., 1997) alleviating the induction ol PDEs by cAMP
(Figure 3.24). As many other pathways are altered in hypoxia, it is possible that after
cAMP no longer regulates the expression of PDEs, other fuctors can affect their regulation

and indeed maintain the increase in some PDEs.

To confirm the activation of hypoxia induced pathways in the seven day hypoxic cells, the
presence of the transcription factor HIF-lu was investigated. HIF-1a is constituitively
cxpressed within cells, but is degraded within minuies under normal condifions (Sutter et
al,, 2000). Under hypoxic conditions however, degradation of the HIF-lo subunit is
attenuated allowing HIF-1 to act upon hypoxia inducible genes containing IIIF-1 binding
sites. Using a commercial HIF-1n. antibody, the presence of HIF-la was confirmed in

hypoxic hPASMC, indicating the cellular responses to hypoxia were activated.

To further confinn the increase in PDE4 proicin levels and investigate other signalling
pathways, microarray analysis was utilised to examine hypoxia dependant changes in
expression. Increases in p53, NFB and iNOS, all of which are already known to increase
in hypoxia, were observed (Graeber et al,, 1994; Chiarugi ot al., 1999; Igari et al., 1998,
Palmer et al., 1998). Microarray analysis indecd confirmed an increase in PDE4DS,
PDE4A10 and PDE4Al] expression in hypoxia. The increase observed in the PDE3B
isoform has previously been identified in hypoxic hPASMCs (Murray ct al., 2002).

The increase in the RIB subunit of PKA also indicated an alteration in response to cAMDP
within hypoxic cells. PKARI has previously been shown to be a little overexpressed in
normal cells upon stimulation of proliferation, but is constituitively expressed in tumours
(McDaid., et al 1999). Vascular smooth muscle cells are known to profiferate in response
to hypoxia (Yuan & Rubin 2001), This indicates upregulation ol PKARIB could be

involved in the proliferative response of vascular smooth muscle cells to hypoxia.

However, the results from the microarray analysis are only indicative of possible
alterations in gene expression as the analysis was only performed twice and problems with
microarray analysis have to be taken into account (Watson et al, 2000}, Variations
between chip 1o chip, even spot-to spot, allow tor problems when considering background
levels to normalise data. With tightly regulated genes, this problem is emphasised and
small, significant changes are difficult to confirm. Thus, enough teplicate microarcay

hybridisations require to be performed to confirm the data collected.
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The data presented in this chapter indicates that the cellular response to chronic hypoxia is
a gradual process, with certain signalling pathways being altered immediately, and others
occurring over an extended period due to alterations in gene expression and activity. The
results suggest CAMP levels are increased immediately, with CRE-regulated genes being
induced including PDE4B2, PDE4D1, PDE4D2 and PDE4D35. This increase in cAMP-
PDE isoforms reduces cAMP over time and is responsible for the desensitisation of the
cAMP pathway in hypoxia (Figure 3.24). Unfortunately, as cAMP-PDFE activity was not
observed to increase after seven days and a time point of fourteen days was not examined,

this would need further work to explore in detail.




89

Standards
kDa 4A1  4A4  4A10 Lysate
150 —
Anti-4A4
100 —
« 4A10/4A11 Anti-4A10
100 — '
150 :
& .o o |«—— 4A10/4A11 Anti- 4A

Figure 3.1 Western blot analysis of PDE4A isoforms expressed in hPASMC.

hPASMC cells were harvested in cKHEM buffer and cell lysate was made as described in
section 2.3.1.1. 40ug protein was ran out on an 8% SDS-PAGE alongside Spg recombinant
protein standards of PDE4A isoforms PDE4Al (79kDa), PDE4A4 (125kDa) and
PDE4A10 (121kDa). This was then transferred to nitrocellulose and probed with an
antibody directed against the c-terminus of PDE4A. As PDE4A4, PDE4A10 and
PDEA4ALI1 all run at similar weights on a gel, (125, 121 and 126 kDa respectively), isoform
specific antibodies directed against the n-terminus of PDE4A4 (Panel A), PDE4A10
(Panel B), and the c-terminus of PDE4A to produce a general 4A antibody (Panel C) were
used to distinguish which isoform was being expressed in hPASMC. The molecular weight
markers are indicated. A band of approximately 120kDa (indicated in bold), thus
corresponding to the PDE4A10/4A11 isoforms, was detectable in hPASMC lysate.




PRIMER - L FRAGMENT
- NAME PRIMER SEQUENCES (5 - 3) LENGTH
| - . (op)
:; 4A1 F TTCTTCTGCG AGACCTGCTC TAAGC
4A1 4A1 R GGT CTT CAC CCC AAA TCG GGG 344
AAT
4A4F CGG AAA GGA GCC TGT CTC TG
4A4 257
4A4 R AGT GCC ATG GAA GGA CGA GG
4ATF GAT AAT GGT GCT TCC TTC AGA CCA
: AGG C
4A7 348
e 4ATR CCA GCA GTA CGT GGG TGG ACT
GCA GCA
4A10F AGA TCT GTC AGC TTC GAG GCA G
4A10 281
4A10R AGT GAG AAG TTG CTA CGG ACG C
o 4A11 F GCC TAG GCC GCA TCC CGG AGC
4Al1 i 350

Figure 3.2 Primer sequences used for analysis of PDE4A isoforms in hPASMC.
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A table indicating primer sequences and fragment size expected for of human PDE4A
splice variants, hsPDE4A1 (Genbank accession U97584), hsPDE4A4 (Genbank accession
1.20965), hsPDE4A7 (Genbank accession U18088), hsPDE4A10 (Genbank accession
AF073745), and hsPDE4A 11 (Genbank accession AF069488).
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500 — 4A7 (390bp) ;
— 4A11(310bp)
~ 4A10(280bp)

100 — cyclophilin

XIV  4A1 4A4 4A10 4Al1l1 4A7

Figure 3.3 RT-PCR analysis of hPASMC using PDE4A specific primers.

RNA was isolated from hPASMC and subjected to first strand cDNA synthesis as
described in section 2.4.3.2., followed by RT-PCR using primers specific for the PDE4A
isoforms, hsPDE4A 1, hsPDE4A4, hsPDE4A7, hsPDE4A 10 and hsPDE4All (see figure
3.2 for primer sequences and accession numbers). The PCR products were ran out on a 2%
agarose gel along side a negative control. When the negative control indicated
contamination, the PCR result was discarded. DNA marker sizes are indicated. Primer
products of approximately 280bp, 310bp and 390bp were detected with PDE4A10,
PDE4Al1 and PDE4A7 primer sets respectively (indicated in bold).




Standards
4B1 4B2 4B3 Lysate Anti-4B

100 — =3
-

75 —

kDa

4B2

Figure 3.4 Western blot analysis of PDE4B isoforms expressed in hPASMC.

hPASMC cells were harvested in cKHEM buffer and cell lysate was made as described in
section 2.3.1.1. 40ug protein was ran out on an 8% SDS-PAGE alongside Spg recombinant
protein of PDE4B isoforms PDE4B | (104kDa), PDE4B2 (80kDa) and PDE4B3 (103kDa).
This was then transferred to nitrocellulose and probed with an antibody directed against the
common PDE4B c-terminus region. A band of approximately 70kDa (indicated in bold)
could be detected. As this was the same weight as the PDE4B2 protein standard ran on the

gel, this band was assumed to be PDE4B2 in hPASMC lysate.




PRIMER FRAGMENT
NAME PRIMER SEQUENCES (5 - 3) LENGTH
(bp)
i 4BI1 F AAA GCA GGA GTG TGA TGA CGG N
1 236
4B1 R CGT TGT CAA AGG CAG TGT GGT
4B2 F CCT TGA GAT GGC AAA GCA CTC
4B2 264
4B2 R AAT CAC AGT GGT GCT CTG CCT
4B3 F AAA AGC ATT CGG CAG CGT C
4B3 214
4B3 R TCG ACA TCG CCT TTG GTG A

Figure 3.5 Primer sequences used for analysis of PDE4B isoforms in hPASMC.
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A table indicating primer sequences and fragment size expected for the human PDE4B

splice variants, hsPDE4B1 (Genbank accession L20966), hsPDE4B2 (Genbank accession
L.20971), and hsPDE4B3 (Genbank accession U85048).
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500—

4B2 (250bp)

100 cyclophilin

XIV 4B1 4B2  4B3

Figure 3.6 RT-PCR analysis of hPASMC using PDE4B specific primers.

RNA was isolated from hPASMC and subjected to first strand cDNA synthesis as
described in section 2.4.3.2, followed by RT-PCR using primers specific for the PDE4B
isoforms, hsPDE4B 1, hsPDE4B2 and hsPDE4B3 (see figure 3.5 for primer sequences and
accession numbers). The PCR products were ran out on a 2% agarose gel along side a
negative control. When the negative control indicated contamination, the PCR result was
discarded. DNA marker sizes are indicated. A primer product of approximately 250bp was

detected with the PDE4B2 primer set (indicated in bold).




Standard
kDa 4C2 Lysate
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Figure 3.7 Western blot analysis of PDE4C isoforms expressed in hPASMC.

hPASMC cells were harvested in cKHEM buffer and cell lysate was made as described in
section 2. 3.1.1. 40ug protein was run out on 8% SDS-PAGE alongside Sug recombinant
protein of the PDE4C isoform PDE4C2 (80kDa). This was then transferred to
nitrocellulose and probed with an antibody directed against the c-terminus of PDE4C. A

band of approximately 85kDa (indicated in bold) could be detected.




A
PRIMER FRAGMENT
NAME PRIMER SEQUENCES (5" - 3) LENGTH
(bp)
4CF ATG GAT GGT AAA GCC CTT TGG
CTCTTGG
4C 95
4CR GTC TCC CTA AAT GGG TGG GAA
AGT GAA G
B
500—
— cyclophilin
100__ — 4C2 (100bp)

XIV 4C

Figure 3.8 RT-PCR analysis of hPASMC using PDE4C specific primers.

Panel A, a table indicating primer sequences and fragment size expected of the transcript

of the human PDE4C splice variant, hsPDE4C2 (Genbank accession U66346).

Panel B, RNA was isolated from hPASMC, subjected to first strand cDNA synthesis as
described in section 2.4.3.2 and followed by RT-PCR using primers specific for the
PDEAC isoform, hsPDE4C2. The PCR products were ran out on a 2% agarose gel along
side a negative control. When the negative control indicated contamination, the PCR result

was discarded. DNA marker sizes are indicated. A primer product of approximately 110bp

was detected with the PDE4C2 primer set (indicated in bold).
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Standards
kDa 4D1 4D3 4D4 4DS5 Lysate

100 —

Anti-4D (ICOS)
75

Figure 3.9 Western blot analysis of PDE4D isoforms expressed in hPASMC.

hPASMC cells were harvested in cKHEM buffer and cell lysate was made as described in
section 2.3.1.1. 40ug protein was ran out on an 8% SDS-PAGE alongside Spg recombinant
protein of PDE4D isoforms PDE4D1 (68kDa, PDE4D2 runs at a similar weight, 67kDa),
PDE4D3 (95kDa), PDE4D4 (119kDa) and PDE4D5 (105kDa). This was then transferred
to nitrocellulose and probed with an antibody directed against the c-terminus of PDE4D.
The molecular weight markers are indicated. Bands of approximately 100kDa, 89kDa and
65kDa (indicated in bold) could be detected in APASMC lysate.




PRIMER FRAGMENT
B NAME PRIMER SEQUENCES (5’ - 3') LENGTH
(bp)
4DI2 F ATA TGA AGG AGC AGC CCT CAT G
4D1/2 221 & 307
4D1/2 R CCA GAC CGA CTC ATT TCA GAG A
4D3 F GCG AAC ATG ATG CAC GTG AA
4D3 292
4D3 R TGG CCA AGA CCT GAG CAA AT
4D4 F AGA AAT CCA GGA TGT CCT GGC
4D4 347
4D4 R TGC TAG GTG CTC GAT CTT GCA
4D5 F TGC CAG CTG TAC AAA GTT GAC C
4D5 212
4D5 R TTC TCG GAG AGA TCA CTG GAG A

Figure 3.10 Primer sequences used for analysis of PDE4D isoforms in hPASMC.
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A table indicating primer sequences and fragment size expected for the human PDE4D

splice variants, hsPDE4D1/2 (Genbank accession US50157, US50158

respectively),

hsPDE4D3 (Genbank accession L.20970), hsPDE4D4 (Genbank accession L.20969), and
hsPDE4DS5 (Genbank accession S:1059276).
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Figure 3.11 RT-PCR analysis of hPASMC using PDE4D specific primers.

RNA was isolated from hPASMC and subjected to first strand cDNA synthesis as
described in section 2.4.3.2., followed by RT-PCR using primers specific for the PDE4D
isoforms, hsPDE4D1, hsPDE4D2, hsPDE4D3, hsPDE4D4 and hsPDEADS (see figure 3.11
for primer sequences and accession numbers). The PCR products were ran out on a 2%
agarose gel along side a negative control. When the negative control indicated
contamination, the PCR result was discarded. DNA marker sizes are indicated. Primer
products of approximately 200bp, 220bp, 300bp and 300bp were detected with the
PDE4DI, PDE4DS5, PDE4D3 and PDE4D2 primer sets respectively (indicated in bold).
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Figure 3.12 cAMP-PDE activity in hPASMC.

Cells were harvested in cKHEM + 1% Triton and the lysates were assayed for total
cAMP-PDE Activity, PDE4 Activity, determined as the rolipram sensitive fraction, and
PDE3 Activity, determined as the cilostamide sensitive fraction. Phosphodiesterase assay
method was described in section 2.3.5. Results are expressed as panel A, mean +/- S.E. of
3 independent experiments in pmol/min/mg protein and panel B, percentage of total
cAMP-PDE activity.
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Figure 3.13 Western blot analysis of the effect of chronic hypoxia on PDE4A isoform
expression.

hPASMC were split into two groups, one was treated as normal and the other was
maintained in a 10% O, environment for a period of two weeks. Both sets were treated
identically throughout. Cells were harvested from both groups at days throughout the time

course and 40u g protein from each time point was used for western blotting.

Panel A, blots were probed with a pan PDE4A antibody. Results shown are hypoxic
samples. Panel B, densitometry results with normoxic and hypoxic time points compared

directly expressed as a percentage of the respective basal density.

Blot shown is representative of three independent experiments and *, ** denotes

significance (p<0.05, p<0.01 respectively)
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Figure 3.14a RT-PCR analysis of the effect of chronic hypoxia on PDE4A isoform
expression.

RNA was isolated from both normoxic and 7 day hypoxic hPASMC and subjected to first
strand cDNA synthesis as described in section 2.4.3.2. This was followed by RT-PCR
using Superscript II and primers specific for the PDE4A isoforms (see figure 3.2). The
PCR products were ran out on a 2% agarose gel along side negative controls. When the
negative control indicated contamination, the PCR result was discarded. DNA marker sizes
are indicated. The PDE4A PCR products identified are shown and are representative of

three independent experiments.
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Figure 3.14b Densitometry of RT-PCR analysis of the effect of chronic hypoxia on
PDEA4A isoform expression.

Quantity-one software was used to measure the density of each band which was then
normalised against the density of the corresponding cyclophilin band. Panel A;
densitometric analysis of PDE4A7 band expressed as a percentage of the normoxic band
present at 35 cycles. Panel B; densitometric analysis of PDE4A10 band expressed as a
percentage of the normoxic band present at 35 cycles. Panel C; densitometric analysis of
PDE4Al1l band expressed as a percentage of the normoxic band present at 35 cycles.
Results shown are mean + S.E. of three independent PCR reactions and * denotes

significance (p<0.05).
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Figure 3.15 Western blot analysis of the effect of chronic hypoxia on PDE4B isoform

expression.

hPASMC were split into two groups, one was treated as normal and the other was

maintained in a 10% O, environment for a period of two weeks. Both sets were treated

identically throughout. Cells were harvested from both groups at days throughout the time

course and 40u g protein from each time point was used for western blotting.

Panel A, blots were probed with a pan PDE4B antibody. Results shown are hypoxic

samples. Panel B, densitometry results with normoxic and hypoxic time points compared

directly expressed as a percentage of the respective basal density. Blot shown is

representative of three independent experiments and * denotes significance (p<0.05).




105

A
500—
<+«—— 4B2
100__ <+— Cyclophilin
XIV 30 35 40 30 35 40 Blank
Normoxic  Hypoxic
Densitometry of PDE4B2
1501
B l
B é 100
> 50
&
o
0_

T
Normoxic Hypoxic

Figure 3.16 RT-PCR analysis of the effect of chronic hypoxia on PDE4B isoform
expression.

RNA was isolated from both normoxic and 7 day hypoxic hPASMC and subjected to first
strand cDNA synthesis as described in section 2.4.3.2. This was followed by RT-PCR
using Superscript II and primers specific for the individual PDE4B isoforms (see figure
3.5). The PCR products were ran out on a 2% agarose gel along side negative controls.
When the negative control indicated contamination, the PCR result was discarded. DNA
marker sizes are indicated. Panel A, PDE4B PCR products, panel B, densitometric analysis
of PDE4B2 band expressed as a percentage of the normoxic band present at 40 cycles. The

results shown are indicative of three independent experiments.
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Figure 3.17 Western blot analysis of the effect of chronic hypoxia on PDE4C isoform
expression.

hPASMC were split into two groups, one was treated as normal and the other was
maintained in a 10% O, environment for a period of two weeks. Both sets were treated
identically throughout. Cells were harvested from both groups at days throughout the time

course and 40pg protein from each time point was used for western blotting.

Panel A, blots were probed with a pan PDE4C antibody. Results shown are hypoxic
samples. Panel B, densitometry results with normoxic and hypoxic time points compared

directly expressed as a percentage of the respective basal density.
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Figure 3.18 Western blot analysis of the effect of chronic hypoxia on PDE4D isoform
expression.

hPASMC were split into two groups, one was treated as normal and the other was
maintained in a 10% O, environment for a period of two weeks. Both sets were treated
identically throughout. Cells were harvested from both groups at days throughout the time

course and 40u g protein from each time point was used for western blotting.

Panel A, blots were probed with a pan PDE4D antibody. Results shown are hypoxic
samples. Panel B, densitometry results with normoxic and hypoxic time points compared
directly expressed as a percentage of the respective basal density.

Blot shown is representative of three independent experiments and ** denotes significance

(p<0.01).
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Figure 3.19a RT-PCR analysis of the effect of chronic hypoxia on PDE4D isoform
expression.

RNA was isolated from both normoxic and 7 day hypoxic hPASMC and subjected to first
strand cDNA synthesis as described in section 2.4.3.2. This was followed by RT-PCR
using Superscript II and primers specific for the PDE4D isoforms (see figure 3.11). The
PCR products were ran out on a 2% agarose gel along side negative controls. When the

negative control indicated contamination, the PCR result was discarded. DNA marker sizes

are indicated. The PDE4D PCR products identified are shown and are representative of

three independent experiments. PDE4D3 results are not shown due to only n=1 without

contamination.
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Figure 3.19b Densitometry of RT-PCR analysis of the effect of chronic hypoxia on

PDEA4D isoform expression. Densitometric analysis of results shown in figure 3.19a.
Quantity-one software was used to measure the density of each band which was then
normalised against the density of the corresponding cyclophilin band. Panel A;
densitometric analysis of PDE4D1 band expressed as a percentage of the normoxic band
present at 35 cycles. Panel B; densitometric analysis of PDE4D2 band expressed as a
percentage of the normoxic band present at 35 cycles. Panel C; densitometric analysis of
PDE4DS band expressed as a percentage of the normoxic band present at 35 cycles.
Results shown are mean + S.E. of three independent PCR reactions and *** denotes

significance (p<0.001).
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Figure 3.20 HIF-1a expression in normoxic and hypoxic hPASMC.

Seven day hypoxic and normoxic hPASMC were harvested as described in section 2.3.1.1
and used for western blotting with an anti-HIF-1a antibody. HIF-1a is 120kDa (Hanze et
al., 2003), and a band was detected at 121kDa in hPASMC exposed to seven days hypoxia,

but not in normoxic cells. Blot shown is representative of three independent experiments.
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Figure 3.21 Microarray analysis of RNA from normoxic and hypoxic hPASMC. Total
RNA from normoxic and seven day hypoxic cells was used for hybridisation on a custom
microarray chip (MWG Biotech). Results shown are from two separate chips, with reverse

labelling of samples.
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Figure 3.22 Effect of chronic hypoxia on cAMP-PDE activity.

Normoxic and seven day hypoxic cells were harvested in cKHEM + 1% Triton and the
lysate was assayed for cAMP-PDE activity as in section 2.3.5. Panel A, total cAMP-PDE
activity, means + S.E. of 6 independent experiments. Panel B, PDE4 activity, means +
S.E. of 6 independent experiments. Panel C, PDE3 activity, means + S.E. of 3 independent

experiments. All results are expressed in pmol/min/mg protein.
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Figure 3.23 Effect of chronic hypoxia on PDE4 subfamily activity.

