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ABSTRACT
Manipulations to cyclic nucleotide populations show considerable promise in the
treatment of vasculopathies associated with luminal narrowing and PDE inhibition
currently represents one of the most selective methods of clinically modifying levels of
these second messengers. Many cardiovascular diseases are associated with a change in
vascular smooth muscle cell (VSMC) phenotype, resulting in a hyperproliferative cell
devoid of contractile properties. This cell has been defined as “synthetic/activated” and
differs from the normal “contractile/quiescent” VSMC in several aspects. Previous
investigations have established that phosphodiesterase 1C (PDE1C), a PDE not produced
in contractile/quiescent VSMCs is upregulated, and the functionally dominant PDE in the
presence of calcium in these cells. This study looked to establish a role for PDE1C in
synthetic/activated VSMCs as it relates to the management of VSMC phenotype. Herein,
we show that RNAi mediated knockdown of PDE1C decreased expression of phenotypedependent markers in HASMCs including PDGF-alpha receptor, l-caldesmon, and
TRPC1, while the expression of other markers, including PKG, vinculin, and beta-1
integrin were unaffected. Treatment with PDE1C siRNA also reduced cell migration,
proliferation, and the ability of HASMCs to bind extracellular matrix proteins. These
effects were mediated without any major changes in global cAMP levels. Furthermore, a
novel interaction between PDE1C and the TRPC cation channel was identified that may
establish a role for PDE1C in calcium-cAMP mediation. These findings establish an
important role for PDE1C in the synthetic/activated HASMC, both phenotypically, and at
the sub-cellular level.
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CHAPTER 1
INTRODUCTION

1.1 Second Messenger Systems
Integration and interpretation of external signals constitute characteristics vital to
sustainable functionality in all living cells. In turn, the cell’s ability to respond
accordingly is crucial to the health of complex multicellular systems. Coordinating an
appropriate response requires a robust system that selectively activates individual cellular
pathways while ignoring a complex web of others. Although the cell utilizes a seemingly
limitless number of signaling molecules, relatively few are responsible for initiating
pathways in response to extracellular stimuli. These unique intracellular compounds,
known as second messengers, are responsible for propagating primary extracellular
signals (first messengers) that cannot permeate cell membranes (McKnight, 1991).
Second messengers are intimately linked to a multitude of downstream targets and are
considered to be very dynamic in nature. Since these molecules are responsible for so
many diverse cellular processes, accurate second messenger production is essential to
cellular health, and imbalance generates dysfunction. As such, second messenger
systems commonly serve as pharmacological targets in an attempt to restore cellular
balance.
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1.2 cAMP and Downstream Targets
One of the more prominent second messengers is the adenosine triphosphate
(ATP) derived signaling molecule cyclic adenosine-3’,5’- monophosphate (cAMP).
Discovered in 1955, this molecule is considered a pioneer of second messenger systems
and has since been extensively characterized (Vaughan, 1987). By selectively activating
numerous cellular processes, this ubiquitous system plays an integral role in nearly every
cellular function, often in concert with other second messenger pathways (McKnight,
1991; Maurice et al., 2003). cAMP production is facilitated by plasma membrane bound
G-protein coupled receptors (GPCR). These receptors consist of monomeric proteins that
weave throughout the membrane in a form characteristic of serpentine receptors.
Agonist, or “first messenger” binding engages the receptor machinery causing the
tethered G-protein to activate by exchanging bound guanosine diphosphate (GDP) with
GTP. This event causes dissociation of the G-protein and release of an active alpha
subunit that can now activate another transmembrane protein; adenylate cyclase (Page,
Curtis, and Walker, 2006). Although adenylate cyclase permeates the plasma membrane,
the area of particular significance resides in the cytoplasm. This region interacts with the
previously displaced G-protein alpha subunit to initiate the production of cAMP from
energy charged ATP molecules (Figure 1.1) (Page, Curtis, and Walker, 2006). Of
particular significance in this intracellular signaling cascade, and second messenger
cascades in general, is the signal amplification generated by the extracellular agonist.
Despite G-protein activation by a single signaling molecule, the production of cAMP is
dictated by the interaction between the activated alpha subunit and adenylate cyclase
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Figure 1.1 cAMP signaling paradigm (derived from Wong and Scott, 2004). Agonist activation
of G-protein coupled receptors (GPCR) stimulates cAMP production from ATP via Adenylate
Cyclase (AC). cAMP is responsible for the gating of cyclic nucleotide-gated ion channels (a), is
hydrolyzed by cAMP phosphodiesterases (b), and activates protein kinase A (PKA) (c), or
exchange protein activated by cAMP (EPACs) (d).

3

Depending on the nature and duration of the interaction, a single molecule of agonist can
dramatically increase the production of cAMP (Page, Curtis, and Walker, 2006).

In terms of second messenger action, cAMP is now free to activate the required
cellular pathway through interaction with downstream protein effectors such as protein
kinase A (PKA) or exchange protein activated by cAMP (EPAC) (Kopperud et al., 2003).
PKA is formed as an inactive tetramer consisting of two regulatory, and two catalytic
subunits. Catalytic subunit release generates the phosphorylation potential of cAMP
(McKnight, 1991). Meanwhile, the more recently characterized EPACs are guanine
nucleotide exchange factors for the RAS GTPase homologues, Rap1, and Rap2 (Borland
et al., 2009). Following activation of these molecules, the desired signaling pathway will
induce a cellular response through increases in the phosphorylation state of various
downstream proteins (Kopperud et al., 2003). As a result of this cascade, cellular
function is altered and this is expressed phenotypically in many cell types. A few of the
diverse processes involving cAMP include cell growth, contraction-relaxation, and
metabolism (Maurice et al., 2003).

1.3 Cyclic Nucleotide Phosphodiesterases (PDEs)
cAMP is a second messenger that is involved in a large number of signaling
pathways, but the molecules themselves are too simple to dictate what task is to be
carried out, generating a need for precise regulation (Vaughan, 1987). To accurately
regulate this molecule, the cell enlists a dynamic family of enzymes known as 3’,5’cyclic nucleotide phophodiesterases (PDEs) (Maurice et al., 2003). PDEs alone have the
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ability to hydrolyze cAMP into inactive 5’AMP. As a result, PDE famililies are crucial
regulators of cAMP and corresponding processes (Bender and Beavo, 2006). Notably,
PDEs have an approximately ten-fold greater capacity to degrade cAMP when compared
to the rate of formation of this second messenger in cells, and thus alterations in PDE
activity will have major impacts on cellular function (Sharma et al., 2006).

To act as the sole regulator of such a dynamic second messenger requires an
equally adaptable enzyme. This adaptability is highlighted by the size and complexity of
the PDE superfamily. In mammalian systems there are currently 21 identified genes
categorized into 11 separate PDE families based on sequence homology, enzymatic
properties, and sensitivity to inhibitors (Omori and Kotera, 2007). Each PDE family
contains multiple genes that produce more then 50 isoenzyme variants via alternative
splicing or through the use of alternate transcriptional promoter sites. To identify a
particular PDE enzyme, a nomenclature system has been introduced. Take for example
PDE1C1, this enzyme is a member of the PDE1 family encoded by the C gene of this
family. The final number, “1”, indicates one of several possible splice variants specific
to this particular enzyme (Maurice et al., 2003).

Having such a vast array of PDE subtypes allows for optimal manipulation of the
second messenger population, as each isoform has unique characteristics that can
subserve different functional roles within each cell type. To facilitate this control, PDE
isoforms reside in unique cellular localities, display variations in substrate affinity, or are
activated/inhibited by several different molecules (Bender and Beavo, 2006). The PDE1
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family provides a prime example of this isoform-based regulation, as it is the only PDE
that is activated by Ca2+/Calmodulin (CaM), the affinity of PDE1C1 (a PDE1C splice
variant) for cAMP differs from that of PDE1C2 or PDE1C4/5 (Goraya and Cooper,
2005). Also, PDE1 enzymes encoded by the C gene differ from those encoded by the A
or B genes in both substrate affinity and intracellular distribution (Goraya et al., 2008).
Considering the specialized attributes of each PDE isoenzyme and the number of
pathways involving cAMP, interest is generated into selectively manipulating PDE
activity to alter cell function.

1.4 Compartmentation of Cyclic Nucleotide Signaling
Second messenger research is currently evolving along with the advent of
emerging technologies. Using live-cell imaging, various researchers have noted that
cAMP production and regulation within the cell is not a global phenomenon, but is
actually confined to small microdomains (Zaccolo and Pozzan, 2002). This concept was
first developed following the observation that activation of different GPCRs could
mediate increases in cellular cAMP, but that stimulation of each receptor could generate
different physiological responses. Research building on this finding has created a
“compartmentalized” cell where local pools of cAMP are isolated from one another and
prevented from freely diffusing throughout the cell (Baillie, 2009). Regulating cAMP in
this fashion gives insight into its properties as a ubiquitous second messenger and how
upregulation of cAMP in a localized area may have a particular effect through activation
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Figure 1.2. cAMP effectors and gradients (Baillie, 2009). (A) A description of the
cAMP-signaling paradigm including effector molecules. (B) cAMP gradient formation.
Discretely positioned PDEs act as “sinks” to create functional microdomains and
establish multiple, simultaneous cAMP gradients that can be sampled by strategically
positioned cAMP effectors.
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of an individual pathway, while ignoring all others. By keeping distinct cAMP pools
separate from one another, the cell creates a microcosm for which to better control
cellular activities (Figure 1.2).

Anchoring proteins help to regulate the temporal and spatial roles of signaling
pathways by acting as scaffolds to house targets of cAMP and other neighbouring
substrates. These complexes often tether PKA or EPAC along with other members of the
signaling cascade to a single structure. By grouping so many molecules together, the
microdomain is spatially satisfied and by moving particular enzymes and targets on and
off of the scaffold it becomes temporally regulated (Wong and Scott, 2004). These
complexes, which are classified by their ability to co-purify with other compounds are
evidence of higher order regulation within cell signaling systems. Often included within
these complexes is the cAMP regulating PDE enzyme. Since PDEs alone are responsible
for the hydrolysis of cAMP, their role becomes highly important in the management of
these local environments (Wong and Scott, 2004).

Recent literature has expanded on this concept through identification of several
intracellular PDE-anchoring protein complexes that function to regulate cyclic
nucleotides in discrete cellular microdomains (Raymond et al., 2009; Wilson et al.,
2008). In this way, PDEs not only have the important role of managing intracellular
cAMP levels, but they must also ensure that cAMP diffusion is both spatially and
temporally restricted (Baillie, 2009). Thus, PDE based compartmentation of cAMP
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signaling generates higher order regulation and presents an enticing target for the
pharmocological manipulation of specific signaling pathways (Wilson et al., 2008)

1.5 Phosphodiesterase 1C (PDE1C)
PDE1C belongs to the family of Ca2+/calmodulin-dependent PDEs that become
activated by CaM in the presence of calcium (Yan et al., 1996). Because of this
relationship, and its ability to hydrolyze both cAMP and cGMP with equal affinity, this
enzyme in particular seems to play a focal role in coordinating relationships between vital
second messenger systems (Beavo, 1995). In effect, PDE1C acts to mediate cross-talk
between second messenger systems by hydrolyzing cyclic nucleotides in response to
increasing intracellular calcium. In keeping with this prominent intracellular role and its
tissue specific distribution, PDE1C has been shown to play a major role in several
distinct cellular processes including insulin secretion (Han et al., 1999), olfactory
sensation (Yan et al., 1995; Cygnar and Zhao, 2009), spermatogenesis (Yan et al., 2001),
neuronal development (Giorgi et al., 2002), and vascular smooth muscle proliferation
(Rybalkin et al., 1997; Dolci et al., 2006). In terms of experimental investigation,
PDE1C is often identified in tumor cell models (Jang and Juhnn, 2001; Ahlstrom et al.,
2005; Vatter et al., 2005; Shimizu et al., 2009). Although this enzyme has been regarded
as invaluable to intracellular signaling, research on this particular PDE family member
and its contribution to physiological processes is still immature, despite its documented
characterization and classification (Yan et al., 1995; Loughney et al., 1996).
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Within the PDE1 family, PDE1C is the only member to hydrolyze both cAMP
and cGMP with high affinity. PDE1A and PDE1B are also dual capacity enzymes, but
with such a weak affinity for cAMP that they are often considered cGMP hydrolyzing
enzymes (Evgenov et al., 2006). Differential transcription or post-translational
modifications add to the complexity of PDE1C as there are currently 7 identified splice
variants (PDE1C1-PDE1C7; Figure 1.3) (Bender and Beavo, 2006). These splice
variants are expressed in a cell specific manner despite having similar enzymatic
capacities, generating questions regarding their cellular utility. It has been postulated that
these splicing variations permit differential targeting of the PDE1C enzyme within
subcellular loci (Goraya et al., 2008). The ability of such an enzyme to alter its cellular
location based on demand or utility may help explain the disparity within the literature in
defining a specific intracellular location for PDE1C in several cell types (Bender and
Beavo, 2006; Goraya and Cooper, 2005; Goraya et al., 2008; Dolci et al., 2006;
Vandeput et al., 2007). Alternative splicing is one mechanism facilitating control of
PDE1C, but other enzymatic structural features have been examined, including the
contribution of redundant CaM binding domains that not only govern the hydrolyzing
ability of the PDE1 family, but may also act in a targeting capacity (Goraya and Cooper,
2005).