PDE4A, PDE4B, PDE4C and PDE4D activities were immunoprecipitated as described in
section 2.3.6. Samples were then used in a cAMP-PDE assay as described in section 2.3.5.
Results shown are mean + S.E. of 6 independent experiments. Results were calculated in
pmol/min/mg protein and converted to a percentage of normoxic activity for each PDE4

subfamily. Significance is denoted by ** (p<0.01).
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Figure 3.24 Proposed model of cAMP regulation during chronic hypoxia

—— CAMP levels rise and PDE

expression induced

cAMP levels reach maximum and
PDE levels continue to increase

PDE activity reaches “threshold’ where
it starts to impact upon cAMP levels.
Other fuctors affected by hypoxia
impact upon PDE regulation? Or,
delayed response to reduced cAMP
fevels similar fo that witnessed with an
increase in CAMP?

cAMP levels reduced through PDE
aclions and responses to cAMP raising
agents ‘dampened’ by high PDE
activity
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Above is a model of a proposed theory to explain the desensilisation of the cAMP pathway

in hypoxia and during prolonged increased cAMP. Hypoxia causes a rise in cAMP levels,

possibly through prostacyclins which are known to increase in hypoxic conditions. This

rise in cAMP levels induces PDE expression. cAMP levels continue to rise to maximum

rapidly, preventing increases in PDE to have an impact. Once at maximum, cAMP levels

remain steady untii PDE expression and activity reaches a ‘threshold’ point where the

amount of CAMP hydrolysed is more than the amount generated. This causes a reduction in

cAMP levels and attenuates cAMP generation in response 1o exogenous cAMP elevating

agents.
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Effect of Chronic Hypoxia on cAMP Levels in
hPASMC
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4.1 Introduction

4.1.1 Cyclic Nucleotide Signaliling in Models of Hypoxia-Induced Pulmonary
Hypertension

4.1.1.1 Cyclic Nucleotides in Hypoxia

It is well established that raising intracelldar levels of cAMP and cGMP can lead to
smooth muscle relaxation and inhibit VSMC proliferalion (Koyama et al., 2001; Rybalkin
& Bornfeldt 1999; Osinski & Shror 2000; Indolfi ct al,, 200(; Boyton & Whitfield 1983,
Hayashi et al., 2000; Kronemann 1999; Hofmann 2000; Hakonarson & Grunstein 1998).
Raising cAMP levels is known to be more elfective at inhibiting VSMC proliferation than
elevating cGMP (Murray 1990; Koyama et al 2000), The cffects of these cyclic nucleotides
are thought to occur threugh the activation ol protein kinase A (PKA) and protein kinase G
(PKG)} which phosphorylate contractile proteins and channels. For example, PKA acts on
the vasodilator-stimulated phosphoprotein, or VASP, which promotes actin nucleation and
binds to actin filaments in vitro and associates with stress fibres in ceils (Shabb 2001).
PKA phosphorylation has a negative effect on VASP interaction with actin filaments
(Harbeck et al., 2000). PKA and PKG can induce relaxation by acting on downstream
targets of CaZ+ mobhilisation (Shabb 2001; Marin et al., 1998).

It has been demonstrated that the chronic hypoxic rat displays reduced levels of both cyclic
nucleotides in all pulmonary arterics with the exception of the resistance arteries (MacLean
et al., 1996). It should be noted that other studics have indicated a risc in ¢cGMP levels in
chronic hypoxic rats compared to controls (Cohen et al., 1996). An increase in cyclic
nucleotides would be beneficial under hypoxia, aiding to restore the normal tone of the
pulmonary circalation. In fact, it has been suggested that hyvpoxia initially lcads to an
increase in cAMP through PGI, activation, yet after prolonged exposure to hypoxia,

desensitisation occurs and pathways are initiated to remove CAMP.

4.1.1.2 Cyclases in Hypoxia

Studies of guanytyl cyclasc activity have observed that soluble guaaylyl cyclase activity is
increased in hypoxia with a corresponding increase in cGMP levels (Li et al., 1999). In the
rat lung, the adenylyl cyclase isoforms AC2, AC3 and ACS5/6 predominate in pulmonary
VSMC, although the isoforins AC 2, ACS and ACS8 are the most tunctionally important.
Looking al these isoforms in hypoxia in the rat, there was no change of expression
observed, (Jourdan et al 2001} although there are reduced responses to adenylyl cyclase

activators such as forskolin. Under chronic hypoxic conditions, it has been demonstrated

3V e
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that adenylyl cyclase activity measured under GTP, forskolin or isoproterenol

stimulation is reduced in rat hearts (Pei et al., 2000; Hrbasova et al., 2003). Other studies

have demonstrated no effect of hypoxia on AC activity however (Pei et al., 2000).

4.1.1.3 Attenuated responses in Hypoxia

It is well established that responses to agents known to stimutate cAMP production such as
B-adrenergic agonists are diminished in hypoxia (Hrbasova et al,, 2003)., Hearts from
chronic hypoxic animals indeed display a reduction in B-adrenoceptors and a
desensitisation of adenylyl cyclase (Leon~Velarde et al, 2001; Voelkel et al,, 1981)
However, other studies have demonstrated an increase in f-adrenoceptors and unchanged
adenylyl cyclase activity in isolated cardiac myocyies in response to chronic hypoxia (Li ct
al., 1996), highlighting the different effects of chronic hypoxia due to experimental
differences. This is also apparent on studies investigating the effect of hypoxia on G; and
G; signalling. G protein levels have been reported to be decreased or unchanged and G;
protein levels have reported to be increased or unaltered (Hrbasova et al., 2003; 1.eon-
Velarde et al., 2001; Pei et al., 2000).

Precontracted pulmonary arteries relaxed by the addition of the B-adrenoceptor agonist,
isoproterenol, demonstrated P-adrenergic relaxation is significantly attenuated in chronic
hypoxic rat pulmonary arteries compared (Wagner et al., 1997). In addition, forskolin-
stimulated relaxation is also attennated in the chronic hypoxic rat (Wagner et al., 1997). As
no change in adenylyl cyclase aclivity has been vbserved in hypoxia (Shaud et al., 1990), it
was hypothesised thal there was an increased hydrolysis of CAMP, Indeed, this attenuation

was alleviated by the addition of either PDE3 or PDE4 inhibitors (Wagner et al., 1997).

As T observed PDE4 levels to increase in hypoxia withoutl any marked increase in total
PDE4 activity in the previous chapter, I set out to determine cAMP levels in both normoxic
and hypoxic cells and the response of these levels to various agonist and inhibitors. All
assays were carried out after seven days of hypoxia. T'his was in order 1o gain ingight into
why there was sa little change in PDE4 activity in hypoxia at this time point by uncovering
other pathways that can affect upon cAMP and also regulate PDE4 expression and activity
in hPASMC. Also, the response to cAMDP-elevating agents in hypoxic hPASMC has not

yet been investigated.
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Results

4.1 cAMP signalling in normoxic and hypoxic hPASMC

All methods used in this chapter are described in full in section 2, materials and methods,
Results are calculated as pmol ¢cAMP per ng protein. and expressed as a perceniage of
basal, with basal figures equal to [00%. This normalisation was done due to the variability
in absolute amounts of cAMP noted in the various preparations of smooth muscle cells.
This covld be due to a wide variety of factors including differences caused by serum,
PGEl-mediated autocrine stimulation of adenylyl cyclase, cell numbers and cell cycle.
However, I have also given an approximate value for ¢cAMDP levels, which gives an

indication of the magnitude of the level experienced.

4.1.1 cAMP levels in normoxic and hypoxic hPASMC

Cells were maintained in hypoxia for seven days before being harvested, whilst the
corresponding controls were maintaincd under normoxic conditions. These were then used
for analysis of intracellular cAMDP levels. cAMDP levels were measured using a
medification of the procedure of Savage, (Savage, 1995), as described in section 2.3.7,
Intracellular levels of cAMP in hypoxia were observed to be elevated to three times that of
normoxic levels with normoxic cAMP levels = 5.5 + 2.2 pmol/ng protein and hypoxic

cAMP levels = 15.8 + 1.3 pmol/ug prolein, n=3 (Figure 4.1).

4,1.2 PKA Activity in hypoxic hPASMC

With this unexpected increase in cAMP levels in hypoxia, other methods were employed to
contirm this observation independently. In doing this I chose to evaluate protein kinase A
(PKA) activity as this enzyme provides a prime downstream signalling system that is
activated by clevation of intracellular cAMP. Seven day hypoxic and normoxic hPASMC
were collected and used for analysis of PKA activity levels as described in section 2.3.7.
As can be seen in figure 4.2, under normoxic conditions the percentage of PKA activity
activated was 5.5 £ 4.5 % of the total. In marked contrast to thig, under hypoxic conditions
the percentage of the total PKA activity that was activated had increased to 23.4 + 6.8 % of
the total (n=2). These daia are entirely consistent with an increase in cAMP levels

occurring in hypoxia.
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4.1.3 PKA Expression in hypoxic hPASMC

Seven day hypoxic and normoxic cells were harvested and used for western blotting to
identify il PKA subunit expression was aitered along with cAMP signalling in hypoxia.
Commercial antibodies for PKA Rlig, PKA Rlle and PKA RIIB were ecmployed to detcct
protein levels of the different PKA subunits. No antibodies are available for the detection
of PKA RIp as yet. Comparing normoxic and hypoxic cell lysates, there was no change in

the observed PKA subunits expression levels.(Figure 4.3).
4.2 Regulation of cAMP levels in hypoxic hPASMC

After identifying an increase in intracellular cAMP levels, the effect of cAMP pathway
effectors was investigated to study the regulation of cAMP with an altered basal level.
Previously, cAMP responses have been reported to be altenuated in models of chronic

hypoxia (Wagner ct al., 1997).

4.2.7 cAMP levels in normoxic and hypoxic hPASMC in response to PDE
inhibitors

PDE inhibitors were employcd to determine PDE rvegulation of cAMP levels in normoxic
and hypoxic hPASMC. Thus 7d hypoxic and normoxic cells were treated with PDE
inhibitors for 20 min prior to being harvested for analysis of intracellular cAMD levels.
Rolipram and cilostamide were used to inhibit PDE4 and PDE3 activity, respectively and
the non-specific PDE inhibitor IBMX was also used. After this treatment, not only were
cells harvested for assay of intraccllular cAMP, but the growth medium that the cells were
maintained in was aspirated to examine extracellular CAMP levels. cAMPD levels were

measured as described in section 2.3.7.

4.2.1.1 Intraceffular cAMP levels

Intracellular levels of cAMP were seen fo increase signilicantly in response to roliprum
(p<0.001), cilostamide {p<0.001) and IBMX freatment (p<0.001) in normoxic cells only
(Figure 4.4a). Trealing hypoxic cells with the inhibitors for the same length of time was
observed o have no effect over hypoxic basal (Figure 4.4a). Rolipram increaged normoxic
cAMP levels to 0.4 pmol cAMP/ng protein, cilostamide increased cAMP levels to [4.5
pmol cAMP/ng protein and IBMX increased cAMP levels to 24.7 pmol cAMP/ng protein
(Figure 4.4b). The increased levels of cAMP that occurred in narmoxic cells in responsc to
PDE4 or PDE3 inhibition was therefore approximately equal to that of hypoxic basal
levels; 15.8 pmol/ng protein.

#
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Comparing the effect of PDE inhibilors on normoxic samples against hypoxic samples,

there was no significant difference between the cAMP levels reached in normoxia or

hypoxia (Figure 4.4b).

4.2.1.2 Extracellular cAMP levels

As intracellular cAMP levels in hypoxic hPASMC were not witnessed to rise in response
to PDE inhibition, it was hypothesised that the basal lgvels of cAMP in hypoxia were
maximal and extra cAMP generated might have been extruded from the cell. Thus, | set

oul o determine extracellular icvels of cAMP in response ta PDE inhibition also.

Extraccllufar cAMP levels in response to hypoxia were seen to rise to approximately
double that of the normoxic extracelluiar cAMP levels (Figure 4.5a, b). Basal normoxic
extracellular cAMP levels were 12 pmo! cAMP /ng protein, and hypoxic extracellular
cAMP levels were 25.3 pmol cAMP /ng protein (Figure 4.5¢). In normoxic cells, both
cilostamide and IBMX were observed to increase the extracellular cAMP levels o three
times that of basal with an increase to 25.9 pmol cAMP /ng protein and 24.7 pmol cAMP
/ng protein respectively (Figure 4.5b), reaching approximately the same levels as hypoxic
cells vnder the same treatment. Rolipram appeaved to have no effect on normoxic
extracellutar cAMP levels over basal. In hypoxic cells, rolipram, cilostamide and (BMX
appeared to have no elfect on the extracellular cAMP levels compared to basal (Figure
4.5a).

Comparing the ellects of rolipram, cilostamide and IBMX on hPASMC cultured in normal
conditions on cAMP extracellulac levels against the equivalent hyposic samples showed no
significant difference in cAMP levels between normoxic and hypoxic cells, regardless of
treatment. This indicates that the hypoxic cells were not generating any extra cAMP in

response to PDE inhibition.

4.2.2 cAMP Jevels in normoxic and hypoxic hPASMC in response to cAMP
effectors

Seven day hypoxic and normoxic cells were pre-treated with the non-selective PDE
inhibitor, IBMX, for 20 min prior to being treated with either the p-adrenoceptor agonist
isoproterenol or the adenylyl cyclase stimulator forskolin for 5 mins or isoproterenol only
for 5 min. The cells were then harvested for analysis of intracellular cAMP levels. The
growth medium the cells were maintained in was also aspirated to examine extracellular

CAMP levels. cAMP levels were measured as described in section 2.3.7.

S TP LA




121
4.2.2.1 Intracellular cAMP levels

Intracellular levels of cAMP in normoxic cells were seen to increase in response to
isoproterenol, IBMX ard isoproterenol and IBMX and forskolin treatment (p<0.001) to 3.6
times, 4.4 times and 3.3 times that of normoxic basal levels respeclively (Figure 4.6a).
Treating hypoxic cells did not have the same effect (Iignre 4.6a).Instead; isoproterencl
only increased hypoxic cAMP levels to [.0 times that of hypoxic basal. Using both
isoproterenol and IBMX together raised hypoxic cAMP levels to 1.7 times that of hypoxic
hasal levels and IBMX used in conjunction with forskolin raised cAMP levels to only 2.9

times that of hypoxic basal (Figure 4.6a).

Isoproterenol increcased normoxic cAMP levels to 20.2 pmol ¢cAMP /ng protein and
hypoxic cAMP levels to 22.4 pmol cAMI /ng protein. IBMX and isoproterenol increased
normoxic ¢cAMP levels to 25.8 pmol cAMP /ng protein and hypoxic cAMP levels to 27.6
pmol cAMP /ng protein. However, IBMX and forskolin increased normoxic cAMP levels
to 81.8 pmol cAMP /ng protein whereas they increased hypoxic cAMP levels to only 59.3
pmol cAMP /g protein (Figure 4.6b).

The increased levels of cAMP in response to f-adrenergic stimulation was therelore
approximately egual in both normoxic and hypoxic cells with no significant difference
between them (Figure 4.6b), although hypoxic basal levels are higher than that of
normoxic basal levels. Inhibition of PDE activity potentiated the cffect of isoproterenoi,
but, again, there was no significant difference between the normoxic and hypoxic cAMP
levels. Maximally raising cAMP levels with the adenylyl cyclase stimuiator, forskolin, and
at the same time inhibiting I'DE activity, served to raise normoxic cAMP levels to
approximately 81.8 pmol cAMP/ng protein. In hypoxic cells, cAMP was only elevated to
59.3 pmol cAMP/ng protein in response to IBMX and forskolin treatment. Therefore, the
previously reported attenuation of the cAMP response in the chironic hypoxic rat is also

appareut in chronically hypoxic hPASMC (Wagner ct al., 1997).

Comparing the effect of isoprotercnol, isoproterenol and IBMX, and forskolin with IBMX,
there was no significant difference between the cAMP levels reached in normoxic or

hypoxic cells (Figure 4.6b).

4.2.2.2 Extraceflular ;cAMP levels

Treating normoxic and hypoxic hPASMC with isoproterenol had no significant cffect on

extracellular cAMP levels compared (o their respective basal cAMP levels (Figure 4.7a, b)

E R U,
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This was also the casc for treatment with IBMX and isoproterenol or IBMX or

forskolin, Although these treatments did induce a rise in normoxic cxtracellular cAMP
levels, this increase wus not significant over basal. Comparing the extracellular cAMP
levels in response to these stimulations, it was also observed that there was no signiticant

difference between normoxic and hypoxic extracellular cAMP levels.

4.2.3 cAMP levels in normoxic and hypoxic hPASMC in response to U0126

It had been previously reported that aclive ERK within smooth muscle cclls can feed into
the PGE; pathway and lead to an increase of cAMP levels through activating adenylate
cyclase (Baillie ct al., 2001; see figure |.3). ERK inhibitors were then used to determine iff
this pathway was in effect in h(PASMC, UO0126 is an ERK inhibitor (Duncia et al., 1998)
that works by inhibiting MEK]1 (ICsp = 72nM) and MEK2 (ICsq = 58nM). As it was used at
10uM, both MEKI and MEK2 were fully inhibited. Normoxic and hypoxic cells were
treated with U0126 for a period of either two or forty-eight hours and cells immediately
assaved for levels of intracellular cAMP. In this set of assays, basal normoxic cAMP levels
were 192.7 pmol cAMP/ng protein aud untreated hypoxic cAMP levels were 1531.8 pmol
cAMP/ng protein (893% of basal, Figure 4.8a).

It was discovered that TJ0126 bhad no significant effect on cAMP levels in normoxic cells.
In hypoxic cells however, cAMP levels were significantly reduced to 434 + 138% of basal
levels {(p<0.05). ‘I'his effect was further potentiated after 48 hrs with a reduction in cAMP
to 315 x 133 % of basal (p<0.01; figure 4.8a, b). By comparing normoxic and hypoxic
values against each other, i{ was observed that there was no longer any significant
difference in cAMDP levels following treatment with UQL26 (Figure 4.8b). Tn addition,
when comparing the hypoxic cAMP levels in response (o0 UO126 with normoxic basal

cAMP levels, there was no significant difference (Figitre 4.8¢).

4.2.4 cAMP fevels in normoxic and hypoxic hPASMC in response to
PDY80589

PD9R0589 is another ERK inhibitor that works by inhibiting MEK1 (IC50 = 4pM) and
MEK?2 (ICs9 = S0pM) and as such was also used to investigate the effect of inhibiting ERK
on cAMP levels to confirm the results seen with U0126 (Alessi et al., 1995). By using
PD980589 at 20puM, only MEK1 was fully inhibited. In this set of assays, basal normoxic
cAMP levels were 192.7 pmol/ng protein and basal hypoxic cAMP levels were 1531.8

pmol/ng protein (893% of basal;, Figure 4.8a).

S S
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It was discovered that PD980589 had no effect on cAMP levels in normaoxic cells

after 2 hrs and 48 hours treatment {(Figure 4.8a4,b) In hypoxic cells, PD980589 reduced
cAMP levels significantly (0 319 + 96% of basal levels (p<0.01) and this reduction was
maintained after 48 hours at 293 + 83% (p<0.01; figure 4.8a,b). By comparing normoxic
and hypoxic valucs against each other, it was observed that as with U0126 treatment, there
was no longer any significant difference following treatment with PDI80589 (Figure
4.8b). Tn addition, when comparing the hypoxic cAMP levels in response to PD980589

wilh normoxic basal cAMP levels, there was no significant differcnce (Figure 4.8¢),

4.2.5 Effect of PGE; and indomethacin on cAMP levels in normoxic and
hypoxic hPASMC

As inhibition of the ERK pathway reduced cAMP levels in hypoxic cells (o the equivalent
of that in normoxia, it was proposed that the aulocrine loop was indeed in effect in these
cells. In order to address this experimentally, hPASMC were exposed to either PGE; or
indomethucin to directly stimulate adenylyl cvclase or inhibit the actions of COX-2 and
thus reduce production of endogenous PGE;. Normoxic and hypoxic cells were treated
with 1uM PGE» and 10puM jndomethacin for a period of 10 mins or 2 hours respectively
and then intracellular cAMP levels were ussayed. In this set of assays, basal normoxic
cAMP levels were 81.5 pmol/ng protein and basal hypoxic cAMP levels were 1410.9
pmol/ng protein (1738% of basal; Figure 4.9b).

Tt was discovered that PGE; treatment raised normoxic cAMP levels to [787 + [31% of
basal {p<0.001; figure 4.9a, b). In hypoxic cells however, PGE; had no significant effect
on cAMP levels with only a reduction to 1538 + 29% of basal (Figure 4.9a, &), suggesting
AC function is compromised in hypoxic cells. Treatment with the COX inbibitor,
indomethacin, reduced cAMP levels to 212 £ 5% that of basal levels in normoxic cells.
cAMP levels in hypoxic indomethacin treated cells were reduced to 304 + 38 % of basal, a
level at which there was no significant difference belween normoxic and hypoxic

indomethacin treated samples (Figure 4.90),
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4.3 Discussion and Conclusions

It was observed in the previous chapter that exposing h’ASMC to hypoxic conditions
altered their PDE4 profile when compared to normoxic hPASMC. The increused
expression of PDE4 did not result in higher levels of cAMP hydrolysis however as no
change in PDE4 activity or indeed total cAMP-PDE uctivily was observed in response to
hypoxia. I then chose to investigate cAMP levels in response to cAMP effectors to sec if
they could induce different effects within hypoxia and normoxia and investigate if

desensitisation was apparent in hypoxic hPASMC,

Hypoxia was abserved to induce a three-fold increase in basal levels of cAMP in hypoxic
hPASMC. This is in contrast with previons studies that have reported u reduction in cAMP
in hypoxic rat lung (MacLean ef al, 1997). However, the increase in cAMP levels in
hypoxia was confirmed by an approxirale two-fold increase in the activity of the cAME-
dependant kinasc, PKA, after 7 days hypoxia. This increased activity was not due to an
increase in PKA Rle, PKA RIla or PKA RII§ expression, Tt is conceivable that as PKA
RIp protein levels were not investigated, then this PKA isoform might possibly be
increased in hypoxia. It has aiso been indicated in studies in mice with PKA R1 or RII
‘knocked-out’ that adaptive changes occur in the other subunit to compensate, thus it may
be diflicult (0 sec any change of expression (Veugelers et al.,, 2003). The difference
between these studies can be explained by the different time point of hypoxia studied,
MacLean et al, measuwred ¢cAMP levels after 14 days of hypoxia and it is possible that
cAMI levels are modulated throughout this time course. Indeed, the cffcet of hypoxia on
PDE3 is suggestive of an initial increase in cAMP levels as the increasc in the PDE3A
isoform observed in hPASMC's is PKA-dependant and can be mimicked by cAMP analogs
{(Murray et al,, 2002). Also, results in chapter 3 demonstrate that the e AMP-inducible
PDE4 isoforms present within hPASMC display an increased expression after 7 days
hypoxia.

PDE inhibitors have been previously shown to reduce smooth muscle ccll proliferation and
induce vasodilation of the pulmonary circulation (Koyama et al., 2001; Gholrani et al.,
2004; Wagner ¢t al., 1997; Bardou ct al., 2002; Goirand et al., 2001: Palmer et al., 1998;

Osingki & Shror 2000), both of which are characteristic responses to elevated cAMP. The
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response to the inhibition of each PDE family differs in magnitude. For example,

rolipram has been observed to be morc potent than PDE3 or PDES inhibitors al relaxing
human intralobar pulmonary arterics (Bardou et al., 2002). Thus, the levels of cAMP
generated in response to PDE inhibition were measured. In normoxic hPASMC, PDEA4,
PDE3 and general PDE inhibition elevated cAMP levels to approximately threc times that
of basal. Surprisingly, PDE inhibition did not appear to elevate cAMP over hypoxic basal
in hypoxic cells. As responscs to PDE inhibition are still apparent in hypoxic models
(Wagner ¢t al., 1997), it was hypothestsed that the basal levels of cAMP in hypoxic cells
represented a threshold level above which, excess cAMP was extruded from the cells.
Measuring extracellular cAMP in response to PDE inhibition revealed this was not the case
howcver as extracellular cAMP levels were equal in basal hypoxic cells and hypoxic cells
with PDE inhibition. Intrigningly however, it was demonstrated that whereas the
extraceliular levels of cAMP in normoxic cells in response to cilostamide and IBMX were
increased, extracellular cAMP generated in response to rolipram was equal to that of basal

normoxic extracellular cAMP levels.

The levels of cAMP in response to isopraterenol and forskelin was measared in normoxic
and hypoxic hPASMC to determing if the attenuated responses to these agents in hypoxic
models (Leon-Velarde et al., 2001; Voelkel el al., 1981; Wagner et al., 1997) is due to a
reduced production of cAMP. Indeed, this was demonstrated to be the case. In normoxic
cells, isoproterenol alone and isoproterenot with IBMX, increased cAMP levels to
approximately four times that of basal. IBMX and forskolin treated cells maximaily
increased cAMP to thirtcen times basat levels, In hypoxic cells however, isoproterenol
with and without IBMX only managed to increase cAMP levels to approximately double
that of hypoxic busal cells. The amount of cAMP gencraled in response to IBMX und
forskolin was also reduced in hypoxic cells as it was only increased to three fimes that of
hypoxic basal levels, Although hypoxic basal levels are higher than that of normoxic basal
cAMP levels, the increased cAMP levels in resfonse to isoproterencl and forskolin
stimulation was greater in normoxic cells. The reduced cAMP in response to isoproterenol
and forskolin stimulation in hypoxic cells was not due to excess cAMP being extruded
from the cells as extracellular cAMP levels were approximately equal in normoxic and

hypoxic cells.

ERK is known to regulate PDE4 enzymatic activity. It has been previously shown that
ERK inhibits the activity of the long forms PDE4BI1, 4C2 and 4D5 as they have an ERK

docking motif within their catalytic domain (MacKenzie et al., 2000). PDE4A cnzymes are
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unaffected as they lack the ERK phosphorylation motif (Baillie et al. 2000). As

PDE4DS is seen (o increase tao in hvpoxia, I hypothesised that due to the known increase
in pERK in hypoxia it may hecome inhibited constitutively by being phosphorylated by
ERXK. 1 thus investigated the effects of ERK inhibitors on cAMP levels to see if this could
perhaps release the PDE4DS (rom inhibition and allow it to hydrolyse cAMP within
hypoxia. It was observed that the ERK inhibitors PD985089 and UG126 reduced hypoxic
cAMP levels to half of hypoxic basal levels. This reduced level of cAMP was not
significantly different to normoxic basal levels. This indicates ERK regulates the increased
level of cAMP witnessed initially in hypoxia. Ilowever, ERK inhibition of PDEADS is
transient due to the resultant PKA phosphorylation of PDE4ADS overriding any effect of
ERK, indicating another mechanism for ERK regulation of cAMP levels.

Previous research into PDE4 in smooth muscle cells revealed an autocrine loop whereby
active TIRK fed into the PGl pathway leading to a rise in cAMP, activating PEA thus
activating PDE4D5 and decreasing cAMYP levels (Baillie et al 2001; see figure 1.3). Tt is
known that levels of PGE, und aclive ERK are increased in hypoxia (Shaul et al., 1991; Jin
st al,, 2000), alsa COX-2 expression is observed to increase in response to sustained
hypoxia (Bradbury et al., 2002: Yung et al., 2002). Thus, I set out to investigate il this is
how ERK affects cAMP levels in hypoxia by examining cAMP Ievels in response to PGE;
and indomethacin. T observed that PGF,; increased normoxic eAMI? levels to that of basal
hypoxic cells and indomethacin rcduced hypoxic cAMP levels to that of basal normoxic
cells. In hypoxic cells, the response to exogenous PGE, was desensitised, with no increasce
in cAMP levels over basal. This indicates that the autocring effect observed previously in
human sortic smooth muscle cells (Baillie et al., 2001) was in effect within my cells. Thus
an increased level of cAMP could be due to an increase in endogenous PGI observed

previously in hypoxia (Bradbucy et al., 2002).

The results shown in (his chapler demonstrale desensitisation to cAMP-¢levating agents in
hypoxia is duc to reduced cAMP production in response to G, stimulation. Desensitisation
was most likely caused by the prolonged exposure to increased cAMP induced by 7 days
of hypoxia as maintained exposure of cells tv cAMP analogs or AC stimulators has
previously been shown to cause desensitisation (Moon et al., 2002). In addition, the known
elevation of ERK in hypoxia (Jin et al., 2000) I have shown here is intimately involved in
mediating the hypoxia-induced increase of ¢cAMP. This presumably occurs through the

actions of ERK on PLLA; and the generation of PGF,, with consequent autocrine effect
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{Pinelli et al,, 1999}, coupled perhaps with the ability {Baillie ¢t al., 2000) of ERK to

modify the activity of members of the PDE4 family.
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Figure 4.1 Effect ol chronic hypoxia on intracellular cAMP levels.

Cell lysates were assayed for cAMD levels in normoxic and seven day hypoxic hPASMC
as described in section 2.3.7. Normoxic and hypoxic samples show 5.5 £ 2.2 and 15.8 %
1.3 pmol cAMP/ng protein respectively. Results are expresscd as mean +/- S.E. of 3
independent expcriments as pmol cAMP per ng protein and * denotes significance

(p<0.05} between normoxic and hypoxic cAMP levels.
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Figure 4.2 Lffcct of chronic hypoxia on PKA aclivily.
Cell lysates were assayed for PKA activity in normoxic and scven day hypoxic hPASMC

as described in section 2.3.7. Normoxic and hypoxic samples show 5.5 £ 4.5 % and 23.4 +
6.8 % activated PKA respectively. Results are expressed as mean +/- S.E. of 2 independent
experiments as percentage of activated PKA,
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Figure 4.3 Effect of chronic hypoxia on PKA subunit expression.
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Panel A, seven day hypoxic and corresponding normoxic cells were harvested as described

in section 2.3.1.1 and used for western blotting with antibodies raised against the specific

subunits of PKA. All isoforms are S0kDa in weight so blots were done separately. The

blots shown are representative of three individual experiments.

Panel B, densitometry analysis of bands for each subunit expressed as mean + S.E. of 3

independent blots as INT/mm”.
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Figure 4.4a Effect of PDE inhibitors in chronic hypoxia compared with normoxic

levels on intracellular cAMP levels.

Cells were pre-treated with 10uM rolipram, 10uM cilostamide or 10uM IBMX for 20 min

and were immediately assayed for cAMP levels in normoxic and seven day hypoxic

hPASMC as described in section 2.3.7.

Panel A, results graphed as mean cAMP + S.E. of fold normoxic basal. Panel B, results

expressed as mean + S.E. of fold basal for both normoxic and hypoxic samples.

Results shown are mean + S.E. of three independent experiments and *** denotes

significance (p<0.001).
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Figure 4.4b Effect of PDE inhibitors in chronic hypoxia compared with normoxic
levels on intracellular cAMP levels.

Cells were pre-treated with [0uM rolipram, 10uM cilostamide or 10uM IBMX for 20 min
and were immediately assayed for cAMP levels in normoxic and seven day hypoxic
hPASMC as described in section 2.3.7.

Panel A, results graphed as mean cAMP + S.E of fold normoxic basal with normoxic

against hypoxic analysis. Panel B, approximate pmol cAMP/ng protein

Results shown are mean * S.E. of three independent experiments and * denotes

significance (p<0.05).
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Figure 4.5a Effect of PDE inhibitors in chronic hypoxia compared with normoxic
levels on extracellular cAMP levels.

Cells were pre-treated with 10uM rolipram, 10pM cilostamide or 10uM IBMX for 20
minutes and were immediately assayed for cAMP levels in normoxic and seven day
hypoxic hPASMC as described in section 2.3.7.

Panel A, results graphed as mean cAMP +/- S.E. of fold normoxic basal. Panel B, results

expressed as mean + S.E. of fold basal for both normoxic and hypoxic samples.

Results shown are mean +/- S.E. of three independent experiments.
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Figure 4.5b Effect of PDE inhibitors in chronic hypoxia compared with normoxic

levels on extracellular cAMP levels.

Cells were pre-treated with 10uM rolipram, 10uM cilostamide or 10uM IBMX for 20 min

and were immediately assayed for cAMP levels in normoxic and seven day hypoxic

hPASMC as described in section 2.

3.7

Panel A, results graphed as mean cAMP + S.E of fold normoxic basal with normoxic

against hypoxic analysis. Panel B, approximate pmol cAMP/ng protein

Results shown are mean +/- S.E. of three independent experiments.
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Figure 4.6a Effect of cAMP effectors in chronic hypoxia compared with normoxic

levels on intracellular cAMP levels.

Cells were pre-treated with 10uM IBMX for 20 minutes prior to stimulation with 10uM

forskolin or 10uM isoproterenol for 5 minutes, or only stimulated for 5 minutes with

isoproterenol and were immediately assayed for cAMP levels in normoxic and seven day

hypoxic hPASMC as described in section 2.3.7.

Panel A, results graphed as mean cAMP + S.E. of fold normoxic basal.

Panel B, results expressed as mean + S.E. of fold basal for both normoxic and hypoxic

samples. Results shown are mean + S.E. of three independent experiments and *** denotes

significance (p<0.001).
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Figure 4.6b Effect of cAMP effectors in chronic hypoxia compared with normoxic
levels on intracellular cAMP levels. Cells were pre-treated with 10uM IBMX for 20
minutes prior to stimulation with 10uM forskolin or 10uM isoproterenol for 5 minutes, or
only stimulated for 5 minutes with isoproterenol and were immediately assayed for cAMP
levels in normoxic and seven day hypoxic hPASMC as described in section 2.3.7.

Panel A, results graphed as mean cAMP + S.E of fold normoxic basal with normoxic

against hypoxic analysis. Panel B, approximate pmol cAMP/ng protein.

Results shown are mean + S.E. of three independent experiments.
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Figure 4.7a Effect of cAMP effectors in chronic hypoxia compared with normoxic
levels on extracellular cAMP levels.

Cells were pre-treated with 10uM IBMX for 20 minutes prior to stimulation with 10uM
forskolin or 10uM isoproterenol for 5 minutes, or only stimulated for 5 minutes with
isoproterenol and were immediately assayed for extracellular cAMP levels in normoxic
and seven day hypoxic hPASMC as described in section 2.3.7.

Panel A, results graphed as mean cAMP +/- S.E. of fold normoxic basal. Panel B, results

expressed as mean + S.E. of fold basal for both normoxic and hypoxic samples.

Results shown are mean +/- S.E. of three independent experiments.
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Figure 4.7b Effect of cAMP effectors in chronic hypoxia compared with normoxic
levels on extracellular cAMP levels.

Cells were pre-treated with 10uM IBMX for 20 minutes prior to stimulation with 10uM
forskolin or 10uM isoproterenol for 5 minutes, or only stimulated for 5 minutes with
isoproterenol and were immediately assayed for extracellular cAMP levels in normoxic
and seven day hypoxic hPASMC as described in section 2.3.7.

Panel A, results graphed as mean cAMP + S.E of fold normoxic basal with normoxic

against hypoxic analysis. Panel B, approximate pmol cAMP/ng protein.

Results shown are mean +/- S.E. of three independent experiments.
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Figure 4.8a Effect of MEK inhibitors on ¢cAMP levels in hypoxic and normoxic
hPASMC.

Cells were treated with 10uM UO0126 or 20uM PD980589 for 2 and 48 hours and were
immediately assayed for cAMP levels in normoxic and seven day hypoxic hPASMC as
described in section 2.3.7.

Panel A, results graphed as mean cAMP +/- S.E. of fold normoxic basal. Panel B, results

expressed as mean + S.E. of fold basal for both normoxic and hypoxic samples.

Results shown are mean +/- S.E. of four independent experiments and *, ** denotes

significance (p<0.05, p<0.01 respectively).
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Figure 4.8b Effect of MEK inhibitors on cAMP levels in hypoxic and normoxic
hPASMC.

Cells were treated with 10uM UO0126 or 20uM PD980589 for 2 and 48 hours and were
immediately assayed for cAMP levels in normoxic and seven day hypoxic hPASMC as
described in section 2.3.7.

Panel A, results graphed as mean cAMP + S.E of fold normoxic basal with normoxic

against hypoxic analysis. Panel B, approximate pmol cAMP/ng protein.

Results shown are mean +/- S.E. of four independent experiments and ** denotes

significance (p<0.01).
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Figure 4.8¢ Effect of MEK inhibitors on ¢cAMP levels in hypoxic and normoxic
hPASMC.

Cells were treated with 10uM UO0126 or 20uM PD980589 for 2 and 48 hours and were
immediately assayed for cAMP levels in normoxic and seven day hypoxic hPASMC as
described in section 2.3.7. This graphs shows hypoxic levels of cAMP in response to ERK

inhibition compared to normoxic basal cAMP levels.

Results shown are mean +/- S.E. of four independent experiments.
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Figure 4.8¢ Effect of MEK inhibitors on ¢cAMP levels in hypoxic and normoxic
hPASMC.

Cells were treated with 10uM UO0126 or 20uM PD980589 for 2 and 48 hours and were
immediately assayed for cAMP levels in normoxic and seven day hypoxic hPASMC as
described in section 2.3.7. This graphs shows hypoxic levels of cAMP in response to ERK

inhibition compared to normoxic basal cAMP levels.

Results shown are mean +/- S.E. of four independent experiments.
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Figure 4.9a Effect of PGE2 and indomethacin on cAMP levels in hypoxic and
normoxic hPASMC.

Cells were treated with IuM PGE, for 10 mins and 10uM indomethacin for 2 hours and
were immediately assayed for cAMP levels in normoxic and seven day hypoxic hPASMC
as described in section 2.3.7.

Panel A, results graphed as mean cAMP +/- S.E. of fold normoxic basal. Panel B, results

expressed as mean + S.E. of fold basal for both normoxic and hypoxic samples.

Results shown are mean +/- S.E. of two independent experiments and *** denotes

significance (p<0.001).
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Figure 4.9b Effect of PGE2 and indomcthacin on ¢cAMP levels in hypoxic and

normoxic hPASMC.,

Cells were treated with 1pM PGE; for 10 mins and 10uM indomethacin for 2 hours and

werce immediately assayed for cAMP levels in normoxic and seven day hypoxic hPASMC

as described in section 2.3.7.

Panel A, results graphed as mean cAMP + S.E of fold normoxic basal with normoxic

against hypoxic analysis. Panel B, approximate pmol cAMP/ng protein.

Results shown are mean +/- S.E. of two independent experiments.
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Chapter 5

ERK in Hypoxic hPASMC
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5.1 Introduction

5.1.1 The ERK pathway

The mitogen activated protein kinases (MAPK) are activated by a wide range of stimuli
inctuding growth factors, hormones, extraccllular matrix components, GPCR agonists,
cellular stress and cytokines (reviewed in Guikind 2000; Tibbles & Woodgett 1999;
Wildman et al., 1999; see general introduction for further details). The best characterised
MAPK are the extracellular regulated kinases [ and 2, also known as pdd and p42
respectively. The involvement of ERK1/2 in cell proliferation is well estublished (reviewed
in Stork & Schmitt 2002).

CRK /2 is activated by the binding of e.g. EGF (o its tyrosine kinase receptor (RTK)
which results in the activation of the Ras — Raf — MEK1/2 — ERK1/2 pathway (reviewed in
Kolch 2000). Tt was originally thought that ERK1/2 could also be activated by cAMP
through Epac activating Rapl and thus B-Raf, leading o MIEKI(/2 activation and [inally
the activation ol ERK {(figure 1.5). However, recent work has demonstrated that Rapl
activation is PKA-independent and does not act through B-Raf to lead (o the activation of
ERK, instead Rapl is now known to activate ‘inside-out’ signalling to integrins (Bos et al.,
2003). This presents a modecl whereby ¢cAMP activation of ERK via Raf is mediated
through PKA and activation of Epac leads to integrin activation which hays also been
demonstrated to activate ERK (figure 3.1). ERK is activated specifically by dual
phosphorylation (Prowse & Lew 2001) and, upon activation, movces to the nucleus to act
upon its transcription factors and becomes deplhosphorylated (Volmat ef al., 2001). BERK
remains inactive in the nucleus uniil it translocates back to the activating MEK in the

cytoplasm (Pcyssonnaux, et al., 2001).

5.1.1.1 Regulation of ERK activation by CAMP

Regulation of the ERK cascade by the cAMP pathway provides vital crosstalk between
hormone and growth facter signalling (reviewed in Houslay & Kelch 2000}, ERK can be
inhibited or activated by cAMP in a cell specific manner (reviewed in Stork & Schmitt
2002).

Inhibition occurs through the actions of PKA. PKA blocks Raf-1 activation and inhibits
Raf-1 activity (Cook & McCormick 1993; Mischak et al,, 1996), thus blocking Ras-

dependant siguals to ERK. PKA has been demoastrated to act indirectly through

—#
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phosphorylation of Src upon Rapl to inhibit ERK (Ribeiro-Neto et al., 2002; Schmitt

& Stork 2002b). Another PKA-mediated inhibition of ERK is the activation of Akt (PKB)
which inhibits Raf-1 (Zimmerman & Moelling 1999) and thus prevents activation of ERK.,
cAMP can also inhibit ERK through activation of MAP kinase phosphatases (MKP;
Burgun et al., 2000)

cAMP can lead to the activation of ERK. In cell types that express B-Ral, for cxample
endothelial cells (Wojnowski et al., 1997), PKA activates B-Ral, leading (o activation of
ERK. PKA activation of Rapl through Src can therefore lead to activation as well as
inhibition of ERK. Indeed, ERK activation by PKA has been shown to require members of
the Src family of kinases (Lindquist et al., 2000). The recently discovered cAMP substrale,
Epac {de Rooij et al., 1998) may also activate Rapl independently of PKA.