Aside from the structural features that govern PDE1C spatial targeting,
mechanisms of control have also been identified which act to fine-tune temporal
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Figure 1.3 PDE1 structure (Bender and Beavo, 2006). Common structural
characteristics of the PDE1 family are shown at the top of the figure. This structure
includes two calmodulin binding domains, an intervening inhibitory region, a catalytic
domain, and approximated PKA phosphorylation sites. At the bottom of the figure are
schematic representations of all seven PDE1C splice variants.
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hydrolyzing capacity. The most notable of these regulators is calcium, which enhances
enzyme activity upon CaM binding (Yan et al., 1995) by shifting an inhibitory region
away from the catalytic domain. It is well established that increasing concentrations of
intracellular calcium only occur in response to specific stimuli, and considering the
intimate interaction of calcium with PDE1C, it becomes evident that this enzyme does
not passively regulate cyclic nucleotide pools (Goraya et al., 2008). This mechanism of
temporal regulation has also been identified as a spatial phenomenon as calcium mediated
PDE1C activation results preferentially from extracellular calcium sources (Goraya et al.,
2004). This observation provides insight into the selective regulation of not only PDE1C,
but also the temporal control of many other enzymatic systems.

Finally, one other notable mechanism of control has been identified, and it is one
that fits classical feedback models. Activation of the cAMP downstream target PKA
causes selective phosphorylation of various effector molecules. In terms of PDE1C
control, PKA inhibits the enzyme by phosphorylation resulting in an overall decrease in
cyclic nucleotide hydrolysis (Ang and Antoni, 2002). This schema may provide a point
of control over cyclic nucleotide levels by cAMP and PKA, irrespective of intracellular
calcium levels. As a whole, these ideas provide insight into the seemingly smooth
transitions that occur during cell signaling according to fluctuating demands, but
highlight the complexity by which these transitions are regulated.
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1.6 PDEs and Cardiovascular Disease
Cardiovascular disease is the leading cause of death and disease in modern
populations (Rosamond et al., 2008). When under pathological strain, the cardiovascular
system often modifies its behaviour in an attempt to compensate for apparent faults.
These compensations often cannot overcome the insult and in some cases will actually
increase the strain placed on the system itself, creating novel complications (Nabel,
2003). Deciphering the response of the cardiovascular system to disease states is the first
step in developing retrospective therapies, and ideally will lead to future prospective
applications.

Pharmacological manipulation of PDEs is a form of treatment in many
vasculopathies and a prospective form of treatment for many others (Maurice et al., 2003;
Bender and Beavo, 2006; Stehlik and Movsesian, 2006). As a clinical application, PDE3,
PDE4, and PDE5 inhibitors have garnered the most attention, with applications in
cardiovascular tissues ranging from endothelial and vascular smooth muscle cells
(VSMCs) to cardiomyocytes (Maurice et al., 2003). Currently, the PDE3, and PDE5
families regard the best-documented uses for PDE inhibitors in cardiovascular disease
(Maurice et al., 2003). PDE3 inhibition results in both inotropic and vasodilator effects
to acutely improve hemodynamics in patients with heart failure, although this short-term
benefit has not been shown in the long term (Movsesian, 2000). The vasodilatory
properties of PDE5 inhibition is currently utilized in the treatment of male erectile
dysfunction (Maurice, 2004; Carson and Lue, 2005) and more recently introduced for the
treatment of pulmonary arterial hypertension (Ghiadoni et al., 2008; Guazzi and Samaja,
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2007). Although such successes have been generated, there is still much to explore in
terms of the clinical applications of PDE inhibition.

One form of current exploration is the continuing discovery and characterization
of family-specific PDE isoforms. Manipulation of specific PDE family isoforms is
generally thought to provide more intricate control then broad based PDE inhibition
(Bender and Beavo, 2006; Omori and Kotera, 2007). Take for example pharmacological
inhibition of the PDE3 family; long-term outcomes in the treatment of heart failure could
potentially be improved if either PDE3A or PDE3B isoforms were targeted, rather than
manipulation of the entire PDE3 family (Stehlik and Movsesian, 2006). If inhibition of
one of these isoforms were responsible for negative therapeutic effects, then specific
manipulation of the other isoform could present a more desirable form of treatment.
Along with the advancing state of technology, investigations into this sort of specified
control may create novel treatments for cardiovascular disease.

1.7 Vascular Smooth Muscle Cells and Phenotype Modulation
Vascular smooth muscle cells (VSMCs) are separated from the arterial lumen by a
monolayer of endothelial cells through which these cells receive an abundance of
signaling (Rubanyi, 1993). These cellular signals initiate many basic smooth muscle cell
functions, of which one of the most vital is the contractile response. The contractile
response of the arterial system is necessary to regulate blood pressure and can be
stimulated via mechanical perturbations as well as signals generated within blood based
elements (Kim et al., 2008). The smooth muscle layer can be divided cross-sectionally
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into three distinct layers; the innermost intimal layer, the medial layer, and the outermost
adventitial layer (Libby, 2002). By way of intimate interaction, different layers of the
arterial wall are able to cohesively regulate cardiovascular activities while maintaining
unique and cell-specific functions. Besides acting solely as a system of contractile
tubing, the arterial system is designed to deliver nutrients, remove wastes, and both
generate and transport signaling molecules. In many cardiovascular pathologies such as
atherosclerosis, hypertension, and restenosis, there is a thickening of the arterial wall, this
serves to hinder arterial flow through decreases in luminal diameter while altering basic
arterial functions (Libby, 2002). In these instances, an identifiable change in VSMC
phenotype occurs in response to fluctuations in the extracellular environment (Owens and
Wise, 1997).

This change is termed “phenotypic modulation”, or “dedifferentiation” and is best
described as a “switch” from a normal “contractile/quiescent” VSMC to a
“synthetic/activated” VSMC phenotype and has been extensively characterized (Rzucidlo
et al., 2007; Rensen, et al., 2007). Specifically, VSMCs perform this switch in response
to pathological stimuli such as vascular injury following balloon angioplasty, or in
response to atherogenic signals. This phenomenon is not solely attributed to pathological
states, as VSMCs also dedifferentiate when placed in culture. Conversely, a switch from
the synthetic/activated phenotype to contractile/quiescent state occurs during embryonic
vascular development (Rybalkin et al., 1997). Classically, the phenotypic switch is
typified by changes in cell morphology, gene expression, lipid metabolism, matrix
production, and proliferative and migrational properties (Owens and Wise, 1997; Rensen
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et al., 2007). In situations of disease, the synthetic/activated cell is known to lose its
contractile apparatus and migrate from the medial arterial layer to the intimal layer
(Gerthoffer, 2007; Blindt et al., 2002). Here, the cell is able to proliferate causing
neointimal thickening in the form of lesions. This event narrows the avenue for blood
flow and will often perpetuate localized ischemic events in vital organs (Gerthoffer,
2007).