5.1.1.2 Regulation of cAMP levels by EAK

ERK is also capable of regulating cAMP levels through the actions of the cAMP-specific
PDE4 family. Although isoforms encoded by the PDE4A, PDE4B, PDE4C and PDE4D
genes contain the BRK2 docking sites, KIM and FQE (MacKenzie et al., 2000), PDE4A
does not act as a substrate for ERK (Baillie et al., 2000). Phosphorylation of PDI4 long
forms by BERK2 has been demonstrated to lead to a 75 % reduction in enzyme activity
{Hoffmann et al., 1999). This CRK-mediated inhibition of PIDE4 is transient as the result is
a rise in cAMP levels, and the consequential activation of PKA, PKA phosphorylation of
PIDE4 negates the ERK2 phosphorylation (Baillie et al., 2000; Hoffmanm ct al., 1999),

Lence the reversal of inhibition of PDE4 activity.

ERK can also lead to activation of the long form, PDE4DS (Baillie el al., 2001, figure 1.3).
This is apparent in human aortic smooth muscle cells whereby activated LLRK caunsed an
increase in PGE, which was teleased from the cell and activated adenylyl cyclase. This
induced a rise in cAMP levels with a concomitant increase in PKA activity and resultant
PDYADS phosphorylation. This phosphorylation ablated the effect of ERK phosphorylation

and a net activation of PRE4DS was observed.

ERK2 phosphorylation of PIJE4 short forms results in their activation (Baillie et al., 2000).
This differential regnlation of PDE4 activity by ERK2 is due to the upstream conserved
region 1 (UCR1) which is only found in PDE4 long forms and contains the PKA
phosphorylation site. Intriguingly, the super short form PDE4D2, which lacks UCRI1 and
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has a truncated UCR2, is inhibited by ERK2 phosphorylation, indicating the

requirement of the N-terminal portion of UCR2 for activation of PDE4 short forms
{(MacKenzie et al., 2000). As PDE4D?2 also lacks the PKA phosphorylation site, it is not
subject to feedback regulation by PKA.

5.1.1.3 ERK in hypoxia

The activation of ERK in hypoxia has been characterised in pulmonary attery tibroblasts,
pulmonary artery endothelial cells and in pulmonary arteries from the chronic hypexic rat
(Minct ¢t al., 2000b; Scott et al., 1998; Welsh et al., 2001; Jin et al., 2000). ERKI/2
phosphorylation has been shown to promoie the transcripiional activity of HIF-la (Richard
et al., 1999) and therefore the wunscription of the vascular endothelial growth factor,

VEGF.

In this chapter, T set out to investigale ERK expression specifically in hypoxic hPASMC.
In chapter 4, T observed ERK to play a key role in the regulation of hypoxic cAMF levels
in hPASMC. As ERK is known to achieve this regulation through the PDE4 family, I thus
also set out to investigate the effect of ERK on PDE4 activity and expression in an attempt
to uncover the hypoxia mediated risc in cAMP. Also, I investigated the effect of PDE4 on

active ERK expression by employing siRNA technology.
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Resulis

5.2 The autocrine loop and PDE activity in hypoxic hPASMC

Results from the previous chapter indicated an autocrine loop whereby active ERK. can
lead to an increase in cAMP fevels through the production of PGEa and stimulation of
adenylyl cyclase. In a previous study, this mechanism has been shown to override
inhibition of PDE4DS by ERK and Icad to net activation of PPE4DS5 in human aortic
smooth muscle cells due to the rapidity of the response and the magnitude of the resultant
PKA phosphorylation ol PDE4DS5 (Baillie et al., 2001).

5.2.1 Effect of ERK inhibitors on PDE4 aclivity

In order to determine the effect of ERK on overall PDE4 activity in these cells, cells were
treated with the MEK inhibitors, 20uM PD980589 and 10uM U0L26 for either 30 min or
48 h and then harvested for use in « cAMP-PDE activity assay.

5.2.1.1 Effect of PD980589 on PDE4 activity

‘I'reating cells with 20uM PD980589 for 30 mins or 48 hours had no significant effect on
total cAMP-PDE activity or PDLE4 activity in normoxic or hypoxic hPASMC (Figure
5.2).Noouoxic basal PDE4 activity was 9.0 & 1.3 pmol/min/mg protein, 30 minutes
treatment reduced this to 8.0 + 0.5 pmol/min/mg protcin and 48 hours treatment reduced
this to 6.4 & 0.8 pmwol/min/mg protein {SEM; n=2). Hypoxic cells displayed a similar trend
with basal PDE4 activity being 9.0 £ 0.2 pmol/min/ing protein, 30 mins treatment reduced
this to 7.5 = 1.8 pmol/min/tng protein and 48 howrs reduced PDE4 activity to 6.7 + 0.1
pmol/min/mg protein (SEM; n=2).

5.2.1.2 Effect of U0126 on PDE4 activily

Treating cells with [0uM UQ126 for 30 min or 48 hours again had no significant effect on
either totul cAMP-PDE activity or PDH4 activity in cither normoxic or hypoxic hPASMC
(Figure 5.3). Normoxic basal PDE4 activity was 9.6 + 0.5 pmol/min/mg protein , 30
minmutes treatment with 10pM U0126 had no significant effect on PDE4 activity, whereas
48 hours treatment with 10uM UOI26 significantly reduced PDE4 activity to 6 + 0.5
pmol/min/mg protein (SKM; n=4; p<0.05). Hypoxic basal PDE4 activity was 7.7 + 1.1
pmol/min/mg protein and 30 mins treatment with 10uM U0126 had ne significant effect on
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this. 48 hours of treatment with 10uM U0I126 induccd a small, but instgnificant

increasc in PDE4 activity to 9 + 0.3 pmol/min/mg protein (SEM; n=4).

These results suggest little effect of ERK on total PDE4 activity. However, ERK
differentially regulates long, short and super short forms which are all present in hPASMC.
PDE4B2 and PDE4DI, whose expression increases in hypoxia, can potentially be activated
by ERK phosphorylation, so inhibition of ERK might be expected to reduce their activity if
they were so ERK phosphorylated. PDE4D2 and PDE4DS5, whose expression is also
increased in hypoxiy, can be inhibited upon phosphorylation by ERK. Thus inhibiting ERK
might be expected (o alleviate this and thercby activate these isoforms if they were so ERK
phosphorylated. Hence, ERK inhibition might be expected to result in contrasting effects
on the activity of various PDE4 isoforms in hPASMC. Indeed, this may be complicated
further if the actions of ERK are compartmentalised and only certain PDE4 isoforms are

available for phosphorylation by ERK.

5.2.1.3 Effect of U0126 on ERK phosphorylation

‘T'o ensure that CRK was fully inhibited for the full 48 h, cells were treated with U0126 for
30 min and 48 h and prepared for gel electrophoresis. The proteins were transferred onto
nitrocellulose and probed with anti-pERK to detect levels of active ERK. Figure 5.3 shows
that TJO126 docs inhibit ERK activity after 30 minutes and 48 hours treatment as the

densitomelry results compared with basal lcvels show. (Figure 5.4)

5.2.2 PDE Activily in response to PGE; and indomethacin in hypoxic
hPASMC

As the cAMP assay results in the previous chapter indicate that active ERK feeds into an
autocrine pathway involving generation of PGE,, 1 set out to investigate the effcet of PGE,
and the COX inhibitor, indomethacin on ¢cAMP-PDE activity in normoxic and hypexic
hPASMC. PGE; directly stimulates adenylyl cyclase to increase cAMP  while
indomethacin inhibits the actions of COX and thus reduces production of endogenous
PGE; in response lo elevated ERK. In order to determine the effect of PGE; and
indomethacin on overall PDE4 activity in these cells, cells were treated with 1luM PGE,;
for 10 mins and 10pM indomethacin for 2 hours and then harvested for use in a cAMP-

PDLC activity assay.
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5.2.2.1 Total cAMP-PDE activity
As can be seen in panel A of fig 5.5, both PGE; and indomethacin had no effect on

hypoxic or normoxic total cAMP-PDE activity,

5.2.2.2 PDE4 activity

Seven day hypoxic and normoxic cells were treated with TuM PGE; for 10 min or 10uM
indomethacin for 2 hours. In figure 5.5, panel B, the results are shown. Basal PDE4
activity was 5.7 % 0.2 pmol/min/mng protein and 6 * 0.2 pmol/min/mg protein In normoxic
and hypoxic cells respectively. Addition of PGE; signilicantly reduced PDE4 activity in
normoxic cells to 4.6 = pmol/min/mg protein {p<0.05). In hypoxic cells however, an
insignificant increase in PDE4 activity to 7.2 = pmol/min/mg protein was observed (SEM;
n=2). An increasc in PDE4 activity was expected as PGE; activates adenylyl cyclase. The
COX-2 inhibitor indomethacin caused a decrease in both normoxic and hypoxic PDE4
activity. This reduction was ounly significant in hypoxic cells, with PDE4 activity being
reduced to 2.2 + 1.5 pmol/min/mg protein (SEM; n=2), These results are indicative of an
autocrine effect in hPASMC, and suggest that this loop is enhanced in hypoxia through
increased PGE, and ERK. However, it was observed that PGE, fails to increase PDE4

activity in normoxic cells, suggesting [urther analyses arc required.

5.2.3 Effect of U0126 and Indomethacin on PDE4 expression levels

As U0126 and indomethacin were both observed to normalise hypoxic intraceilular cAMP
levels, their effect on the expression levels of the PDE4 isoforms previously observed to
increasc in hypoxia was investigated. ITypoxic and normoxic cells were treated with 10uM
U026 or 10uM indomethacin for 24 howrs and harvested as described in section 2.3.1.1

for use in western blotting.

5.2.3.1 PDE4A10/4A11

Lysates [rom hypaxic and normoxic cells treated with 10uM U0I126 and 10uM
indomethacin for 24 hours and were run out on gels alongside basal controls and a
PDE4A10Q protein stundard, then transferred to nitrocellulose and probed with an anti-
PDE4A antibody to investigate PDE4A10/4A 11 expression levels. The resulting blots
were scanned for densitometry analysis. As can be seen in figure 5.0, panel A and B,
U126 and indomethacin had no significant effect on normoxic or hypoxic protein levels

of PDE4A10/4A11, although UD126 did increase normoxic PDE4A levels slightly,
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5.2.3.2 PDE4B2

Normoxic and hypoxic lysates trom cells treated with [0pM U0126 or 10pM
indomethacin, as in section 5.2.3,1, were used for gel electrophoresis alongside a 4B2
protcin standard and basal controls. The resulling membrancs after transfer were probed
with an anti-4B antibody. The blots were used for a densitometry analysis. U126 and
indomethacin were found fo have no significant effect on normoxic or hypoxic PDE4B2

protein levels after 24 hours (Figure 5.7).

5.2.3.3 PDE4D5

Cells maintained in hypoxia for seven duys and their corresponding normoxic controls
were (reated with 10uM U0126 or 10uM indomethacin for 24 hr sand used for gel
electrophoresis as in section 5.2.3.1. After transfer, the membranes were probed with an
anti-PDE4D specific antibody and it was revealed that UD126 and indomethacin had no
significant effect on PDE4DS5 protein levels. There was a slight decrease in PDE4DS

levels, but this was apparcnt in both normoxic and hypoxic cells (Figure 5.8).

5.3 EBK in normoxic and hypoxic hPASMC

ERK is known to inhibit PDE4B, PDE4C and PDE4DD long form activities within cells by
causing the phosphorylation of their catalytic unit (Baillie et al., 2000). In contrast (o Lhis,
ERK is known to activate the PDE4B2 short [orm by such phosphorylation (Baillie et al.,
2000). Numerocus studies have revealed a hypoxia-dependant induction of the ERK.1/2
pathway in many cell types (Minet et al 2000a). In the chronic hypoxic rat, ERK1 and 2
are shown to be increased in pulmonary arteries (Jin et al., 2000). Due to this and the
resuits from the previous chapter which indicate the involvement of ERK in the regulation
of cAMP levels, the effect of activaling ERK directly through the use of the epidermal
growth factor (EGF) was investigated (o defermine ihe effect of ERK. activation in

hPASMC on PDE4 uctivity and also the effect of raising cAMP on ERK.
5.3.1 ERK in normoxic and hypoxic hPASMC

5.3.1.1 Effect of EGF on pERK levels

Seven day hypoxic and normoxic cells were treated with 50pg/ul EGF for up to 20 min
and then harvested (or analysis by gel electrophoresis. After transferring, the membranes
were probed with anti-pERK. This revealed that basal levels of pERK in hypoxic cells
were not significantly increased corapared to normoxic levels although levels of pERK?Z

were slightly elevated in hypoxia. EGF stimulation increased norimexic levels of pERK

-
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and 2 to approximately 6 times that of basal and continued to increase until they

reached approximately 8 times that of basal levels after 10 minutes of EGE stimulation
(Figure 5.9). In hypoxic cells, phosphorylation of ERK1 and 2 peaked at approximately 17
times that of hypoxic basal levels at 5§ mins stirpulation. After 10 mins, ERK
phosphorylation was reduced, although at approximately 10 times that of hypoxic basal
levels (Figure 5.9). This demonstrates that a more rapid and potentiated phosphorylation

of ERK occurs in hypoxia than in normoxia.

5.3.1.2 Effect of EGF on PDE4 activity levels

Cell lysates of normoxic cells treated with 50pg/ul EGF for both 4 min and 10 min were
used in a cAMP-PDL activity assay in the presence of 10uM rolipram to determine the
effect of raising active ERK within normoxic hPASMC on PDH4 activity levels. Assay
results showed that PDE4 activity reached 2.5 times that of basal levels after 4min of EGF
stimulation und this increased level was maintained up to 10min (Figure 5.70). This
indicates ERK acts to increase PIE4 activity in hPASMC, presumably through the
autocrine loop whereby active ERK lcads to active PKA which can phosphorylate and
negate any inhibition of ERK on PDE4DS. Also, ERK would dircctly activatc 4B2 and
4D1 present in hPASMC.

5.4 Knockdown of PDE4D5 in normoxic and hypoxic hPASMC

To investigate the relationship determined previously between 4D5 and pERK. (Baillic ct
al., 2001), siRNA technology was employed (Schutze et al., 2004). The discovery of a
natural method of gene silencing has provided an invaluable tool in gene tunctioning
studies (Dylxhoorn et al., 2003), although the mechanism by which siRNA works is still

unclear,

5.4.1 Effect of PDE4ADS5 siRNA on PDE4DS expression

Normoxic hPASMC were transfected with 60nM of the PDEADS siRNA construct and
harvested after 24 hours incubation as in section 2.3.1.1 for western blotting to examine
levels of PDE4D3 expression. This construct worked successfully to knock down levels of
endogenous PDE4DS as can be seen in figure 5.11 with over 80% reduction in PDE4DS

protein levels.
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5.4.2 Effect of PDE4D5 siRNA on pERK expression

Seven day hypoxic and normoxic cells transfected with the PDE4DS siRNA construct were
also harvested for analysis of basal pERK expression. It was observed that knocking out
PDE4DS resuited in an increase of basal pERK expression within normoxic celis to
approximately double and a decrease in hypoxic cells to 20% of basal hypoxic levels
(Figure 5.12). This demonsltrates that the cross-talk between cAMP and ERK is modified
in hypoxia with 4 reversal of effect.

Many thanks to Dr. M. Lynch, Gardiner Lab who created siRNA constructs.
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5.5 Discussion and Conclusions

The results in chapter 4 demonstrate the regulation of cAMP levels through the MAPK,
ERK. This has previously been hypothesised to occur through the production of PGE; and
the consequential AC stimulation (Baillic et al., 2001). Indeed, it is known that ERK,
COX-2 and PGE, display increased tevels in hypoxia (Jin et al., 2000; Scott et al., 1998;
Bradbury et al., 2002), contribuiing to thc incrcased cAMP observed in hPASMC in
chapler 4. PDE4 iy also involved in this loop as ERK and the cAMP-dependant kinase,
PKA, both act upon PDE4 with opposing effects and thus impact upon the regulation of
cAMP levels. The increased PDIE4DS discussed in chapter 3 is subject to inhibition by the
increased ERK levels in hypoxia. The increased levels of ERK are transient however (Jin
et al., 2000; Scott ct al.,, 1998), as hypoxia has also been observed to stimulate MAPK
phosphatase | (MKP-1; Laderoute et al., 1999). ERK phosphorylation peaks at day 7 (Jin
et al.,, 2000; Scott et al., 1998), the time point studied throughout this investigation.
Maximal levels of active ERK would therefore inhibit PDE4DS activity (Baillie et al.,
2000; IToffmann et al., 1999) and result in a maintained increase of cAMP levels generated
by PGE,, This increase would lead fo increased levels of active PKA and activation of
PDEADS as PKA phosphorylation negates the inhibitory effect of ERK (Baillic et al.,
2000). Thus cAMP levels would be reduced and, along with the hypoxia-induced
activation of MKP-1 and resultant decrease in ERK activity, PDE4D5 would continue to

reduce cAMP levels helow that of normal cells.

I thus initially set out to investigate the effect ERK has on PDE4 activity in hPASMC by
employing two different ERK inhibitors. Both U0126 and PD980589 inhibit ERK
activation by inhibiting its upsiream kinases, MEK. U0126 was used at a concentration that
inhibited both MEK| and MEK2, whereas PD930589 was used at a concentration that
inhibited MEK]1 only. Examining the effects of ERK inhibition on PDE4 activity,
inhibiting MEK| only had no significant effect in either normoxic or hypoxic cells.
However, inhibition of both MEKI1 and MEK?2 induced a significant reduction in PDE4
activity after 48 hours in normoxic cells. This could possibly be due to a reduced
generation of PGIE,, and thus reduced cAMP levels, decreased PKA activity and therefore
decreased PKA activation of PDE4. This indicates ERK is required to maintain a balanced
effect with PKA on PDE4 activity. In hypoxic celis, this effect was not observed. Instead,
there was no significant effect on PDE4 activity after 48 hows of U0126 treatment. 'This
could occur due to the desensiiised response to PGE; on cAMP levels in hypoxic hPASMC

observed in chapter 4. This would result in reduced activation of PKA compured to
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normoxic cells and thus ERK inhibition of PDE4 activity could balance the reduced

level of PKA activation of PDE4. This would mean that in normoxic cells, ERK would
lead to the activation of PDE4 by PKA and reduce cAMPE levels. Indeed activation ol ERK
by EGF was observed to elevate PDE4 activity to three times that of basul in hPASMC.
Raised cAMP levels would remain increased in hyvpoxic cells due to the inhibition of PDE4
by ERK. This could also be responsible for the tack of increased PDE4 activity in hypoxia

demonstrated in chapter 3.

To further cxamine this effect on PDE4 activity, the effect of either PGE; or indomethacin
treatment on PDE4 activity was measured. Exogenous PGIE» had no significant eftect on
PDE4 activity in hypoxic cells, but induced a small reduction in PDE4 activity in normoxic
cells (p<0.05). This contrasts with the earlier results indicaling ERK leads to activation of
PDE4 through PGE; in normoxic cells. However, the amount of PGE; added to the cefls is
far greater than the amount of endogenous PGE; produced though ERK activity. As a
result, the effects of exogenous PGE; will be greatly enhanced compared to that witnessed
normally in the cell through ERK. Therefore it is possible that the increased PKA activity
caused by this amount of PGE;» has a greater effect on its substrates. As well as PDE4, the
vast range of PKA substrates includes GPCRs. Upon PKA phosphorylation, the
“switching” of GPCR from the G snbunit to the G; subunit of the G-protein occurs and this
leads to increased levels of receptor activated ERK and reduced cAMP. This increased
ERK could then override PKA phosphorylation of PDE4 and rcsuit in nct inhibition. 1o
hypoxic cells, the lack of effect of PGE; on PDE4 activity could be explained by the
desensitisation of AC mentioned above, Indeed, it was observed in chapter 4 that PGE,

failed to increase cAMP levels over hypoxic basal levels.

Treating hPASMC with the COX-2 inhibitor indomethacin induced a significant decreuse
in PDE4 activity in both normoxic and hypoxic cells. This is due {o the lack of PGE,
generated by ERK because of COX-2 inhibition und therefore a decrease in ¢cAMP (as
observed in chapter 4) and PKA activity. This would mean PDE4 would be regulated
solely by basal levels of ERK and thus an inhibition of PDE4 activity would be apparent.
With the increased levels of active ERK in hypoxia, indomethacin would then be expected
to have a greater inhibitory effect on PDE4 activity than in normoxic cells. However, the
increased basal levels of PKA aclivity could affect this, and reduce the effect of ERK on
PDE4.
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As ERK and COX-2 inhibition by U026 and indomethacin rcduce cAMP levels in

hPASMC, it was hypothesised that this could affect the increase in PDE4 expression in
hypoxia. As such, normoxic and hypoxic hPASMC were treated with U0QLI26 or
indomecthacin and examined for tevels of PDE4A, PDE4B and PDEAD cxpression. U126
and indomethacin had no effect on PDE4A, PDEAB or PDE4D expression, however,
treatment with these compounds was oniy for 24 hours and a more chronic treatment could

display an atteration in PDE4 expression.

ERK activation can occur through a number of divect and indirect pathways (see general
introduction for more details; reviewed in Peyssonnaux & Tiychene 200{). As such, the
activation of ERK by EGF in normoxic and hypoxic hPASMC was investigated. Tn
normoxic cells, EGF induced a gradual activation of ERK, reaching an increase of eight
times that of basal levels after ten minutes. In hypoxic cells, the activation of ERK is
potentiated and more rapid, peaking after 5 minutes at 17 times that of hypoxic basal

levels, and falls again to £0 times that of hypoxic basal levels after 10 minutes.

Following on from the effect of ERK on cAMP and PDE4 activity, siRNA constructs to
cffectively ‘knock-out PDE4DS in normoxic and hypoxic hPASMC were used Lo
investigate any effect of PDE4DS on active ERK. It was observed that a successful
reduction of PDE4DS expression induced increased levels of activated ERK in normoxic
hPASMC. This could be due to the increased PKA mediated phosphorylation of the 3-
adrenoceptor and the resulting increase in receptor activated ERK by Gy to G; switching.
Indeed, it has been observed in cardiomyocytes that rolipram increases levels of ERK
through this mechanism (Baillie et al., 2002), although this cffect was witnessed with f3-

adrenoceptor stimulation.

In hypoxic cells, silencing PDE4ADS expression resulted in a significant reduction of pERK
levels (p<0.01). This indicates PDE4D3 is essential for phosphorylation of ERK in
hypoxic hPASMC und suggests the mode of activation of ERK is altered in hypoxia. ERK
can be either inhibited or activated by elevated cAMP levels, usually in a cell-specific
manner {reviewed in Houslay & Kolch 2000; Stork & Schmitt 2002), PKA is capable of
acting upon Raf, which results in an inhibition of ERK activation in some cell types
(Mischak et al., 1996; Cook et al., 1993) and an activation in others. Therefore the cffect of
cAMP on the ERK pathway is dependant upon the predominant Raf isoform within a cell.
‘The results presented here suggest cAMP activates the ERK pathway in normoxic

hPASMC and inhibits ERK activation in hypoxic hPASMC, possibly by switching from
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signailing through B-Raf signalling in normoxia to Ral-1 signalling in hypoxia.

{lowever, this would contrast with the increase of ERK witnessed in hypoxia (Jin ct al.,

20005 Scott et al., 1998).

Other studies have demonstrated a switch from cAMP inhibition of proliferation to cAMP
stimulated proliferation. In normal human kidney cells, cAMYP acts in an anti-proliferative
manner. However. in cells derived from polyeystic kiduey patients, cAMP stimulates
projiferation (Yamaguchi et al., 2004). This was due to a disruption in calcium

mobilisation that alleviated B-Ral7/ERIK inhibition through the reduction of Akt.

It has been demonstrated that Rapl does not aiways activate B-Raf, (Zwartkruis 1998} and
this is dependant on the B-Raf isoform expressed. Thus, if B-Raf activity is altered in
hypoxia, this could cxplain the activation of ERK obscrved. It could be that PDE4DS aids
the activation of B-Raf by Rapl and knocking out PDE4D3 prevents this, by increasing
cAMP and resulting in an inhibition of ERK, possibly through PKA mediated activation of
Sre.

'The resulis presented in this chapter show a delicate balance of ERK and PKA
phosphorylation exists to regulate PDE4 activity within the autocrine loop demonstrated in
smooth muscle cells (Baillie et al,, 2001) and indicaics a complex method of cAMP
regulation, dependant on various factors and tailored by the cell in a concentration
dependant manner. In hypoxia, modifications Lo this pathway appear (o resull in a

confusion of signals attempting perhaps (o return to normal signalling,
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Figure 5.1 cAMP activation of ERK

Following generation of cAMP, PKA and Epac are activated. PKA can lead to the
activation of ERK through B-Raf, or inhibition of ERK through c-Raf-1. Thus, ERK
responses to cCAMP are dependant on Raf isoforms present within the cell. Activation of
Epac has no impact upon PKA signalling to ERK, instead it leads to the activation of
integrin signalling (Bos et al., 2003). Integrin-mediated adhesion has been demonstrated to
lead to the partial activation of the epidermal growth factor receptor, resulting in the

activation of ERK (Bill et al., 2004).
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Figure 5.2 Effect of PD980589 on PDE Activity in normoxic and hypoxic hPASMC.

Cells were treated with 20puM PD980589 for 30 mins or 48 hours and were immediately
harvested to be used in a cAMP-PDE activity assay for cAMP levels in normoxic and
seven day hypoxic hPASMC as described in section 2.3.5. Panel A, total cAMP-PDE
activity results graphed as mean cAMP + S.E. Panel B, PDE4 activity results graphed as

mean + S.E. Panel C, results expressed as mean + S.E. in pmol/min/mg in tabular form.

Means + S.E. of 2 independent experiments
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Figure 5.3 Effect of U0126 on PDE Activity in hypoxic and normoxic hPASMC.

Cells were treated with 10pM UO0126 for 30 mins or 48 hours and were immediately
harvested to be used in a cAMP-PDE activity assay for PDE activity in normoxic and
seven day hypoxic hPASMC as described in section 2.3.5. Panel A, total cAMP-PDE
activity results graphed as mean cAMP + S.E. Panel B, PDE4 activity results graphed as
mean + S.E. Panel C, results expressed as mean + S.E. in pmol/min/mg in tabular form.

Means +S.E. of 4 independent experiments.
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Figure 5.4 Effect of U0126 treatment on ERK1/2 phosphorylation.

Seven day normoxic and hypoxic hPASMC were treated with 10uM of the MEK inhibitor,
U0126, for differing lengths of time to ensure ERKI1/2 phosphorylation was inhibited.
Cells were harvested as in section 2.3
transferred onto a nitrocellulose membrane and probed with and anti-phospho-ERK1/2
antibody. The membrane was then stripped prior to probing with total ERK2 antibody. The

blot shown is indicative of three separate experiments. Densitometry analysis of the three

experiments is shown below the blot.
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Figure 5.5 Effect of PGE, and indomethacin on PDE Activity in hypoxic and
normoxic hPASMC

Cells were treated with IpM PGE,; for 10 mins and 10uM indomethacin for 2 hours and
were harvested to assay for cAMP-PDE activity levels in normoxic and seven day hypoxic
hPASMC as described in section 2.3.5. Panel A, total cAMP-PDE activity results graphed
as mean cAMP + S.E. Panel B, PDE4 activity results graphed as mean + S.E. Panel C,
results expressed as mean + S.E. in pmol/min/mg in tabular form. Means + S.E. of 2
independent experiments. Significance is as compared with basal and is denoted by *, **

(p<0.05, p<0.01 respectively.)
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Figure 5.6 Effect of U0126 and indomethacin on PDE4A10/11 expression levels in
hypoxia and normoxia.

Cells were treated with 10uM UO0126 and 10uM indomethacin for 24 hours and were
harvested as described in section 2.3.1.1 20ug protein of each sample was used for SDS-
PAGE alongside a basal control sample on a 4-12% gel. Panel A, The proteins were
transferred to nitrocellulose and probed with a PDE4A antibody. Panel B, the densitometry
results as compared to normoxic samples expressed in INT/mm2. Blots shown are

representative of two independent experiments.
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Figure 5.7 Effect of U0126 and indomethacin on PDE4B2 expression levels in hypoxia
and normoxia.

Cells were treated with 10uM UO126 and 10uM indomethacin for 24 hours and were
harvested as described in section 2.3.1.1 20ug protein of each sample was used for SDS-
PAGE alongside a basal control sample on a 4-12% gel. Panel A, the proteins were
transferred to nitrocellulose and probed with a PDE4B antibody. Panel B, the
densitometry results as compared to normoxic samples expressed in INT/mmz2. Blots

shown are representative of two independent experiments.
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Figure 5.8 Effect of U0126 and indomethacin on PDE4DS5 expression levels in hypoxia

and normoxia.

Cells were treated with 10uM UO0126 and uM indomethacin for 24 hours and were

harvested as described in section 2.3.1.1. 20ug protein of each sample was used for SDS-

PAGE alongside a basal control sample on a 4-12% gel. Panel A, the proteins were

transferred to nitrocellulose and probed with a PDE4D antibody. Panel B, the

densitometry results as compared to normoxic samples expressed in INT/mm2. Blots

shown are representative of two independent experiments.
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Fig 5.9 Effect of EGF on pERK in normoxic and hypoxic hPASMC.

Seven day hypoxic and normoxic hPASMC were treated with 50ng/ul EGF for five or ten
minutes and also pre-treated with 10uM rolipram for 40 min prior to EGF treatment for
five minutes. These cells were then collected as described in section 2.3.1.1 and 30ug
lysate used on a 10% agarose gel. Panel A, After transferring onto nitrocellulose, an anti-
phospho ERK1/2 antibody was used to identify the phosphorylated forms of ERK. Panel
B, the densitometry results as compared to normoxic samples expressed in INT/mm2,
Results not shown for rolipram due to differences of n=2. Levels of pERK shown are

representative of four independent experiments.
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Figure 5.10 Effect of EGF on PDE4 activity levels. Cells were stimulated with 50ng/ul
EGF for four and ten minutes prior to being immediately harvested for use in a cAMP-
PDE activity assay as described in section 2.3.5. Results shown are mean + S.E. of three

independent assays.
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11 PDE4D5 knockdown in hPASMC

Normoxic and 7d hypoxic hPASMC were nucleofected with 60nM PDE4DS5 siRNA. After

nucleofec

tion, the cells were transferred into 6 well plates and incubated for 24 hours.

Cells were then harvested as described in section 2.3.1.1 20ug protein of each sample was

used for

SDS-PAGE alongside a basal control sample on a 4-12% gel. Panel A, the

proteins were transferred to nitrocellulose and probed with an antibody directed against the

c-terminu

expressed as a percentage of the control PDE4DS5 band.

s of PDE4D. Panel B, the densitometry results as compared to normoxic samples
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Figure 5.12 Effect of knockdown of 4D5 on pERK expression in normoxic and
hypoxic hPASMC

Normoxic and 7d hypoxic hPASMC were nucleofected with 60nM PDE4DS5 siRNA. After
nucleofection, the cells were transferred into 6 well plates and incubated for 24 hours.
Cells were then harvested as described in section 2.3.1.1 20ug protein of each sample was
used for SDS-PAGE alongside a basal control sample on a 4-12% gel. Panel A, the
proteins were transferred to nitrocellulose and probed with a phospho-ERK antibody.
Panel B, the densitometry results as compared to control samples expressed in INT/mm?2

and ** denotes significance (p<0.01).
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6.1 Introduction

6.1.1 The Celf Cycle

The eukaryotic cell cycle is a tightly regulated process, It is divided into [owr phases; Gapl
(Gy) phase, S phase, Gap 2 {G,) phase and M phase. The restriction point at which the cell
becomes committed (o completing the cell cycle is within the G| phase. During G, phase,
the cell ¢cycle is under the influence of extracellular stimuli which it requires for the
induction of necessary proteins to pass the restriction point. Following this, and entering
into the S phase, DNA synthesis occurs. The sccond Gap phase, Ga, is where the cell
prepares for cell division by confirming DNA duplication is complcted and the DNA is
undamaged. Once this checkpoint is passed, the cell enters into the M phase where mitosis

occurs. When cells have exited the cell cycle they are quiescent and are said to be in Gg.

The cell cycle is regulated by complexes of cyclin dependant kinases and cyclins. The
cyclin dependant kinascs (cdk) are expressed at similar levels throughout the cell cycle and
cyclins are expressed and degraded throughout the cell cycle at appropriate peints to allow
the cycle to continue. The cyclin-dependant kinascs therefore undergo a sequential

activation and inactivation through the cell cycle, providing regulatory phosphorylation.

6.1.2 Cyclic AMP inhibition of the cell cycle

The ability of cAMP to regulate the cell cycle was first reported 29 years ago (Pastan et al.,
1975). Whilst it has becn shown that raising the intraccllular level of cAMP can promote
the proliferation of certain cell types such as pituitary cells and thyrocytes, (Yonehara et
al., 2001; Lacovelli et al., 2001) this action has also been noted to inhibit proliferation in
most cell types, including endothelial cells, NIH 3T3 cclls, Rat-1 fibroblasts and smooth

muscle cells (D’ Angelo 1997; Schunitt & Stork 2001; Osinki et al., 2000).

In vascular smooth muscle cells cAMP attenuates proliferation induced by vascular injury
(Indolfi et al., 1997). It also prevenis cells from entering S phase by arresting them within
the G, phase of the cell cycle. This is achieved by various means. For example, cAMP has
been shown o reduce levels of cyclin DI and cyelin D3 by increasing their degradation
(Kronemann et al., 1999; Stewart et al., 1999; Van Qirschot et al., 2001). ‘I'his decrease in
cyelin D levels results in a reduced phosphorylation of Rb (Boucher ot al., 2001} and
therefore reduces avaiiability of proteins required for the G/S phase wansition. Such a
reduction of cyclin D also increases the amount of free p27KW protein which can then

tnhibit cyclin Efcdk2 (L' Allemain et al.,, 1997). An averexpression of cyclin DI in cells

ﬁ




172
can result in ubnormal cell cycle control as seen in cancer cells (Musat et al., 2004).
This is seen to be the case in breast and lung cell carcinomas, as well as in tumour cell

lines (Bos et al., 2004; Yuan et al., 2004).

pZTKE‘D ! binds to active cdk complexes resulting in their inactivation and a (¢1 biock in the
cell eycle (Kato et al., 1994, L’ Allemain et al., 1997). Interestingly, increases in the cell
cycle inhibitor proteins p21“%" (Hayashi et al.,, 2000, Bauer et al, 2001) and p27%%f
(L’ Allemain et al., 1997, Van Oirschot et al., 2001) have also been shown to be elictted by

increased levels of cAMP.

cAMP can also in certain circumstances block growth factor activation of the cxtracellular
regulated kinases, BRK 1 and 2. This can be achieved through PKA mediated inhibition of
Raf-1 (Cook & McCormick 1993; Mischak et al., 1996). PKA hus also been demonstrated
to act indirectly through the phosphorylation of Src upon Rapi to inhibit ERK (Ribeiro-
Neto et al., 2002). However, the Src family of kinases have also been implicated in
activating ERK1/2 through a process involving cAMP (Schmitt & Stork 2002). Activation
of ERK1/2 promotes the expression ol cychin D1, cyclin E, cyclin A and the degradation of
p27%%" (Lavoie et al., 1996; Stork & Schmitl 2002). This allows the cell to pass through
the Gi/S phase transition (Schmitt & Stork 2001). However, inhihition of the ERK1/2

pathway is not a prerequisite for cAMP induced growth arrest (Balmanno et al,, 2003).

6.1.3 Epac

Until recently, the main target of cAMP within cells was thought to be protein kinase A
(PKA). In 1998 however, an exchange protein directly activated by cAMP (Epac) was
uncovered as another major targel of cAMP within cells (deRooij et al., 1998). Epac was
uncovered by investigating a PKA-insensitive activation of Rapl by cAMP. Epac is a
guanine nmucleotide exchange factor for the Ras like small GTPases Rapl and Rap?2.
Although cAMP is well established (o play a role in ccll cycle control, il has been
previously attributed to act solely through the actions of PKA. Recent studics show that
there are PKA independent mechanisms involved in cAMP regulation of the cell cycle
{Cass et al., 1999, Fuijita et al., 2002). It has been shown that endogenous Epac localisation
is dependant on cell cycle. During interphase, Epac is mainly localised to the nuclear
membrane and mitochondria in COS-7 cells. Epac disassociaies from these membranes in
metaphase and localises to the mitotic spindlc and centrosomes. Once the cell cycle is
completed, however, Epac returns to the nuclear membrane (Qiao et al., 2002). Initial work

on the cAMP-ERK pathway suggested the Epac activation of Rapl lead to the activation of
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ERK through B-Raf; however, recent studies have shown that Rapl does not activate

B-Raf (Bos et al., 2003). Instead, Rapl is involved in integrin signalling which can
activate the EGF receptor, leading to ERK activation {Bill et al., 2004). Notwithstanding
this, the effect of Epuc-mediated cAMP effects on cclivlar proliferation has not been

investigated to date.

6.1.4 Phosphodiesterases and proliferation

In many disease states where excessive cellular proliferation is a hallmark, an increase in
PDE activity and cousequential decrease in cAMP levels has been observed (Savini et al.,
1995; Vignola 2004; Schmidt et al., 1999; Essayan 1999; Spina 2003). Indeed, cAMP-
specific PDE inhibitors have been shown to attenuate prolileration in various cell types,
including vascular smooth muscle cells and glioma cells by inducing the cell cycle
inhibitor proteins, p21“?” and p27°%! (Chen et al., 2002, Ogawa et al., 2002). Stimulation
of proliferation itsell has also been shown to induce the expression of PDELC in human
smooth muscle cells (Rybalkin et al.,, 2003). Using umbilical cord blood mononuclear
cells, the PDE4 selective inhibitor rolipram has been shown to have an inhibitory effect on
proliferation whilst specific inhibitors of PDE3, PDES and PDEI did not, indicating hoth
compartmentalisation of cAMP actions and specificity for cAMP over cGMP (Banner et
al., 2000).

In A-172 glioma cells, rolipram has been observed to induce p21“?’ and p27 “’ proteins
and to decrease the activity of cdk2, feading to a Gy block (Chen et al., 2002). In human
acute lymphoblastic leukaemia cells, rolipram, but not selective inhibitors for either PDE3
or PDEL, suppressed growth. The resultant increase in cAMP caused by PDI4 inhibition
led to an induction of p53 and p21“", G, and G¥/M cell cycle arrest and increased

apoptosis (Ogawa et al,, 2002).

In human aortic smooth muscle cells, both the PDE4 selective inhibifor, rolipram and the
PDE3 selective inhibitor, CI-930 attenuated proliferation by reducing the number of cells
entering § phase (Johnson-Mills et al., 1998). Indeed, using both PDE4 and PDE3
inhibitors together produced an additive inhibitory cffect on proliferation. It was
interesting to note that whilst using either inhibitor alone did not appear to raise cAMP
levels significantly, it was only when lhey were used in tandem was there a substantial

increase in intracellular cAMP.
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6.1.5 Proifferation in Hypoxia induced Pulmonary Hypertension

Vascular smooth muscle cell growth and hypertrophy ace being intensely studied in an
effort to uncover the mechanisms governing thickening of the pulmonary arteries in PHT
and other chronic lung disorders (Voelkel & Tuder 1997). This thickening has been
demonstrated (Heath 1993} to be due to progressive muscularisation of the pulmonary
arteries due to smooth muscle cell hypertrophy and hyperplasia. Vascular smooth muscle is
normally contractile and quiescent, but stress or injury to the vessel wall results in a
conversion of the cells to a migratory, secretory and proliferative phenotype (Heath 1993).
Hyperplasia plays an important part in hypertension as shown by a significant increase in
smooth muscle cell proliferation in pulmeonary vessels from chronic hypoxic animals
(Meyrick & Reid 1978, Wohrley et al., 1995). The normal aortic smooth muscle cell
growth in rat is 0.01%/day which increases to 19/day in hypertensive rats. This thickening
of the pulmonary artery contributes to the rise in pulmonary artery pressure witnessed in
PHT (Rich et al., 1987).

The three cell types of the pulmonary artery; endotheiial cells, smooth muscle cells and
fibroblasts can all show increased proliferation when maintained in hypoxic conditions
compared to those in normoxia (Stenmark et al., 2002; Voelkel et al., 1997; Cool et al.,
19935; reviewed in Humbert et al., 2004). The mechanism by which hypoxia increases the
proliferation of vascular cells is unknown, although it is known that many of the growth
factors which induce prolilcration in vascular smooth cells are uprepgulated in hypoxia e.g.

ET-1, PDGF, VEGF and 5-HT (Brij & Peacock 1998).

In this chapter, I set out to investigate whether the increased rate of proliferation in hypoxic
hPASM cclls compared to normoxic hPASM cells could be affected by compounds known
to interfere with cAMP signalling. Thus, for example, T used agonists and antagonists to
allow for selective perturbation of signalling through the RI and RI isoforms of PKA as it
has suggested from studies done on HL-60 cells that R1 is growth stimulatory while RIT is
growth inhibitory (Cho-Chung et al,, 1993). I also cmployed two novel Epuac agonists, 8 -
pCPT-2’-0-Me-cAMP and 8 -pMeOPT-2"-O-Me-cAMP so as to, for the first time,
evalnate the putative role that Epac might play in mediating aspects of the cAMP
regulation of the cell cycle. T also usced sclective inhibitors of PDE4 and PDE3, so as to
appreciate any role of these key cAMP degrading cnzymces. The methods employed in this
chapter are described in full in section 2.2, with a table of drug concentrations at the end of

this chapter.