Experimentally, the cell phenotype can be determined through identification of
key protein markers, as the expression of several proteins have been regarded as
phenotype dependent. A major challenge to interpreting VSMC differentiation is that
contractile/quiescent and synthetic/activated cells represent two ends of a wide spectrum,
and even cells in adult organisms are not terminally differentiated (Rensen et al., 2007;
Owens et al., 2004). This phenotypic range can make it difficult to define a truly
contractile/quiescent, or synthetic/activated VSMC. Current investigations have
attempted to abrogate this phenotypic change by recovering the contractile/quiescent
phenotype, or by inhibiting the actions of a synthetic/activated cell, such as migration and
proliferation (Ma et al., 1998; Palmer and Maurice, 2000; Rybalkin and Bornfeldt, 1999).
However, the differentiation process is extremely complex and involves cooperation of
many pathways and signaling factors that are progressively being characterized (Owens
et al., 2004). It becomes necessary to identify the key judicators of phenotypic
modulation to better understand the dynamics of this process and support the resolution
of its pathological consequences.
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1.8 PDEs in Contractile/Quiescent VSMCs
VSMCs make up a majority of the arterial system and play critical roles in the
regulation and maintenance of cardiovascular function. PDEs are particularly abundant
in this cell type and serve to regulate processes initiated by second messenger populations
(Maurice et al., 2003; Bender and Beavo, 2006). As in other cell types, degradation of
the second messenger cAMP in VSMCs is performed by only a small subset of the PDE
superfamily. PDE3A/B, and PDE4B/D are constitutively expressed within
“contractile/quiescent” VSMCs, although the PDE4 family carries out the majority of
cAMP hydrolyzing activity (PDE5A, PDE1A, and PDE1B are expressed, but are
predominately cGMP hydrolyzing PDEs) (Maurice, 2004; Rybalkin and Bornfeldt,
1999). PDEs are pharmacological targets in VSMCs, owing to the vasodilatory nature of
raised cAMP or cGMP concentrations (Murray, 1990; Nakatsu and Diamond, 1989).
PDE3 and PDE5 inhibitors have received the most attention clinically, while combination
therapy using PDE3/PDE4 inhibitors has been experimentally suggested (Maurice et al.,
2003; Rybalkin and Bornfeldt, 1999; Palmer et al., 1998; Pan et al., 1994).

1.9 PDEs in Synthetic/Activated VSMCs
In situations of cardiovascular pathology or in response to physical cell damage,
modifications occur to the VSMC PDE expression profile consistent with the phenotypic
switch to the more “synthetic/activated” phenotype (Rybalkin and Bornfeldt, 1999).
Under these situations of stress, the VSMC must respond to challenges presented by this
new environment. As such, the synthesis of cAMP within particular microdomains and
its downstream targets are modified. To ensure an appropriate balance of cAMP in
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cellular compartments of the synthetic/activated cell, the utilization of PDEs must also be
adapted to ensure proper activation of vital pathways (Maurice, 2004). These changes
can be important to understand when treating associated pathologies. For example, PDE3
and PDE4 maintain important roles in both VSMC phenotypes, but the contribution of
PDE3A is reduced in synthetic/activated cells (Dunkerley et al., 2002). Furthermore,
PDE1B expression is completely absent from this cell type (Rybalkin et al., 1997).
These changes alone imply considerable changes in cAMP signaling in response to
disease states.

One of the most notable modifications to the PDE expression profile is the novel
production of PDE1C, a PDE with high affinity for both cAMP and cGMP (see Section
1.5). This enzyme is markedly induced in synthetic/activated cells and not expressed in
contractile/quiescent cells (Rybalkin et al., 2002). Its importance to VSMC cAMP
hydrolysis is paramount, as in some studies it has been documented as the most
predominant PDE in the presence of calcium (Rybalkin et al., 1997; Vandeput et al.,
2007; Palmer and Maurice, 2000; Rybalkin et al., 2002). This marks the most dramatic
change in PDE expression and therefore cAMP handling influenced by phenotypic
modulation. Considering the pathological role of dedifferentiated cells in the human
vasculature, and the upregulation of PDE1C, it becomes apparent that this enzyme is
linked with cardiovascular morbidities (Rybalkin et al., 1997). In particular, recent
studies have identified both PDE1C expression and activity in synthetic/activated cells
taken from models of vascular injury, pulmonary arterial hypertension, or excised
atherosclerotic lesions (Rybalkin et al., 2002; Murray et al., 2007; Schermuly et al.,
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2007). Considering these findings, and the documented absence of PDE1C from
contractile/quiescent cells of the healthy systemic vasculature, it becomes necessary to
decipher its role in the synthetic/activated cell.

1.10 Role for PDE1C in the Synthetic/Activated VSMC
Previous investigations into the dynamics of PDE1C have provided little insight
into the role of PDE1C in the synthetic/activated cell. With one exception, most
investigations have focused simply on its level of expression, and those that have
examined function have done so using non-selective inhibitors. Lacking a completely
specific, commercially available PDE1C selective inhibitor has made these investigations
difficult. Vinpocetine, and 8MM-IBMX (8-methoxymethyl-3-isobutyl-1methylxanthine) are the two compounds that are classically employed as PDE1C
inhibitors (Han et al., 1999; Murray et al., 2007; Schermuly et al., 2007). Use of these
inhibitors to target PDE1C has shown considerable promise for reverse-remodeling
therapy in models of pulmonary arterial hypertension (Murray et al., 2007; Schermuly et
al., 2007). Unfortunately, conclusions derived from these studies must be taken with
caution, as both inhibitors display low potency and selectivity (Rybalkin et al., 1997;
Dunkern and Hatzelmann, 2007; Ahn et al., 1997; Sasaki et al., 2000).

Rybalkin et al. (2002) were the first to investigate a functional role for PDE1C in
synthetic/activated VSMCs using tools that circumvented the use of traditional nonselective inhibitors. By culturing a papillomavirus E6/E7-immortalized fetal aorta
derived SMC line (FLTR) with PDE1C selective antisense oligonucleotides, this group
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was able to selectively decrease PDE1C expression in synthetic/activated cells. Utilizing
this method, it was found that reducing PDE1C expression abrogates SMC proliferation.
Furthermore, this group firmly linked PDE1C to the synthetic/activated phenotype, with
the observation that as VSMCs shift from the contractile/quiescent phenotype to a fully
synthetic/activated cell, the expression of PDE1C is proportionally upregulated (Rybalkin
and Bornfeldt, 1999). Considering that proliferation is a hallmark of the
synthetic/activated cell, these data imply an important role for PDE1C in these cells.
Rybalkin et al. went on to postulate that decreased cyclic nucleotide levels caused by
PDE1C expression was in part responsible for the hyper-proliferative effect of
dedifferentiated cells (Figure 1.4) (Rybalkin et al., 2003). Although an interesting
hypothesis, Rybalkin et al. did not perform measures of cyclic nucleotides on VSMCs in
the presence of PDE1C antisense oligonucleotides to validate this theory.