Results

6.2 Basal Proliferation Rates in Normoxic and Hypoxic hPASM
cells

All proliferation assays were carried oul alter seven days of hypoxia to evaluate the effect
of compounds in normoxic cells compared to cells with the PDE4 profile maximally

altered.

To determine the basal profiferation rates in both seven day hypoxic and corresponding
normoxic controls, DNA synthesis was measured by [3H]-thymidinc incorporation as
described in section 2.2, Briefly, cells were cultured in 96-well plates in both normoxic and
hypoxic conditions as normat until day tive of hypoxic exposure, The cells were quiesced
overnight in serum free medium and on day six, serum was reintroduced to the medium in
one set of plates, while another was refreshed with serum free medium. After 20 hours, 0.5
uCi [*H]-thymidine was added to each well and the cells were harvested afier a further 4

hours to measure radioactivity.

In all results in this chapter, results are presented us a percentage with 100% being cqual to
mean normoxic basal proliferation rate, Two-way ANOVA with Bonferroni's post lest wus
performed using GraphPad Prism version 4.00 for Windows, GraphPad Software, San
Dicgo California USA, to analyse raw data. Where only two groups of data were to be

unalysed, an unpaired t-test was performed, and *p<0.05 was considered (o be significant.

6.2.1 Basal Proliferation Rates

It was observed that hypoxia induced a 0.5 fold increase in proliferation over basal in

scrum-free cells, however this increase was not significant. This incrcasc was larger in
cells with serum re-introduced. With serum, hypoxia caused a significant increase in
proliferation (p<0.001). Scrum induced proliferation was doubled in hypoxic cells

compared to normoxic proliferation (Figure 4.1, Panel A and B).

6.3 Effect of Raising cAMP on Proliferation Rates in Normoxic and
Hypoxic hPASMC

It has been previously reperted that an increase in cAMY levels exerts an anti-proliferative

effect in vascular smooth muscle cells (Kronemann et al.,, 1999; Koyama et al 2000;

]




|76
Hayashi et al., 2000; Bornfeldt & Krebs 1999; Indolfi et al.,, 2001). The extent of this

effect has not been measured in hypoxic hPASM cells specifically however,

6.3.1 Effect of PDE inhibifors

The effect of PDE inhibition on proliferation in normoxic and seven day hypoxic cells was
investigated using the selective PDE4 inhibitor, rolipram; the selective PBE3 inhibitor,
cilostamide; a mixed PDEL and PDES inhibitor, zaprinast and also using both rolipram and
cilostamide together as such actions have been observed to potentiate the eflect of either

inhibitor alone (Johnson-Mills ct al., [998).

6.3.1.1 Effect of Rolipram

Treating serum-starved cells with rolipramm for 24 hours had no significant effect on
normoxic or hypoxic cells in serum-free medium (Figure 6.2, Panel A), although it was
observed (o reduce the rate of proliferation in hypoxic cells to basal levels seen in

normoxic cells.

Rolipram treatment of cclls with sctum re-introduced, again had no significant cffect on

proliferation in either normoxic or hypoxic cells.

6.3.1.2 Effect of Cilostamide

Cilostamide did not significantly reduce proliferation in normoxic serum starved cells.
However, in contrast to this, cilostamide significantly reduced proliferation (p<0.05) in
hypoxic serum starved cells, (62 % of hypoxic basal levels). This reduced rate was

equivalent to 90% of normoxic basal levels (Figure 6.2, Panel A).

Cilostamide had a significant inhibitory clfect on serum-induced proliferation in both
normoxic and hypoxic cells. Proliferation was significantly reduced following cilostamide
addition to 38% (p<0.03) in normoxic cells and 56% (p<0.05) in hypoxic cells of
respective serum induced control rates. Thus, hypoxic proliferation was reduced to almost
that of normoxic serum induced proliferation (Figure 6.2, Panel B). The increased effect of
cilostamide was consistent with the data in chapter 4 which showed cilostamide increased
cAMP levels to 3 times that of basal in normoxic cells, whereas it didn’t significantly

affect cAMP levels in hypoxia.

6.3.1.3 Effect of Zaprinast

Bvaluating serumm-starved cells treated with zaprinast, there was no signilicant effect on

normoxic or hypoxic cells after 24 hours treatment (Figure 6.2, Panel A). With cells
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grown in serum-containing medium for the same 24 hours, there was still no significant

effect (IMigure 6.2, Panel B).

6.3.1.4 Effect of Rolipram and Cilostamide

Using both PDE4 and PDE3 inhibitors together has previously been shown to polentiate
the effect of either single inhibitor in studies on human coronary artery smooth muscle
cells (Johnson-Milts et al., 1998). Indeed, treating normoxic and hypoxic serum starved
cells with both rolipram and cilostamide together induced a larger inhibition of
proliferation than with either inhibitor alone. This effect was significant in hypoxic cells
(p<0.01) where proliferation was reduced to 50% of hypoxic basal proliferation rate

(Figure 6.2, Panel A). In normoxic cells however, this effect was not significant.

The combined inhibition of PDE3 and PDE4 activity had the largest inhibitory effect of
any of the inhibitors on the prolileration status of both normoexic and hypoxic cells grown
with serum for the last 24 hours. Under conditions for serum-stimulated proliferation, it
was observed that rolipram and cilostamide acted synergistically to reduce proliferation
rates o 45% in normoxic cells and to 30% {p<0.01) in hypoxic cells of respeclive serum

induced control rates (Figure 6.2, Panel B).

6.3.2 Effect of cAMP effectors

Anaother way of raising cAMP within the cell is through activating adenylyl cyclase
directly with an adenvlyl cyclase activator such as forskolin, or indirectly through a beta-
adrenergic agent such as isoproterenol. As such, the effect of both isoproterenol and

torskolin on proliferation was investigated in hPASM cells.

6.3.2.1 Effect of Isoproterenol

24h treatment with isoproterenol had no significant effect on proliferation in normoxic or

hypoxic cells, whether in serum free or serum contlaining medium (Figure 6.3, Panel A and
B).

6.3.2.2 Effect of Isoprotereno! and Rolipram

In contrast to using either isoproterenoi or rolipram alone, when used together for the 24h
treatment, then a highly noticeable inhibition of proliferation was evident, This inhibition
was significant in hypoxic serum induced proliferation where proliferation was reduced to

20% (p<0.05) in hypoxic cells ol respective serum-induced control rates (Figure 6.3, Panel
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B). The effect on serum starved normoxic and hypoxic cells and normoxic serum

induced proliferation was not significant.

Rolipram and isoproterenol have no effect on proliferation when used alone, thus these
results indicate that a ‘threshold” level of cAMP activation is required {0 be breached in

order for it to inhibit proliferation in hPASMC.

6.3.2.3 Effect of Forskolin

Introducing forskolin wlone to the cells had ne significant effect under either hypoxic or
normoxic conditions in either serum starved cclls or cells with serum re-introduced
(Figure 0.3, Punel A and B). Furthcrmore, adding the non-sclective PDE inhibitor, 3-
isobutyl-1-methylxanthine, (IBMX), along with forskolin appeared (o increase the rate of
proliferation of control levels in serum-treated normoxic cells, although not significantly.
In hypoxic serum-induced proliferation, the combination of forskolin together with IRMX
acted in an anti-proliferative manncr, where prolifcration was reduced to 20% (p<0.05) of

the hypoxic serum induced control rate (Figure 6.3, Panel B).

These results indicate that indeed a threshold level of cAMP is required for cAMP to act in
an inhibitory fashion on proliferation in hPASMC. However, it was observed in the chapter
4 that the cAMI? produced in hypoxic cells in response Lo IBMX and lorskolin is less than
that in normoxic cells. Thus, this is suggestive of IBMX acting through a different

mechanism to override the proliferative mechanism induced in hypoxia.

6.4 Effect of Growth Factors on Proliferation Rates in Normoxic
and Hypoxic hPASMC

Epidermal growth fuctor (EGF) has been thoroughly studied in a wide range of cell types
and is well known to serve as a growth factor and mitogen. In chapter 5, EGEF was shown
to activaic PDE4 in hPASMC, thus it was used in this study to investigate any cffect on

proliferation.

Transforming Growth Factor-f, (TGF-8;) has been under the spotlight in PHT research
since uncovering the role of inherited mutations in the BMPR2 gene in the development in
PAH (see general introduction section 1.5; Thomson et al., 2000; Machado ef al., 2001).
TGE-B is un imporlant regulator of cellular differentiution and proliferation in the

lung(Vicencio et al., 2002) and has been shown to be both a stimulator of cell growth and
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an inhibilor, depending on cell type. In rat aottic vascular smooth muscle cells, TGF-3;

decreased serum-induced proliferation (Grainger et al., 1994). ‘Therefore, | used TGF-§, in

these profiferation assays to see if it can itnpact upon hPASMC proliferation also.

6.4.1. Effect of EGF

EGF had no effect on serum starved proliferation in either normoxic or hypoxic celis
(fFigure 6.4, Panel A). In cells cultured in serum, 50 pg/pl medium EGF induced a 25%
increase i proliferation compared to the normoxic serum induced control rate of
profiferation. In hypoxic cells, this increase was even greater with an increase of 50% in
proliferation (p<(.01) compared to the hypoxic serum induced control proliferation rate
(Figure 6.4. Panel B). Therefore, EGF requires a serum-induced pathway to clicit a
proliferative effect in hPASMC.

6.4.2 Effect of EGF and Rolipram

Using EGE or rolipram has been demonstrated to have no effect on serum starved
proliferation in hPASMC. It was also shown here that when used together, EGF and

rolipram do not affect proliferation of serum starved cells (Figure 6.4, Panel A.)

Serum-induced proliferation of normoxic hPASMC was not affected by the addition of
EGF and rolipram. EGF alone has previously been shown to elicit a 25% increase in serum
induced proliferation in normoxic cells and rolipram caused a 40% reduction in hPASMC
proliferation in normoxic serum-induced proliferation (6.3.3.1). Thus, it appears here that
when uscd ogether they negate the effect of each other. In hypoxic cells, rolipram alone
was previously shown to reduce serum-induced proliferation by 28% and EGF caused a
50% increase. Again, when used together, EGF and rolipram appear (o negate the effect of
one ancther on hypoxic serum-induced proliferation as no cffect is seen compared to

hypoxic serum-induced control rate of proliferation {Figure 6.4, Panel B).

6.4.3 TGF-8;
TGT-f3; appeared to have no effect on proliferation in either normoxic or hypoxic hPASM
cells that had been serum starved (Figure6.5, Panel A.). Serum-induced proliferation of

normoxic and hypoxic hPASMC is also unaffected by TGF-[ (Figure 6.5, Panel B).
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6.5 Effect of the Src Family Inhibitor, PP2, on Proliferation
Rates in Normoxic and Hypoxic hPASMC

The Src family of kinases have previously been implicated in activating ERK1/2, and has
also been shown to be required for cAMP activation of Rapl in fibroblust cells(Schmilt &
Stork 2002). PP2 is a potent inhibitor of the Src family kinases which alse inhibits many
other kinases including CSK, LCK and SAPK 2a/p38.

I also investigated here a compound called PP3, which inhibits selectively the CGE
receptor tyrosyl kinase but not the activity of Src family tyrosyl kinases, which are
inhibited selectively by PP2. These two compounds allow the potential to gain insight into
the relative roles of the EGFR tyrosyl kinases and SRC family tyrosyl kinases in

proliferation of the hPASM cells under normoxic and hypoxic conditions.

6.5.1 Effect of PP2

PP2 elicited no significant effect on proliferation in normoxic serum starved cells. In
hypoxia however, PP2 reduced proliferation to 38% (p<0.05) of the basal proliferation rate
in normoxic serum starved cells (Figure 6.6, Panel A). PP2 had no effect on normoxic
serum induced proliferation, but reduced hypoxic proliferation to 25% (p<0.01) of hypoxic

serum-induced proliferation control rate (Figure 6.6, Panel B).

6.5.2 Effect of PP3

PP3 had no significant effect on proliferation in normoxic or hypoxic serum starved cells
(Figure 6.6, Panel A). PP3 also bad no significant effect on serum induced prolifcration in

normoxic or hypoxic cells (Figure 6.6, Panel B).

These results indicate that Src is involved in the increased hypoxic proliferation rate of
hPASMC. The Src family of kinases have been demonstraied to activate Rapl (Schmitt
and Stork 2002b) which can activate B-raf and activate ERK. Indeed, ERK activation by
PKA has been demonstrated to require Src (Lindguist et al., 2000). This suggests the
increased PKA activity shown in chapter 4 in hypoxic hPASMC acts on Src to activate the
ERK pathway through Rapi-B-raf. This would also cxplain the increased levels of ERK
witnessed in hypoxia (Jin et al., 2000; Scott et al., 1998),
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6.6 The cAMP Pathway

As mentioned previously (see general introduction section [.5.8.2; reviewed by Koyama et
al., 2000; Hayashi et al., 2000), it is known that cAMP acts as an anti-proliferative agent
within vascular smooth muscle cells, Althaugh no significant c¢lfect was observed using the
AC stimulator, forskolin alone or the beta-adrenergic agent, isoproterenol alone on
proliferation, there was an inhibition of proliferation using the combined PDE inhibitors
rolipram and cilostamide. It is well known that cAMP signalling is compartmentalised in
cells and that for cffcets to be seen then increased cAMP levels must occur in a
functionally relevant compurtment. One way Lo achieve this and (0 evaluate whether
actions are actually due to cAMP is to swamp the cell with a cAMP analogue. When
cAMP elicited effects are observed, it can be determined if this is through specific PKA
isoforms or EPAC, using selective agonists and antagonists. As PKA activity was observed
to increase in hypoxic hPASMC in chapter 3, specitic PKA isoform agonists and

antagonists were employed to investigate the elfect of this on hPASMC proliferation.

6.6.1 Effect of PKA Agonlists

PKA is a heterodimer consisting of two regulatory and two catalytic subunits. Previous
research has indicated differing roles in growth regulation effected by the RI and RII
subunits. Specific agonist pairs for the PKA RI and PKA RII subunits were employed to
investigate uny differing effect on proliferation by cAMP signalling through these two

PKA isoforms.

6.6.1.1 PKA RI Agonist
The cAMP analogs 8-PIP-cAMP and 8-ITA-cAMP were used to activate PKA RI

selectively. In serum starved cells, the PKA RIT agonist had no significant effect on
proliferation in normoxic or hypoxic cells (Figure 6,7, Panel 4). The PKA RI agonist also
had no effect on normoxic serum induced proliferation. However, it did reduce hypoxic
serum induced proliferation to 50% (p<0.001) of the control hypoxic serum induced

prokifecation rate (Figure 6.7, Panel B).

6.6.1.2 PKA Ril Agonist
The cAMP analogs 8-PIP-cAMP and 8-MBC-cAMP were used to activate PKA RII

selectively. The PKA RIT agonist had no significant effect on proliferation in normoxic

serum starved cells (Figure 6.7, Panel A). It did reduce hypoxic proliferation to 47%
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(p<0.05) of the basal hypoxic proliferation rate in serum starved cells. Serum-induced

proliferation was reduced to 57% (p<0.000) in hypoxic cells compared to the hypoxic
control serum induced proliferation rate (Figure 6.7, Panel B). There was no effect on

normoxic serum-induced prolileration however.

6.6.1.3 PKA Rl and RIl Agonists
Using both the PKA RI and PKA RII agonists together had no significant effect on

notmoxic or hypoxic proliferation in serum starved cells (Figure 6.7, Panel A). Normoxic
serum induced protiferation was reduced o 68% (p<0.05) ol normoxic conirol serum
induced proliferation rate. This effect was greater in hypoxic cells, where these agonists
uscd together reduced serum induced profiferation to 35% (p<0.001) of the hypoxic control

proliferation rate (Figure 6.7, Panel B).

These results indicate PKA RERII exists in a balanced activation state within hPASMC,
and if this is altered in favour of either subunit, then this elicits an inhibitory effect on
proliferation. In particufar, PKA R1l appears to have a signilticant role in the increased
hypoxic proliferation rate seen in hPASMC as activating this subunit reduces hypoxic
proliferation to that of normoxic cells, in both sernm starved ceils and those with serum
reintroduced. Agonising the PKA RI subunit was also capable of returning the hypoxic
serurmn induced proliferation rate to that of normal, but only when the serum response

pathways were in eflect, similar 1o the treatment with orskolin and IBMX (6.3.2.3).

6.6.1.4 Effect of the PKA Agonist, 6-BnZ-cAMP

The non-selective PKA agonist, 6-BnZ-cAMP, which activates both R1 and R11 forms of
PKA, was used to confirm the results witnessed using the RI and RII agonists in
combination. In serum starved cells, 6-BnZ had no significant effect on proliferation in
normoxic or hypoxic cells (Figure 6.7, Panel A). G-BnZ also had no significant cffect on
normoxic serum induced proliferation, but did reduce hypoxic serum induced proliferation

to 71% (p<0.01) of the hypoxic control serum induced proliferation rate (Figure 6.7, Panel
B).

This again confirms the role of PKA in the hypoxic induced proliferation witnessed in
hPASMC us it has no effect on normoxic proliferation, whether in the presence or absence
of serum. The magnitude of the effect induced by the PKA RI and RII agonists together
coinpared to 6-BnZ suggests the separate agonist somehow synergise to enhance their

effect whereas 6-BaZ perhaps has a more ‘real’ effect on PKA.
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6.6.2 Effect of PKA Antagonists and Inhibitor

6.6.2.1 Effect of the PKA Inhibitor, H89

H89 has been used by various investigalors (o inhibit protein kinase A selectively.
However it is now known that HE9 is also capable of inhibiting various other kinases,
including Rho kinase (Davies et al., 2000). 289 had no significant effect on normoxic
serum induced proliferation or on proliferation in serum starved normoxic cells (Figure
6.7, Panel A and B). Intrigningly, 89 induced a similar reduction in proliferation in
hypoxic cells to that of the PKA agonist, although with a more potent effect. In serum
starved hypoxic cells, 1I89 reduced proliferation to 49% (p<0.03) of basal hypoxic
proliferation, while it reduced hypoxic serum induced proliferation to 4% (p<0.001) of

the hypoxic serum induced proliferative control rate (Figure 6.7, Panel A and B).

The results obtained using PKA agonists and the PKA inhibitor, H89, sugpest PKA is
involved in a balance to maintain the increased hypoxic proliferation as any alteration to
PKA signalling ultimately leads to a reduction in praoliferaiion, decreasing levels to that of
normoxic proliferation or lower. Thus, antagonists of the PKA Rl and PKA RI were

employed to investigate if this also occurs with one of the subunits inhibited.

6.6.2.2 Effect of PKA Rl Antagonist

The PKA RI antagonist had no significant effect on proliferation in hPASMC whether in
normoxic, hypoxic cells or in the presence or absence of serum (Figure 6.8, Panel A and
B).

6.6.2.3 Eifect of the PKA Rit Antagonist

The PKA RII antagonist reduced proliferation in serum starved cells, although this effect
was only significant in hypoxic cclls with proliferation reduced to 37% (p<0.03) of the
hypoxic basal proliferation ratc (Figure 6.8, Panef A). The PKA RII anfagonist completely
ablated sermm induced proliferation in normoxic and hypoxic cells, reducing proliferation
rates to < 5% in both normoxic and hypoxic cells (Figure 6.8, Panel B).This highly
significant reduction in serum induced proliferation is indicative of the cells undergoing
apoptosis when PKA RI is inhibited, thus PKA RII appears to be essential for the normal
growth of hPASMC.

6.6.3 Effect of cAMP analogs

The majority of downstream effects of cAMP have been attributed to the cAMP dependant

kinase, PKA. However, in 1998, another major cAMP target was uncovered in cells (de
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Roojj et al., 1998). This cAMP-GEF was an Exchange Protein Activaled by cAMP,

(Epac), and has recently been shown to be involved in cell adhesion (Rangarajan et al.,
2003). Localisation of Epac within cells is cell-cycle dependant. As such, two cAMP
anslogs were employed in this assay. Both of these analogs activate PKA and Epac
(Enserink et al., 2002). 8-bromo-cAMP has a higher affinity for PKA than Epac, whilst
another, CPT-cAMP, is known to have a higher affinity for Epac. These cAMP analogs
were used to determine if PKA or EPAC had the larger role in regulation of proliferation in

hPASMC under normoxic and hypoxic conditions.

6.6.3.1 Effect of 8-Br-cAMP

The cAMP analog 8-Br-cAMP was observed to have no significant effect on the
proliferation of h"PASMC (Figure 6.9, Panel A and B).

6.6.3.2 Effect of CPT-cAMP

In serum starved cells and cells cultured with serum, the cAMP analog, CPT-cAMP,
induced a highly significant reduction in proliferation of normoxic and hypoxic cells
(Figure 0.9, Panel A and B). Cells appeared morphologically normal after treatment in all
cases. In normoxic and hypoxic serum starved cells, CPT-cAMP reduced proliferation to
44% and 10% (p<0.01) of basal rates respectively. Serum induced proliferation was
reduced Lo approximately 17% (p<0.001) in both normoxic and hypoxic cells when

compared to their respective serum induced proliferation control rate.

6.6.4 Specific EPAC agonist

Although CPT-cAMD has a higher affinity for EPAC over PKA, there is still somc
activation of PKA reported in the usc of this analog. At the time of ihis study, there was
originally one cAMP analog altered (o specilicully activate EPAC available. This was 8§ -
pCPT-2"-0-Me-cAMP (Enserink et al., 2002). This agonist was used in the proliferation
assay to confirm the results observed with CPT-cAMP and (o investigate this anti-

profiferative eflect turther.

6.6.4.1 Effect of 8 pCPT-2-0O-Me-cAMP

It was observed that the EPAC agonist, 8 -pCPT-2"-O-Me-cAMP, had no significant effect
on proliferation in normoxic or hypoxic serum starved cells (Figure 6.10, Panel A),

8 -pCPT-2"-0-Me-cAMP reduced scrum-induced proliferation to approximately 350%
{p<0.01) in normoxic cells and 36% (p<0.001) in hypoxic cells when compared with their

respective control rate of serum induced proliferation (Figure6. {0, Panel B).
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6.6.5 Effect of cAMP Effectors on the anti-proliferative capacity of 8 ~

pCPT-2-0-Me-cAMP
In an attempt to understand the effect ol the EPAC agonist on proliferation, PDE inhibitors
and other cAMP effectors were used in conjunction with the agonist to see if they could

recover the cells from this or further potentiate the cffect.

6.6.5.1 Rolipram

Including rolipram with the EPAC agonist for 24 hours potentiated the effect seen with
rolipram alone or the 8 -pCIPT-2"-0O-Me-cAMP alone. In seruin starved hypoxic cells, this
combined treatment reduced proliferation to 65% in normoxic cells and 56% {p<0.01) in

hypoxic cells (Figure 6.11, Punel A).

Treatment with rolipram and 8 -pCPT-2"-O-Me-cAMP  reduced serum induced
proliferation (o 45% in normoxic cells and 27% (p<0.001) in hypoxic cells (Figure 6.11, i

Panel B) Again this was grealer than the effect seen with either compound used alone.

6.6.5.2 Cilostamide

Using the PDE3 inhibitor cilostamide with 8 -pCPT-2"-0-Me-cAMP again potentiated the
effect of using either compound alone. Normoxic proliferation was reduced to 73% in
serum starved cells, although this was not significant to treatment with either cilostumide
or the Epac agonist alonc. Hypoxic proliferation in serum starved cells was significantly
affected with a decrease to 47% (p<0.01) of basal hypoxic proliferation (Figure 6.11,
LPanel A). Serum induced proliferation was reduced to 34% in normoxic cells and 34%

(p<0.001} in hypoxic cclls when compared to the respective coniral sernm induced

protiferation rales (Figure 0.11, Panel B).

6.6.5.3 Rolipram and Cilostamide

Using both rotipram and cilostamide with 8 -pCPT-2"-O-Me-cAMP potentiated the effect
seen with 8 -pCPT-2"-O-Me-cAMP alone. However, this effect was not as great as that

seen when using rolipram and cilostamide alone. In serum-starved cells, the combined

treaiment had no eftect on normoxic proliferation, but reduced hypoxic proliferation to
62% (p<0.05) of hypoxic basal proliferation (Figure 6.11, Panel A). The combined
treatrpent also reduced normoxic proliferation to 30% of control serum induced
proliferation, although this was not significant, In hypoxic cells with serum reintroduced,
this effect was greater, with a reduction to 22% (p<0.001) of hypoxic control serum

induced proliferation (Figure 6.11, Panel B).

*
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6.6.5.4 8-br-cAMP

8-bromo-cAMP used with 8 -pCPT-2"-0-Me-cAMP had no effect on the anti-proliferative
capacity of 8 -pCPT-2"-0O-Me-cAMP alone (Figure 6.12, Panel A and B).

6.6.5.56-BnZ

The PKA agonist, 6-BnZ, slightly potentiated the inbibitory effect of 8 -pCPT-2"-O-Me-
cAMP when used together in all conditions (Figure 6.12, Panel A and B).

6.6.5.6 PKA R agonist

Normoxic serum starved cells treated with both the EPAC agonist and a specific PKA RI
agonist did not have any significant cfiect on proliferation when compared to 8 -pCPT-2'-
O-Me-cAMP used alone, However, the combined effect was increased in hypoxic serum
starved cells compared to using either compound alone (Figure 6.13, Panel A). Hypoxic

serum starved proliferation was reduced to 55% (p<0.05) of basal hypoxic proliferation.

The combined effect of the Epac agonist and PKA RI agonist did not have any effect over
that of 8 -pCPT-2"-O-Me-cAMP alone in serum induced proliferation in normoxic and

hypoxic cclls (Figure 6.13, Panel B).

6.8.5.7 PKA Rif agonist

Using the PKA RII agonist in conjunction with the Epac agonist slightly reduced the anti-
proliferative cffcet of using either agonist alone in serum starved normoxic and hypoxic
cells, although not signiticantly {Figure 6.13, Panel A). There was no ellect observed,

however, in cells with serurn reintroduced (Figure 6.13, Panel B).

6.6.5.8 PKA Ri and Rl agonists

Using both the RI and RII agonists, along with the EPAC agonist, potentiated the anti-
proliferative effect of using either both the RI and RII agonists or the Epac agonist alone
on proliferation in serum starved cells. This effect was significant (p<0.01) in hypoxic
serum starved cells where proliferation was reduced to 50% of hypoxic basal (Figure 6.13,
Punel A.)

Using both the RT and RII agonists along with the Epac agonist had no significant effect on
normoxic serum induced proliferation when compared with the Epac agonist alone.
However, it did potentiate the effect of the RI and RIl agonist or the Epac agonist observed
in hypoxic serum induced proliferation, further reducing it to 17% (p<0.001) of the

hypoxic control serum induced proliferation rate (Figure 4,13, Panel B).
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6.7 Effect of the EPAC Agonist, 8 -pMeOPT-2-O-Me-cAMP, and a

Rap1 Inhibitor on Proliferation compared to 8 -pCPT-2"-O-Me-
cAMP

8.7.1 Arresting cell cycle using a Rap1 Inhibitor, GGTI-298
GGTI-298 (Calbiochem) is a GGTase I inhibitor that inhibits the processing of RapilA

without affecting H-Ras. Tt is also capable of arresting cclls in the Go/G| phase of the cells
cycle, but it has previously been reported that using GGTI-298 can reduce the inhibitory
cffects on proliferation seen with cAMP-elevating agents in RPE cells (Heequet ct al.,
2002). As can be seen in figure 6.14, the Rapl inhibitor reduced both normoxic and
hypoxic proliferation rates 10 30% and 20% respectively of control levels, Including the
EPAC agonist along with this inhibitor had no significant effect on normoxic or hypoxic
profiferation over that of the Rapl ichibitor alone (Figure 6.14). Epac has been
demonstrated to activate Rapl {Enserink et al., 2002), therefore these results suggest the
anti-prolifcrative cffect of the Epac agonist is independent of Rapl as the Rap] inhibitor
cun not preserve the proliferative capacity of hPASM celis when used with the Epac
agonist. However, as the Rapl inhibitor reduces proliferation significantly when used

alone, this can not be assumed.

6.7.2 A second EPAC agonist, 8 -pMeOPT-2-0-Me-cAMP

As a second novel EPAC agonist became available towards the end of this study, I decided
1o use this to confirm the anti-proliferative effect of the first EPAC agonist and to compare
the potency of both, Biolog reported this new agonist to have a higher activity and
membrane permeability compared with 8 -pCPT-2"-O-Me-cAMP.  Anti-proliferative

activities were compared in cells with serum re-introduced.

In normoxic and hypoxic cells, 8 -pCPT-2"-O-Me-cAMP had an ICsy of approximately
50uM. The ICsy for 8 -pMeOPT-2"-O-Me-cAMP was different Lo this. In normoxic cells,
it had an ICsp of ImM and in hypoxic cells, an ICsp of SO0uM. Although both agonists
elicit an anti-proliferative ¢llect on both normoxic and hypoxic cells, the originul agonist, 8
-pCPT-2-O-Mc-cAMP was ar more polent at inhibiting proliferation in normoxic and
hypoxic hPASMC (Figure 6.15).




188

6.8 Discussion and Conclusions

Exposing vascular smooth muscle cells to hypoxia has been shown to increase their
proliferative capacity as witnessed in the rat model of hyposia induced pulmonary
hypertension(Meyrick & Reid 1978, Wohrley et al., 1995) I have shown that human
pulmonary artery smooth muscle cells are also useful as cellular model of pulmonary
hypertension for proliferation studies as they double their serum-induced proliferation rate

when exposed to 10% O; for seven days.

Previous studies have established that raising cAMP within smooth muscle cells acts in an
angi-proliferative manner (reviewed in Bornfeldt & Krebs 1999) The adenylyl cyclase
stimulator, forskolin has been shown to achieve this, in part by reducing serum stimulated
cyclin D1 and cyclin A levels in vascular smooth muscle cells (Kronemann et al., 1999)
Raising cAMP through PDE4 inhibition can also elicit an antiproliferative effect as shown
in A172 glioma cells and human acute lymphoblastic leukaemia cells (Chen et al., 2002,
Oguwa el al., 2000) In human aortic and pulmonary arterial smooth muscle cells, PDE3
and PDE4 inhibitors have previously been shown to attenuate proliferation (Johnson-Mills
et al., 1998, Indolfi et al., 1997). These effects have not been investigated in hypoxia

however.

Roliprum did not have a significant effect on hPASMC proliferation, which contrasts with
previous stucies demonstrating rolipram can significantly reduce the proliferation of
smooth muscle cells (Pan et al., 1994). However, other studies suggest there is no decrease
in proliferation (Souness et al., 1992; Osinski and Schror, 2000). Cilostamide however,
did significantly reduce proliferation of hPASMC as observed previously (Tsuchikane et
al., 1999} with a greater effect observed in normoxic cells than in hypoxic cells. This can
perhaps be explained by the desensitisation of the cAMP pathway demonstrated o oceur in
hypoxia in chapter 4, Using both of these inhibitors Logether, produced a supra-additive
cffect as obsetved in previous studies on smooth muscle cetls (Johnson-Mills et al., 1998;
Pan ct al., {994).

Raising cAMP levels with the p-adrenoceptor agonist, isoproterenol, appeared to have no
cffect on cell proliferation in hypoxia or normoxia. However, an action of isoproterenol
was uncovered when cells were pre-treated with the PDE4 inhibitor, rolipram. Prior work

with Albuterol, a Bs-adrenoceplor agonist has shown (Stewart et al.,, 1999) it inhibily
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thrombin-stimulated proliferation when used prior to the restriction point, This it

seemingly does by reducing cyclin D1 levels. Such inhibition could, however, be alleviated
by treating cells with either the ERK inhibitor, PD98059 or the protecasome inhibitor
MGIE32 (Stewart et al., 1999). Here I showed that treating cells with isoproterenol and
rolipram together produced a highly significant inhibition of proliferation in both normoxic
and hypoxic cells, indicating that the cells either immediately exited the cell cycle or
underwent apoptosis. This suggests the pathway induced by Pz-adrenoceptor stimulation is
under great influence by PDE4. Indeed, it has been shown that PDE4 is recruited in a
complex with B-Arrestin to the [3;-adrenoceptor upon stimulation of the receptor and plays
a role in the phosphorylation of the receptor, one consequence of which is to regulate G to

G, switching in HEK 293 cells (Baillie et al., 2002, Perry et al.. 2002).

There has heen no indication that the role of PDI4 in mediating G-protein switching
atfects cell proliferation, however it is known that G-protein coupled receptors (GPCRs)
play a role in cell growth. Mutations atfecting Go, are known to be present in different
types of tumours (Chen & Iyengar 1994). Tt is also possible that PDE4 plays a role in the
interaction of B-Arrestin 2 with the oncoprotein Mdm?2. Mdm?2 associates with 3-Arrestin 2
when a GPCR is stimulated, interfering with it’s self ubiquitination and thus p53
degradation, allowing an increase in p33 activity (Wang ct al., 2003). p53 is a tumour
suppression protein capable of inducing growth arrest and apoptosis. An increase in pS3
might help to explain the results seen using both rolipram and isoproterenol together
suggesting that PDE4 perhaps enhances the binding of B-Arrestin 2 o Mdm2, thus

reducing pS3 ubiquitination.

Similarly, forskolin had no effect on cell proliferation uniess the non-selective PDE
inhibitor, IBMX, was first used. In normoxic cells, this treatment unexpectedly increased
the rate of DNA synthesis, whereas in hypoxic cells, this rate was reduced to 20% of the
control hypoxic serwmn induced proliferation rate. Stimulation of cAMP with forskolin
alone has previously been reported to result in an attennation of serum induced
proliferation in vascular smooth muscle cells (Kronemann et al., {999). This was not
observed with the hPASMC. In certain conditions however, stimulation of cAMP levels
can result in increused DNA synthesis in neonatal but not adult pulmonary
SMC (Guldemeester et al., 1998). The use of forskolin and TBMX together has also been
shown to inhibit serum-induced proliferation previously in pancreatic cancer cells
(Boucher et al., 2001).
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EGF is a well known mitogen and in this study was shown to induce a significant

increase in serum induced proliferation but, interestingly, not in serum free cells. This
suggests that EGF requires an additional input, supplied by a serum Factor, to exert its
effects on these cells. ‘This increase caused by EGF in serum-treated cefls was unaffected
by rolipram in normoxic cells but was reduced to control levels in hypoxic cclls, indicating
the effects of EGF and rolipram can negate one another, EGF acts on the
Ras/Ral/MEK/ERK puthway to activate cell growth und proliferation, therefore these
results suggest rolipram exerts an inhibitory effect on this pathway. Anaother growth
factor, TGF-B; has been used in studies of activation of ERK and ccll prolifcration as it is
an important regulator of cellular proliferation in the lung {Vicencio et al., 2002) and has
been shown to be both a stimulaior of cell growth and an inhibitor, depending on cell type.
The results are, however, conflicting. In epithelial cells, TGF-}; has been reported to both
induce a G| block in the cell cycle with a corresponding inhibition of ERK (Howe et al.,
1993) and also to activatc ERK and promote cell proliferation (Hartsough & Mulder 1995).
In hPASMC, TGF-f, had no effect on proliferation.

Sre has been demonstrated to be essential in both PC12 cells and NIH 373 fibrablasts to
witness forskolin-stimulated ERK activation (Klinger et al., 2002). It has also been
demonstrated in both NIH3T3 cells and mouse embryonic fibroblasts that Src
phosphorylation by PKA is required for cAMP inhibition of ERK and cell proliferation
(Schmitt & Stork 2002). Using the Src inhibitor, PP2, in hPASMC sigaificantly reduced
hypoxic serum induced proliferation and also hypoxic proliferation in serum starved cells.
There was no significant effect on normoxic cells under either condition. This suggests
there is a pathway not mediated by the serum response factor that is altered in hypoxic

cells and requires Src for the increased proliferation observed in hypoxia.,

The anti-proliferative actions of cAMP on cell proliferation have routinely heen attributed
to the cAMP-dependant kinase, PKA. PKA has been demonstrated to increase the levels of
p27Kipl and decrease the levels of cyclins DI and D3 (L’Allemain et al., 1997,
Kronemann ct al.,, 1999, Stewart ct al., 1999, Van Oirschot et al,, 2001). This results in a
Gl block in the cell cycle. As mentioned previously, PKA can also exert an effect upon
ERK activation, which can lead to either cell proliferation or differentiation or apoptosis
{Schmitt & Stork 2002). PKA is a heterodimer consisting of two rcgulatory and two
catalytic subunits. Activation of PKA requires binding of cAMP to the regulatory subunits
which releases the catalytic subunits, Opposing functions for the two regulatory isoforms

of PKA in the cell cycle have been observed (reviewed in Cho-Chung et al., 1995). Indeed,
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the balance of the RI/RII ratio is critical as alterations can lead to tumour formation

(Stergiopoutos & Stratakis 2003), PKA RI is a little overexpressed in normal celis upon
stimutation of proliferation, yet is constitutively overexpressed in cancer celis and is
associated with a poor prognosis in different human cancers (Miller et al., 1993, McDaid et
al., 1999). Inhibition of PKA resalts in a significant reduction of cellular proliferation in
hypoxic hPASMCs only, whether serum starved or not. Activation of PKA is also capable
of reducing cell proliferation, althongh only significantly in hypoxic serum induced
proliferation. This effect appears to be predominantly due to the PKA RII subunit as the
PKA RII agonist elicits a greater effect than the RI agonist. These effects are only
significant in hypoxia, suggesting an alteration in PKA signalling in hypoxia. This is
confirmed by the significunt reduction ol serum induced proliferation by the general PKA
agonist, 6-BnZ, in hypoxia, but not in normoxic cells. As stimulation of total PKA has no
effect on normoxic serum induced proliferation, this suggests an alteration of PKA RI/RII
ratio in hypoxic cells. When (he specilic subunit agonists are used logether however, it
does not mirror the effect of a general PKA agonist. They appear to synergise and reduce
serum induced proliferation more dramatically, PKA RI inhibition has no significant effect
on hPASMC proliferation, although it does appear to cause a slight increase in normoxic
serum starved cells. RII inhibition results in a highly significant reduction of cell
proliferation in both normoxic and hypoxic cells. These results suggest that PKA RIT is
essential for normal cell proliferation and is involved in the hypoxia-induced increase of
proliferation. Tt should be noted that the PKA RI subunit was also demonstrated to induce a
small, albeit not statistically significant, increase in normoxic proliferation in serum
starved cells. This suggests the PKA RI subunit can act in a growth inducing manner,
which is regulated by the PKA RIL subuni{ and, vice versa, the PKA RIL subunit can acl in
an inhibitory manner which is regulated by PKA RI This uguin is indicative of an
alteration in the RI to RII ratio in hypoxic cells. [n chapter 3 however, western blotting of
the PKA Rle, RIla and RIIP subunits did not show any change in expression. PKA RIp

expression was not investigated.

PKA is not the only effector of cAMP signalling in cells. Epac is another target for cAMP
signalling in mammalian cells, although its effects on proliferation have not yet been
investigated. Using the cAMP analog, CPT-cAMP, it was clear this activated something
different to the cAMP analog, 8-bromo-cAMP as it produced a more potent inhibition of
proliferation. Indeed, it was later discovered that CPT-cAMP has a higher alfinity for Epac
than PKA. Using the novel Epac agonists, 8§ -pCPT-2"-0-Me-cAMP and 8 -pMeOPT-2"-O-

Me-cAMP, it was revealed for the first time that Epac is capable of potently inhibiting
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prolifcration. Epac appears to require the serum response to have an impact as this

inhibition only occurs in serum induced proliferation. This is similar to the effect of the Src
inhibitor PP2. Thus, this suggests that Epac affects proliferation in a manner similar to that
of Src inhibition. It is known that both Epac and Src activate the GTPuase Rapl. Activation
of Rapl has been associated with both the cAMP mediated activation of ERKI and thus
cell protiferation (Ribeiro-Neto et al., 2002) and the cAMP mediated inhibition of ERK
and cell proliferation (Schmilt & Stork 2001), The Epac agonist used in this study has
previousty been shown to have no direct effect upon BRK activity in NIH3T3 cells stably
transfected with Epaci and CHO ceils (Enserink et al., 2002). However, it is possible that
Epac could act indirectly on ERK activity. The divergent roles of Rapl in cAMP mediated
cell proliferation are indicative of numerous stimuli acting on Rapl. As Epac is already
known to activate Rapl, it seems possible that the tevels of activation of Epac could
regulate the PKA. directed activation of Rapl. Indeed, increasing cAMP levels in the cell
throngh PDE inhibition, raising PKA activation by addition of a cAMP analog or direct
PKA stimulation, or even specific PKA regulatory subunit activation, showed only slight
potentiation or alleviation of this effect. This is suggestive of a cAMP threshold level at
which Epac is activated and elicits its effect rather than a concentration dependant effect. It
also appears that the level of PKA canuol influence the effect of Epac once activated.

Thus, Epac perhaps acts as an ‘off” switch for PKA mediated signalling through Rapl.

In this chapter, 1 have presented results that suggest a role for PKA RELRII imbalance in

hypoxia-induced proliferation and demonstrate a new role for Epac in cell proliferation.
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Figure 6.1 Effect of chronic hypoxia on proliferation in hPASMC,

Normoxic and hypoxic cells were cultured in 96-well plates for five days prior to serum
starvation overnight. One set of cells was maintained in scrum free mediam, (Panel A), and
another had serum re-introduced (Panel B). After twenty hours, [*H]-thymidine was added
to alt plates for a further (our hours before being harvested as described in section 2.2 to

measure incorporation rates as a measure of DNA synthcesis.