Interestingly, expression of VSMC PDE1C was also shown to be species
dependent, as this enzyme is only produced in the human systemic vasculature, and not
the vasculature of several commonly used animal models including cow, rat, and monkey
(Rybalkin, et al., 1997). This finding suggested a need to re-evaluate pharmacological
data about cyclic nucleotide regulation obtained using only non-human models and
extrapolated to humans. For example, it would not be possible to investigate PDE1C
expression in animals using models of arterial injury (Rybalkin, et al., 1997). Several
studies have investigated the treatment of animal vascular restenosis and occlusion using
PDE3 or PDE4 inhibitors, but conclusions derived from these studies may be drastically
overlooking the importance of PDE1C to the human condition (Zhao et al., 2008; Inoue
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Figure 1.4. Hypothesis for the role of PDE1C in human SMC proliferation, as presented
by Rybalkin and Bornfeldt, 1999) Rybalkin and Bornfeldt suggest that pathological
conditions such as damage to the endothelium, induce phenotypic modulation. This
damage induces PDE1C, which in turn decreases cellular cAMP levels resulting the
synthetic/activated cell.
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et al., 2000; Aoki et al., 2001; Zhao et al., 2007). Conversely, investigations of induced
pulmonary hypertension in rats have generated evidence for rat PDE1C expression in
SMCs of the diseased pulmonary vasculature (Schermuly et al., 2007; Tao et al., 2008;
Maclean et al., 1997). Although these findings demand further confirmation, they
suggest that animals may indeed have the capacity to produce PDE1C, at least in the
pulmonary system.

These studies have been useful in identifying PDE1C as a potential target for antiproliferative or reverse modeling therapy, but there is still relatively little known about
PDE1C in the synthetic/activated cell. Figure 1.4 hypothesizes that decreased cyclic
nucleotide levels due to PDE1C expression are broadly responsible for changes in VSMC
phenotype, but which specific microdomains see less cAMP, and how do they regulate
differentiation? With the emergence of tools for studying cAMP compartmentation, this
hypothesis could be dramatically refined. Specifically, information on PDE1C cellular
location, potential binding partners, and specific loss of function analysis could provide
these answers.

Research on PDE1C in synthetic/activated cells has focused almost entirely on its
ability to hydrolyze cyclic nucleotides, but one largely ignored aspect of this enzyme is
its connection with calcium signaling. VSMCs dramatically alter calcium handling
following dedifferentiation and these changes are also linked with cardiovascular
morbidity. Most notably, synthetic/activated VSMCs lose L-type voltage-gated calcium
channels and upregulate forms of capacitative calcium entry (CCE), or calcium flux from
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the external environment (Beech, 2007). Evidence suggests that calcium-mediated
activation of PDE1C is selective in nature, and primarily by CCE (Goraya et al., 2004).
This result alone generates hints as to the role of PDE1C in compartmentalized cellular
microdomains of the VSMC, and could generate evidence of what processes are directly
impacted by PDE1C. Considering these relationships, PDE1C seems to play an integral
role in multiple second messenger systems, a role that cannot be easily simplified.

Finally, there are many important questions about PDE1C in the vasculature that
remain unanswered. Considering the widespread use of PDE inhibitors as a
pharmacological treatment for cardiovascular disease (Stehlik and Movsesian, 2006;
Movsesian, 2000; Maurice, 2004), and the connection of PDE1C to pathological states
(Rybalkin et al., 2002; Murray et al., 2007), it seems likely that PDE1C could present a
prospective target. Discovering where in the cell PDE1C performs its function, what
processes are directly influenced, and whether PDE1C is a necessary component of the
pathological phenotype are just some of the questions demanding answers. Further
investigation could generate deeper insight regarding the role of cyclic nucleotides in
VSMC pathology and ultimately into the mechanisms of cardiovascular disease.
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RESEARCH HYPOTHESIS AND OBJECTIVES

Manipulations to cyclic nucleotide populations show considerable promise in the
treatment of vasculopathies associated with luminal narrowing (Fetalvero et al., 2007),
and PDE inhibition currently represents one of the most selective methods of clinically
modifying levels of these second messengers (Matsumoto et al., 2003). Many
cardiovascular diseases are associated with a change in VSMC phenotype, resulting in a
hyperproliferative cell devoid of contractile properties. This cell has been defined as
“synthetic/activated” and differs from the normal “contractile/quiescent” VSMC in
several aspects (Rensen et al., 2007). Previous investigations have established that
PDE1C, a PDE not produced in contractile/quiescent VSMCs, is upregulated, and the
functionally dominant PDE in the presence of calcium in these cells (Rybalkin et al.,
1997; Palmer and Maurice, 2000). Furthermore, Rybalkin et al. produced evidence that
PDE1C expression is linked to VSMC hyperproliferation (Rybalkin et al., 1997).
Despite the observation that PDE1C is upregulated during dedifferentiation, the role for
PDE1C in this process, and its role in the established synthetic/activated cell has not been
elucidated. Whether it is simply a passive marker of phenotypic modulation, or a crucial
player in this process remains to be seen. Considering the potent anti-proliferative effect
of PDE1C abrogation, a characteristic linked to contractile/quiescent cells, it would seem
that its role is much more intimate.

Therefore, it is our hypothesis that PDE1C is a necessary component of the
synthetic/activated VSMC phenotype, and in part acts to maintain this phenotype
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and its associated processes. To test this hypothesis, we will employ small-interfering
RNA (siRNA) and the RNA-interference (RNAi) pathway to selectively decrease PDE1C
expression in synthetic/activated VSMCs. This technique will circumvent the use of
traditional PDE1C inhibitors that are largely considered non-selective and low in potency
(Rybalkin et al., 1997; Dunkern and Hatzelmann, 2007; Ahn et al., 1997; Sasaki et al.,
2000). By utilizing an RNAi-based approach, the role of PDE1C in these cells can be
elucidated through selective loss-of-function analysis. Previous use of siRNA in the
study of VSMC phenotypic modulation has proven valuable to identify key modulators of
this process (Zargham and Thibault, 2006; Shimada et al., 2007)

Rensen et al. (2007) described a number of requirements necessary to distinguish
a contractile/quiescent from a synthetic/activated SMC. These include information on the
expression of phenotype-associated proteins, and a complement of data regarding
proliferation and migration. This study will examine the expression of
synthetic/activated phenotype-associated proteins and the processes of migration,
proliferation, and adhesion to extracellular matrix (ECM) proteins in HASMCs treated
with PDE1C siRNA. These functional processes are typically associated with the
dedifferentiated VSMC (Palmer et al., 1998; Rybalkin et al., 2002; Netherton et al.,
2007). This information will allow us to determine the importance of PDE1C in the
maintenance of the synthetic/activated phenotype, and how it contributes to associated
processes.
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CHAPTER 2
MATERIALS AND METHODS