Results shown are means + S.E. of 4 independent experiments expressed as a percentage

of the normoxic basal proliferation rate. Significance is denoted by **#*# (p<0.001).
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Figure 6.2 Effect of PDE inhibitors on proliferation in hPASMC.

Cells were treated as in figure 6.1 and all PDE inhibitors were added when the serum free
medium was replenished, (Panel A), or serum was re-introduced to the cells (Panel B).
After twenty hours, [3Hl—lhymidine was added to all plates for a further four hours before
being harvested as described in section 2.2 to measure incorporation rates as a measure of
DNA synthesis.

Results shown are means + S.E. of 3 independent experiments expressed as a percentage of
the normoxic basal proliferation rate. Significance is denoted by *, ** (p<0.05, p<0.01

respectively).
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Figure 6.3 Effect of cAMP effectors on proliferation in hPASMC.

Cells were treated as in figure 6.1 and all additions were made when the serum free
medium was replenished, (Panel A), or serum was re-introduced to the cells (Panel B).
After twenty hours, ["H]-lhymidine was added to all plates for a further four hours before

being harvested as described in section 2.2 to measure incorporation rates as a measure of
DNA synthesis.

Results shown are means + S.E. of 3 independent experiments expressed as a percentage of
the normoxic basal proliferation rate. Significance is denoted by * |, ** (p<0.05, p<0.01

respectively).
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Figure 6.4 Effect of EGF on proliferation in hPASMC.

Cells were treated as in figure 6.1. 50pg/ul medium of EGF was added when the serum
free medium was replenished, (Panel A), or serum was re-introduced to the cells (Panel B).
After twenty hours, [3H]-lhymidine was added to all plates for a further four hours before
being harvested as described in section 2.2 to measure incorporation rates as a measure of
DNA synthesis.

Results shown are means + S.E. of 3 independent experiments expressed as a percentage of

the normoxic basal proliferation rate. Significance is denoted by *** (p<0.001).
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Figure 6.5 Effect of TGF-B, on proliferation in hPASMC.

Cells were treated as in figure 6.1. TGF-f; was added when the serum free medium was
replenished, (Panel A), or serum was re-introduced to the cells (Panel B). After twenty
hours, ["’Hl-thymidine was added to all plates for a further four hours before being

harvested as described in section 2.2 to measure incorporation rates as a measure of DNA
synthesis.

Results shown are means + S.E. of 3 independent experiments expressed as a percentage of

the normoxic basal proliferation rate.
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Figure 6.6 Effect of Src inhibitor on proliferation in hPASMC.

Cells were treated as in figure 6.1. PP2 and PP3 were added when the serum free medium
was replenished, (Panel A), or serum was re-introduced to the cells (Panel B). After
twenty hours, [‘Hl-lhymidine was added to all plates for a further four hours before being
harvested as described in section 2.2 to measure incorporation rates as a measure of DNA

synthesis.

Results shown are means + S.E. of 4 independent experiments expressed as a percentage of

the normoxic basal proliferation rate. Significance is denoted by *** (p<0.001).
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Figure 6.7 Effect of PKA agonists and inhibitor on proliferation in hPASMC.

As in figure 6.1, agonists and inhibitors were added when the serum free medium was
replenished, (Panel A), or serum was re-introduced to the cells (Panel B). After twenty
hours, [*H]-thymidine was added to all plates for a further four hours before being
harvested as described in section 2.2 to measure incorporation rates as a measure of DNA
synthesis.

Results shown are means + S.E. of 3 independent experiments expressed as a percentage of

the normoxic basal proliferation rate. Significance is denoted by *** (p<0.001).
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Figure 6.8 Effect of PKA antagonists on proliferation in hPASMC.

Cells were treated as in figure 6.1. Antagonists were added when the serum free medium
was replenished, (Panel A), or serum was re-introduced to the cells (Panel B). After twenty
hours, [“H]-lhymidine was added to all plates for a further four hours before being
harvested as described in section 2.2 to measure incorporation rates as a measure of DNA

synthesis.

Results shown are means + S.E. of 3 independent experiments expressed as a percentage of
the normoxic basal proliferation rate. Significance is denoted by *, *** (p<0.05, p<0.001

respectively).
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Figure 6.9 Effect of cAMP analogs on proliferation in hPASMC

Cells were treated as in figure 6.1. 8-bromo-cAMP or CPT-cAMP were added when the

serum free medium was replenished, (Panel A), or serum was re-introduced to the cells

(Panel B). After twenty hours, [*H]-thymidine was added to all plates for a further four

hours before being harvested as described in section 2.2 to measure incorporation rates as a

measure of DNA synthesis.

Results shown are means + S.E. of 3 independent experiments expressed as a percentage of

the normoxic basal proliferation rate. Significance is denoted by **, *** (p<0.01, p<0.001

respectively).
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Figure 6.10 Effect of 8 -pCPT-2"-O-Me-cAMP on proliferation in hPASMC.

Cells were treated as in figure 6.1. 8 -pCPT-2"-O-Me-cAMP was added when the serum
free medium was replenished, (Panel A), or serum was re-introduced to the cells (Panel B)
After twenty hours, [3H|-thymidine was added to all plates for a further four hours before
being harvested as described in section 2.2 to measure incorporation rates as a measure of
DNA synthesis.

Results shown are means + S.E. of 3 independent experiments expressed as a percentage of

the normoxic basal proliferation rate. Significance is denoted by **, *** (p<0.01, p<0.001

respectively).
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Figure 6.11 Effect of PDE inhibitors in combination with 8 -pCPT-2"-O-Me-cAMP on
proliferation in hPASMC.

As in figure 6.1, 8 -pCPT-2"-O-Me-cAMP plus inhibitors were added when the serum free
medium was replenished, (Panel A), or serum was re-introduced to the cells (Panel B).
After twenty hours, [3H|-thymidine was added to all plates for a further four hours before
being harvested as described in section 2.2 to measure incorporation rates as a measure of
DNA synthesis.

Results shown are means + S.E. of 3 independent experiments expressed as a percentage of
the normoxic basal proliferation rate. Significance is denoted by *, #¥ *¥&* (p<0.05,

p<0.01, p<0.001 respectively).
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Figure 6.12 Effect of cAMP effectors in combination with 8 -pCPT-2"-O-Me-cAMP on
proliferation in hPASMC.

As in figure 6.1, 8 -pCPT-2"-O-Me-cAMP and other additions were made when the serum
free medium was replenished, (Panel A), or serum was re-introduced to the cells (Panel B).
After twenty hours, [“H]-thymidine was added to all plates for a further four hours before
being harvested as described in section 2.2 to measure incorporation rates as a measure of
DNA synthesis.

Results shown are means + S.E. of 3 independent experiments expressed as a percentage of
the normoxic basal proliferation rate. Significance is denoted by *, *** (p<0.05, p<0.001

respectively).
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Figure 6.13 Effect of PKA agonists in combination with 8 -pCPT-2"-O-Me-cAMP on
proliferation in hPASMC.

As in figure 6.1, 8 -pCPT-2"-O-Me-cAMP and agonists were added when the serum free
medium was replenished, (Panel A), or serum was re-introduced to the cells (Panel B).
After twenty hours, [“H]-thymidine was added to all plates for a further four hours before
being harvested as described in section 2.2 to measure incorporation rates as a measure of
DNA synthesis.

Results shown are means + S.E. of 3 independent experiments expressed as a percentage of
the normoxic basal proliferation rate. Significance is denoted by *, ** *¥* (p<(.05,

P<0.01, p<0.001 respectively).
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Figure 6.14 Effect of Rapl1 inhibitor on proliferation in hPASMC.

Cells were treated as in figure 6.1. GGTI-298 and the EPAC agonists were added when the
serum was re-introduced to the cells. After twenty hours, [*H]-Thymidine was added to all
plates for a further four hours before being harvested as described in section 2.2 to measure

incorporation rates as a measure of DNA synthesis.

Results shown are means + S.E. of 3 independent experiments expressed as a percentage of

the normoxic basal proliferation rate. Significance is denoted by *** (p<0.001).
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Figure 6.15 Inhibition of proliferation in response to EPAC agonists.

Cells were treated as in figure 6.1. 8-pCPT-2"-O-Me-cAMP, (Panel A), or 8-pMeOPT-2’-
O-Me-cAMP, (Panel B), was added at varying concentrations when serum was re-
introduced to the cells. After twenty hours, [‘lHl—lhymidine was added to all plates for a
further four hours before being harvested as described in section 2.2 to measure

incorporation rates as a measure of DNA synthesis.

Results shown are means +/- S.E. of 3 independent experiments as percentage inhibition

compared to InM treatments which showed no effect on proliferation. Significance is
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10uM
10pM
10uM
10uM
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10uM
S0pg/ul
10ng/ul
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10uM

10puM
SuM

10uM
SuM

10uM

10uM

10uM
10uM
100uM
10uM
10pM
10pM
10uM

Table 6.1 Drugs used and their final concentration in the proliferation assays
This table lists the compounds used throughout this chapter and the concentration used at

in the proliferation assays.
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Chapter 7

General Discussion and Future Directions




The cyclic nucleotides cAMP and cGMP have well characterised functions including roles
in cell proliferation, differentiation, inflammation and maintenance of vascular tone
(Murray 1990; Koyama et al., 2001; Pellegrino & Wang 1997; Dousa 1999; Torphy et al.,
1999; Wong & Koh 2000; Essayan 2001). The cell tailors its response to these second
messengers through a complex interplay of the synthesis and degradation mechanisms
available for cAMP and cGMP. For example. there are nine forms of adenylyl cyclase
(AC; Antoni et al., 2000, Hanoune & Defer 2001) capable of regulating the synthesis of
cAMP and ecleven families of phosphodiesterases, all able to efficiently degrade cAMP or
cGMP (Francis et al., 1999; Dousa 1999; Soderling & Beavo 2000; Yuasa et al,, 2000;
Conti 2000; Mehats et al., 2002; Maurice et al., 2003).To add to this regulation, it is also
well documented that compartmentalised responses to cAMP exist within a cell due to
localised cAMP production, anchored cAMP substrates and targeted PDE isofarms. The
net result of this is a highly specialised lorm of signalling, enabling the cell to tailor the

response to cAMP and act in the desired manner.

The superfamily of phosphodiesterases is well established as a crucial component in the
regulation of cAMP signalling, Differential tissue distribution and regulatory properties of
PDEs add a further complexity to cAMP signalling, along with the generation of multiple
splice variants. In addition, the expression of PDE isoforms has been demonstrated (o be
altered in response to hypoxia (Murray et al., 2002) and COPD (Barber et al., 2004). For
example, in the pulmonary arteries of the chronic hypoxic rat model of pulmonary arterial
hypertension (PAH), increased levels ol the PDE3 and PDES expression and activity
{(Murray et al., 2002) have been demonstrated to be responsible for the reduction in cAMP
and cGMP levels witnessed after 14 days exposure to 10% O, (MacLean et al., 1997). This
alteration in PDE expression was also observed in the cellular model of PAH, hypoxic
human pulmonary artery smooth muscle cells (Murray et al., 2002). Thus, the reduced
tevels of cyclic nucleotides have been attributed to an increased hydrolysis induced by

hypoxia.

The PDE4 family of enzymes represent a major part of the cAMP hydrolysing activity
within vascular stnooth muscle cells (Palmer et al., 1998) but their activity and expression
has not previously been investigated in hypoxia. PDE4 inhibitors are considered
therapeutic targets for cardiovascular diseases such as COPD and asthma (Spina et al,,

1998; Landclls et al., 2001, Spina 2003). PDE4 inhibitors have also been considered for

]
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use in treating PAH, as they are capable of synergising with PDE3 inhibitors to

produce an enhanced relaxation of arterics and potentiated inhibition of smooth muscle cell
proliferation (Pan et al., 1994; Palmer et al., 1998; Chen et al 2002, Ogawa et al 2002). I
thus set out to determine if PDE4 has a rele in the aitered signalling apparent in models of
PAH.

The main finding of the work presented here demonstrates that specilic PDE4 isoforms are
indeed affected by hypoxia. Increascd PDE4 expression was detectable in hypoxic
hPASMC after 7 days of hypoxic treatment, although there was ne discernable affect on
overall PDE4 activily. Tndeed, it was also discovered that, in contrast with previous
studies, cAMP levels are clevated following 7 days hypoxia treatment in hPASMC. Taken
together, it was concluded from these results that the response to chronic hypoxia is a
gradual one, with an initial increase in cAMP in an attempt to restore normal signalling,
but instead causing the increased expression of the PDE3A isoform (Murray et al., 2002)
and cAMP-inducible PDE4D1, PDE4D2, PDE4DS isoforms. The clevated levels of
cAMP-PDE isoforms possibly then leads to the marked reduction in cAMP and the
desensitisation of further cAMP stimulation as observed previously (MacLean et al., 1997;
Wagner et al., 1997). The elevated levels of PDE4B2 could also be duc to the increased
cAMDP as an increase in PDE4B2 has been observed in human myometrial cclis directly in
response to cAMP raising agents (Mehats et al., 1999). The increased PDE4A[0 and
PDE4All expression highlights the importance of uncovering the regulatory properties

and specific roles of these isoforms within a cell.

The increased expression of PDE4B2 and PDE4DS3 alse indicates a role for these isoforms
in the hypoxic vasoconsirictive response in the pulmonary circulation. Previous studies
have implicated increased levels of PDE4B2 in the contraction of myometrial strips
(Mehats et al.,, 2002), In addition, PDE4D knockout mice display altered responscs to

muscarinic cholinergic stimulution (Hansen et al., 2000)

Further work in chapter 4 identificd a role of the extracellular regulated kinase (ERK) in
the increased levels of cAMP observed in hypoxia. ERK has previously been shown to act
in an autocrine manner to stimulate production of PGE; and raise cAMP levels in human
aortic smeooth muscle cells (Baillie et al 2001; see figure 1.3). As cAMP has been
demounstrated (o regulate ERK activity within this loop (Pinelli et al., 1999), this provides a
mechanism wherehy cAMP levels and ERK activity can directly influence one another and

themselves. Such a mechanism should enuble the cell to regulate proliferative signals
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correctly through inhibition of proliferation by ¢AMP and stimulation of proliferation

through ERK activation, for example. In chapter 6, I demonstrated that hypoxic hPASMC
have an increased proliferalion rate, therefore the balance between cAMP signalling and
ERK activation is altered. In fact, ERK was demonstrated to be directly involved in the
hypoxia-induced increase in cAMP levels as MEK inhibitors used on hypoxic cells
reduced ¢cAMP levels to that of normoxic cells. It appears that the aforementioned
components of the autocrine loop are increased in response to hypoxic stimulus. An
increased ERK activity is well documented, and PGE, and COX-2 levels correspondingly
have been noted to increase in hypoxia (Shaul ct al., 1991; Tin ct al., 2000; Bradbury et al.,
2002; Yang et al., 2002). Interestingly, the increased ERK activity observed in hypoxia is
transient (Jin ct al., 2000; Scott et al., 1998). This is also suggestive of ERK regulation of
cAMP levels in hypoxia as 1 have proposed that the increased cAMP observed is also

temporary.

A recent study has shown that cAMP also regulates the autocrine loop albeit in a negative
fashion. Tn human bronchial epithelial cells, stimulation of ERK leads 1o the increased
production of prostaglandins in a manner which was potentiated by using a protein kinase
A inhibitor (Pinelli ct ai., 1999). This indicates cAMP has an inhibitory effect on the ERK
pathway in human bronchial epithelial cells thus providing a mechanism to down regulate

the production of prostaglandins and thus cAMP.

In addition, the increased ERK actlivily in hypoxia regulates cAMP through its actions on
the PDE4 family (Baillie et al., 2000). Dependant on isoform type, ERK can either inhibit
ot promote PDE4 activity (Houslay 2003; Baillie et al., 2000; Hoffmann et al., 1999), thus
providing a cell specific ERK regulation of ¢cAMP which is dependant on the PDE4
isoform profile within the cell. This is [futher complicated with the tight
compartmentalisalion of cAMP and ERK signalling within cells (Zaccolo et al., 2002,
Pouyssegur et at., 2002). Pools of cAMP exist in regions of cells and can thus be localised
away from the degrading action of ERK activated PDE4 short forms, or next to ERK

inhibited PDE4 long forms within the ccll and viee versa.

In combination, these results suggest the observed increase in cAMP levels in hypoxia may
be an initial attempt by the cell to down regulate the enhanced ERK activity (Jin et al.,
2000; Scott et al., 1998) and prostaglandin production (Shaul et al., 1991) witnessed in
hypoxia that leads to increased smooth muscle cell proliferation (Yau & Zahradka 2003).

Instead, the increased ERK maintains the increased level of cAMP through PGL»
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production and PDE4 inhibition, and levels continue to rise until a ‘threshold’ is

breached whereby PKA phosphorylation of PDE4 overturns the inhibitory effect of ERK
and cAMP is degraded at a faster rate than synthesised. ERK would then be reduced as a
result. ‘The decrease in ERK activity would completely alleviate inhibition of the PDE4
long forms present in hPASMC and inercase the rate of cAMP hydrolysis even more,
resulting in a desensitisation of the cell to cAMP raising agents. Indeed a negative
feedback of cAMP has been demonstrated before and is thought to exist to protect against

excessive accumulation of cAMP (Moon et al., 2002; Degerman et al., 1997),

Unfortunately, detecting the effect of ERK on PDE4 activity is compromised by the
opposing modes of regulation ERK exerts on PDE4 long forms and short forms, To
address this in future, immunoprecipitated PDE4 subfamilies should be assayed for PDE4
activity to determine the extent of inhibition. In addition, multiple time points must be used

{0 gain a clearer understanding.

In conclusion, the first part of this study indicates a complex method of regulation ol both
¢AMP and ERK. ¢cAMP and ERK directly influence cach other in a manner that has PDE4
at its centre. With the change in signalling that occurs in hypoxia, the balance that exisis
between cAMP and ERK is thrown into confusion and as a result, aids the development of

pulmonary remodelling and desensitisation of the cAMP pathway.

The second part of this study examined the effect of hypoxia on the proliferative capacity
of hPASMC. 1t was observed that hypoxia induces a significant increase in hPASMC
proliferation, both in response 1o serwm and in serum starved cells. This sugygests the
increased proliferation occurs in response to increased mitogenic signals produced in
hypoxia. In addition, results gained using specific PKA agonists indicate the involvement
of cAMP signalling. It appears that the increase in cAMP levels and proliferation
witnessed in hypoxia conirast each other, suggesting the ¢cAMP palhway is severely

impaired in hypoxia.

Chapter 6 also revealed a novel role for the recently discovered cAMP substrate, Epac (de
Roaij et al,, 1998). Previons studies investigating the tole of cAMP and cell proliferation
have attributed all effects to PKA, although PKA-independent pathways are being
uncovered (Cass et al., 1999}, Surprisingly, the role of Epac in cAMP-mecdliated inhibition
or stimulation of proliferation has not been invesltigated. Using an Epac-specific agonist,

it was discovered that Epac selectively inhibits serum-induced proliferation. Following on
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from this, identification of cell-cycle proteins altered in response to this agonist should

be investigated to determine how Epac affects proliferation. In additicn, wutilising this
agonist in cells with PKA RT or PKA RIT knocked out could be useful as the results
presented here show that Epac and PKA hoth serve the same function when overstimulated
in these cells, indicating a balancing mechanism between PKA and Epac signalling. The
result of this is either PKA or Epac inhibit cell proliferation in the absence of equal
stimulation of the other. Also, the effect of stimulating Epac in other cells should be

examined to determine if this is specific to smooth muscle cells.

Thie majority of the work presented here adds a [urther dimension (o the role and regulation
of cAMP in pulmonary arterial hypertension. It is obvious that PAH is a complex process,
inducting the alteration of signalling pathways in an attempt to restore normal tone to the
pulmonary circulation. Unfortunately, these alterations can directly and indirectly affect
other pathways leading to enhanced signalling and the resultant remodelling of the
pulmonary arterial tree. Due to the numerous signatling pathways involved in the hypoxic
response, it is appavent that multiple drug therapies are required to attenuate thc
development of PAH. The results presented in this study further establish the potential of
prostanoid therapy and PDE inhibition as a treatment for PAH. As both can impact upon
cAMP and ERK pathways, it is possible these therapies can affect upon remodelling and
hypoxia-induced franscription. Further studies examining the time points over the
development of PAH should uncover a more precise characterisation of the effects of
hypoxia on cAMP signalling and aftected pathways, allowing the identification of specific
therapeutic targets 1o potentiate the benefictal effects of such treatinents and reduce the

side elfects associated with the non-specificity of the treatments used today.

The proliferation studies carried out here identify an exciting rele for Epac in the
regulation of proliferation. Although the Epac response is equal in both normoxic and
hypoxic cells, a better understanding of the mechanisms controlling this response could

help elucidate the alterations occurring in hypoxia to induce proliferation.
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