2.1 Cell Culture
Human aortic smooth muscle cells (HASMCs) isolated from human donors
(Lonza Group Ltd., Switzerland) were maintained in smooth muscle basal media
(SMBM) supplemented with 5% FBS (Fetal Bovine Serum), hEGF (human Epidermal
Growth Factor), insulin, hFGF-B (human Fibroblast Growth Factor-B), and GA-1000
(Gentamicin, Amphotericin B) (SMGM) (Lonza Group Ltd.). HEK (human embryonic
kidney) 293T cells (originally provided by Dr. Peter Greer) were cultured in Dulbecco’s
Modified Eagle’s Media (DMEM) supplemented with 10% FBS, and 1% PSF (penicillin,
streptomycin, fungicide) (Fisher Scientific, CAN). Both cell lines were incubated in a
37°C humidified chamber containing 5% CO2/95% air. Cells were cultured on tissue
culture-treated dishes (Corning Incorporated Life Sciences, USA) unless otherwise
indicated. Both HASMCs and HEK 293T cells were sub-cultured or “passaged” using
trypsin/EDTA (Fisher Scientific) when cells reached ~80% confluency. All experiments
were carried out on cells between passages 5 and 10.

2.2 Immunoblotting
Cell monolayers were lysed in a Tris-based lysis buffer (pH 7.4) consisting of 1
mM EDTA, 100 mM NaCl, 5 mM MgCl2, 10 mM sodium β-glycerophosphate, 10 mM
sodium pyrophosphate, 1% Triton X-100, (Fisher Scientific, CAN) 10 mM NaF, 10 mM
sodium vanadate (Sigma-Aldrich), 10 mM phenylmethylsulfonyl fluoride (PMSF), 2
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µg/ml leupeptin, 5 µl/ml bestatin, 1 µl/ml aprotinin, 5 mM benzamidine 1 µg/ml E-64,
250 µg/ml pepstatin A, and 0.1 mM dithiothreitol (Calbiochem, Mississauga, ON) unless
otherwise indicated. Protein concentrations were determined using the bicinchoninic acid
(BCA) protein assay and normalized to a standard curve using bovine serum albumin
(BSA) (Calbiochem). Lysates were supplemented with (2x or 9x) SDS-PAGE running
buffer prior to resolution by SDS-PAGE (8% acrylamide). Resolved lysates were
transferred to nitrocellulose membranes, blocked with 5% Milk/PBS-Tween (1hr; Fisher
Scientific), and probed with target specific antibodies including; PDE1C (FabGennix
International Inc., Frisco, TX), HA-probe (Santa Cruz Biotechnology, Inc.), Anti-Flag
(Sigma-Aldrich, St. Louis, MS), anti-PKG (BioVision Research Products, CA, USA),
anti-VASP (Calbiochem), anti-TRPC1 (Enzo Life Sciences International, Inc.,
Farmingdale, NY, USA), anti-PDGF Receptor α (Sigma-Aldrich), anti-beta-1 Integrin
(BD Biosciences, San Jose, CA, USA), anti-Vinculin (Sigma-Aldrich), anti-Caldesmon
(BD Biosciences), and anti-β-Actin (Sigma-Aldrich). To visualize immunoreactive
bands, specific binding of primary antibodies was detected by chemiluminescence with
horseradish peroxidase conjugated secondary antisera (1 hr) (Ultident Scientific, St.
Laurent, QC, CAN).

2.3 Semi-Quantitative RT-PCR
Levels of mRNA encoding PDE1C were examined using semi-quantitative RTPCR. Briefly, RNA was isolated and purified from HASMC monolayers using the
RNeasy Mini Kit (Qiagen, Mississauga, ON, CAN) according to manufacturer’s
instructions. First strand cDNA was generated from 1.5 µg purified RNA using
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oligo(dT)18 (Sigma-Aldrich) to prime the reverse transcription (OmniScript Reverse
Transcriptase; Qiagen) reaction. Amplifications were performed using Taq DNA
polymerase (Fermentas, Burlington, ON, CAN) with 1 ul of the first strand reaction (total
volume 100 µl). Conditions for PCR were 30 s at 95°C, 30 s at 64°C, and 4 min at 72°C
for 35 cycles. PCR was carried out using PDE1C specific sense (5’GGGAATTCAAACTGGTGGGACAGGACAG-3’) and antisense (5’CCGGATCCATCTCTCCCGATT-3”) primers. Amplification of RNA encoding
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (5'GTTGCCATCAATGACCCCTTCATTG -3'; 5'GCTTCACCACCTTCTTGATGTCATC-3') served as a control. PCR products were
separated by electrophoresis on 1.5% agarose gels and visualized with ethidium bromide.
Amounts of PDE1C RNA amplified were determined by scanning densitometry using
Corel Photo-Paint 8.0 software as per manufacturer's recommendations.

2.4 Immunoprecipitations
Lysates were generated by homogenization of confluent cell monolayers using the
lysis buffer described in section 2.2 removed of dithiothreitol and supplemented with 500
µM CaCl2. Subsequent homogenate centrifugation at 10 000 xg permitted collection of
the triton X-100 soluble fraction. A sample of this fraction was kept for analysis of “total
lysate”. To reduce non-specific binding, lysates were first precipitated (pre-cleared) with
protein A/G beads (25-50 µl bed volume; Santa Cruz Biotechnology, Inc., CA) for 4 hrs
at 4°C. Following centrifugation (10 000 xg) to remove the precipitated protein A/G
beads, “cleared” homogenates were incubated with either HA-agarose beads (25-50 µl
bed volume; Sigma-Aldrich) or protein A/G and either anti-PDE1C, or anti-Flag
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antibodies (25-50 µl bed volume) for 16 hrs at 4°C. Antibody conjugated protein A/G
beads, or HA-agarose beads were isolated by centrifugation at 10 000 xg and the
remaining cleared lysate was kept for an analysis of “unbound” cell lysate proteins.
Following extensive washing of protein A/G or HA-agarose pellets with a volume of the
original lysis buffer at 4°C, specifically adsorbed proteins were eluted for 30 minutes at
room temperature in SDS-PAGE loading buffer. The eluted proteins in this fraction were
kept for an analysis of “elution” by immunoblot analysis.

2.5 Calmodulin-Agarose Pulldowns
Calmodulin-agarose pulldowns were performed using modifications to the above
immunoprecipitation protocol. Notably, CaM immobilized to agarose beads (SigmaAldrich) were used to specifically adsorb proteins containing CaM binding domains. A
lysis buffer containing 1% Triton X-100, 0.1 mg/mL BSA (Calbiochem), 150 mM NaCl,
100 µM DTT, 25 mM HEPES (N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid),
10 µM leupeptin, 10 µM pepstatin, and 200 µM PMSF was employed as in accordance
with Yamoah et al (Yamoah et al., 1998). Cell homogenates were incubated in the
presence of CaM-agarose (20-40 ul bed volume) and 0.5 mM CaCl2 for 16 hours. CaMagarose was collected following centrifugation at 6000 xg for 2 min and vigorous
washing using calcium supplemented lysis buffer. Elution of specifically adsorbed CaM
binding domain-containing proteins was performed in the presence of 5 mM EGTA
(ethylene glycol tetraacetic acid; Fisher Scientific) for 1 hr at 4°C. Eluted proteins were
identified by immunoblot analysis or concomitant enzyme activity assays as described in
sections 2.2 and 2.7 respectively.
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2.6 RNAi-based Knockdown of PDE1C
According to the manufacturer’s instructions, HASMCs were cultured in SMGM
until they reached 30-50% confluency at which time they were transfected. Prior to
transfection, SMGM was replaced with SMBM. For transfections, a 1:1 siRNALipofectamine 2000 (Invitrogen, Burlington, ON, CAN) transfection complex was
formed over 20 min of incubation. The transfection complex was applied to cultured
HASMC monolayers at a final concentration of 70 nM. Following a 5 hr, 37°C
incubation period, growth medium deprived media was replaced with SMGM and further
incubated until the designated assay period.

2.7 cAMP PDE Enzyme Activity
cAMP PDE enzyme activity assays were performed as per Rose et al. (1997).
Briefly, individual reactions were performed in a total volume of 100 µl containing 5 mM
Tris-HCl (pH 7.4), 0.5 mM MgCl2, 10 µM ethylene glycol-bis-(β-aminoethyl ether),
EGTA, and 1 µM [3H]-cyclic AMP (Perkin Elmer, Boston, MA) containing 100 000
d.p.m. Relevant PDE activators or inhibitors were added as indicated; Cilostimide (1
µM, PDE3 selective inhibitor; Calbiochem), Ro 20-1724 (10 µM; PDE4 selective
inhibitor; Calbiochem), or Ca2+/CaM (100 µM/10U, PDE1 activator). Cell homogenate (5
ug of protein) was added and the reaction allowed to proceed at 37 °C for 30 min (total
lysate samples) or for 1 hour (immunoprecipitated samples). The reaction was terminated
by addition of 0.5 M ice-cold EDTA (pH 7.4). A recovery marker consisting of [14C]AMP (Perkin Elmer), and HEPES-NaCl buffer (0.1 M NaCl, 0.1 M HEPES, pH 8.5) was
added to each sample following completion of the reaction. [3H]-AMP and [14C]-AMP
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were chromatographically recovered by use of a polyacrylamide-boronate gel column
(Affi-gel 601 Bio-Rad, 1 ml bed volume). Samples were applied following pre-washing
of the columns with HEPES-NaCl buffer. Following additional column washes with 2 ml
of HEPES-NaCl and column equilibration with 1 ml of 0.05 M Na-acetate (pH 4.8), the
5’-AMP was eluted using 4 ml of 0.05 M Na-acetate. The recovered [3H]-AMP was
quantified by liquid scintillation counting, corrected for by recovery of [14C]-AMP,
normalized to the total protein used in the assay and the total activity expressed as pmol
min-1 mg-1 protein.

2.8 Adhesion Assay
Determination of HASMC adhesion was based upon the method of Netherton et
al. (2007). Briefly, HASMCs radiolabeled with adenine (4 umol/L, 2 uCi [3H]adenine/mL; Perkin Elmer) overnight were allowed to adhere to fibronectin (5 ug/mL;
Promega, Madison, WI, USA) coated wells of a 96-well plate for 15 minutes. Prior to
their use in the adhesion assays, all fibronectin coated wells were incubated at 37°C with
1% BSA in PBS to minimize adherence to non-fibronectin coated surfaces. Trypsinized
cells were given one hour to recover from culture surface detachment prior to
experimental onset. Non-adherent cells were removed by vigorous washing in
phosphate-buffered saline (PBS), while adherent cells were homogenized in a solution of
1% Triton-X 100 and quantified by liquid scintillation counting. Each experimental
condition was performed in replicates of 6.
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2.9 Proliferation Assay
Assays of HASMC proliferation were carried out using a method of [3H]thymidine incorporation. 20,000 siRNA-treated cells were plated in 24 well dishes 24 hrs
post-transfection in SMGM. Cell medium was changed to SMBM 3 hrs later to induce
growth arrest. Cell proliferation was then stimulated 48 hrs post-transfection with
SMGM containing 1 µCi [3H]-thymidine (Perkin Elmer). Cells were permitted to grow
and incorporate radiolabelled thymidine until processing at 24 and 48 hours. Cells were
washed in ice cold PBS before the addition of 5% tricholroacetic acid (TCA) to
precipitate protein and nucleic acids to remove unincorporated thymidine. Finally, cells
were lysed in the presence of 0.5% SDS/0.5M NaOH and the incorporated [3H]thymidine was quantified by liquid scintillation counting. Each experimental condition
was performed in replicates of 3.

2.10 Migration Assay
Assays of HASMC migration was based upon the method of Webb et al. (2007).
Cells were incubated for 30 min with a cell-permeant fluorescent dye molecule (0.5 uM
CellTracker Green CMFDA; Invitrogen) in SMBM to allow visualization of the cells
during the experiment. Fluorescent cells were then plated on specialized live cell imaging
dishes (ΔT dishes) before being placed on a Bioptechs ΔTC3 micro-observation
temperature control system (Bioptechs, USA) mounted on a Zeiss Axiovert S100
microscope (Carl Zeiss, Inc., Thornwood, NY) to maintain an assay temperature of 35°C.
Prior to assay onset, cell medium was changed to SMGM containing 20mM HEPES
buffer (pH 7.4) and overlaid with heavy mineral oil to prevent evaporation of the media.
Confluent HASMC monolayers were then “wounded” or “scratched” using a 200 µl
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micropipet to create a wound into which motile cells could migrate. Fluorescent images
were captured using the Plan-Neofluor 5 x objective (Zeiss Inc.) for a total of 24 h at 15
min intervals and analyzed using Slidebook image analysis software (Intelligent Imaging
Innovations Inc., USA). HASMC motilities were quantified and compared.

2.11 Transient DNA Transfections
HEK 293T cells were cultured to 50-60% confluence in 10 cm culture dishes and
transfected using 15 µl Lipofectamine/Plus Reagent (Invitrogen) with 3µg of the
individual expression plasmids used in these studies including mouse PDE1C1 (generous
gift from Yan, C., Cardiovascular Research Institute, New York, USA), human HATRPC1, and human FLAG-TRPC3 (generous gifts from Yuan, JP., University of Texas
Southwestern Medical Center, Dallas, Texas, USA). Following transfections, the cells
were incubated for 3 hrs in DMEM prior to replacement with regular culture media
(DMEM, 10% FBS, 1% PSF). Following a 24 hr growth period, cells were used for
immunostaining experiments (Section 2.12), or frozen for use in immunoprecipitation
(Section 2.4) or immunoblotting experiments (Section 2.2).

2.12 Immunofluorescence Microscopy
Immunofluorescent microscopy conducted as previously described in our lab
(Furmaniak-Kazmierczak et al., 2007). Briefly, cells plated on fibronectin (5 µg/ml)
coated cover slips were fixed in 4% paraformaldehyde, washed with PBS, and
permeablized for 5 min at 4°C using 0.2% Triton X-100. Permeablized cells were
incubated in the presence of 0.1% BSA for 1 hr prior to staining. Cells were stained with
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phalloidin (Actin; 1:1000, phalloidin-tetramethylrhodamine-B-isothiocyanate;
Invitrogen), DAPI (nuclei; 1:1000; 4’, 6’-diamidino-2-phenylindole; Invitrogen), and one
of the following primary antibodies diluted in 0.1% BSA; anti-FLAG (Sigma-Aldrich),
anti-HA-Probe (Santa Cruz Biotechnology, Inc.), and anti-PDE1C (T-17; Santa Cruz
Biotechnology, Inc.). Following extensive washing in PBS, secondary antibodies
conjugated to Alexa 488, or Alexa 568 (Invitrogen), were added for 1 hr in a light-free
environment. Cells were again washed in PBS prior to mounting on microscope slides
(Fisher Scientific, USA). Fluorescent images were acquired using a Zeiss Axiovert S100
microscope equipped with a Plan-Neofluor 40x objective and a Cooke SensiCam, or with
a Leica TCS-SP2 RS confocal laser-scanning microscope. Image analysis was performed
using either Slidebook image analysis software or Leica Confocal Software Lite Version.

2.13 cAMP Measurements
For these studies, confluent monolayers of HASMCs were incubated overnight
with [3H]-adenine (10 µCi/ml serum) to label intracellular cyclic nucleotide metabolic
pools as described previously (Maurice et al., 1993). After removal of labeling media,
cells were rinsed with PBS, trypsinized, and resuspended in a defined volume of SMBM
(8 x 105 cells/ml). Aliquots (500 µl) of cell suspension were transferred to 24-well plates
coated with 0.25% gelatin and incubated (37°C, 5% CO2) for 2 hrs. HASMCs received
either no treatment, or treatment with forskolin for a period of 1 min. Reactions were
terminated by the addition of 500 µl of ice-cold 10% TCA. cAMP was isolated and
purified via column chromatography using neutral alumina and levels of [3H]-cAMP and
[14C]-cAMP (used as internal control) were determined using liquid scintillation as
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described previously(Palmer, et al., 1998). The amount of [3H]-cAMP in each well was
measured and expressed as a percentage of total [3H] in each well.

2.14 Statistical Analysis
Statistical significance was determined using an ANOVA followed by the
Student-Newman-Keuls post-hoc test when appropriate. Statistical comparisons between
two samples was performed with an unpaired Student’s t-test and presented as mean ±
S.E.M. A value of P≤0.05 was considered significant. Representative immunoblots
describing protein expression or protein-protein interactions reflect similar results
obtained in at least 3 separate experiments.
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CHAPTER 3
RESULTS

3.1 Relative Contribution of Individual PDE Families to cAMP Hydrolysis in
HASMCs
HASMCs express cAMP hydrolyzing enzymes of the PDE1, PDE3, and PDE4
families (Maurice et al., 2003). In order to determine the relative enzymatic contribution
of each PDE family, quantitative assays of cAMP hydrolysis were performed. PDE
activity in HASMC lysates was determined in the presence of 1 µM [3H]-cAMP and
inhibitors or activators of each PDE family. Basal PDE Activity (Basal), PDE3 Activity
(Cilostimide-Inhibited, 1 µM), PDE4 Activity (Ro-20-1724-Inhibited, 10 µM), and
PDE1C Activity (Ca2+/CaM Stimulated, 100 µM/10U) were determined. PDE1C is
activated by Ca2+/CaM binding and is therefore under represented in measures of PDE
activity lacking Ca2+/CaM, rather PDE1C activity is deduced by the increase in
enzymatic activity from basal in the presence of Ca2+/CaM (Figure 3.1a). These data
indicate that PDE1C commands a major portion of HASMC cAMP hydrolysis in the
presence of calcium. PDE3 and PDE4 are the predominant cAMP hydrolyzing enzymes
at basal conditions, but in the presence of calcium, that contribution is reduced (Figure
3.1b). Changes to cAMP handling in the presence of calcium imply significant cross-talk
between these two second messenger systems.
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Figure 3.1a. Ca2+/CaM Stimulated PDE Activity in HASMCs. HASMC lysates incubated
with 1 µM [3H]-cAMP for 30 minutes at 37°C generated measures of basal PDE cAMP
hydrolyzing activity. Addition of 100 µM/10U Ca2+/CaM stimulates calcium sensitive
cAMP PDE activity. Representative experiment shown, mean Ca2+/CaM stimulated cAMP
PDE activity was 38.6 pmol/min/mg ± 11.2 from n=4 experiments (P≤0.05).
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Figure 3.1b. Relative contribution of individual PDE families to Ca2+/CaM stimulated
PDE activity in HASMCs. PDE4 Activity (Ro-20-1724-Inhibited, 10 µM) PDE3
activity (Cilostimide-Inhibited, 1 µM), and PDE1C activity (Ca2+/CaM Stimulated,
100 µM/10U). Data are presented as a percentage of total HASMC Ca2+/CaM
stimulated cAMP PDE activity (hatched bar) in means + SEM (n=3).
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3.2 PDE1C Identification in HASMC
The expression of PDE1C in HASMCs was further validated using commercially
available PDE1C-selective antisera. Consistent with previous reports in other human
vascular SMCs, a band of ~75 kDa was observed upon immunoblot analysis of HASMC
lysates (Murray, et al., 2007). This immunoreactive band was shown to be PDE1C
through competitive binding and antibody adsorption with the PDE1C antigenic peptide.
Thus, 40 µg of total HASMC lysates were resolved by SDS-PAGE and the resulting
immunoblots were incubated for 16 hours with either PDE1C antibody, or PDE1C
antibody in the presence of PDE1C antigenic peptide at a ratio of 1 µg antibody: 1 µg
antigenic peptide. The immunoblot incubated with PDE1C antibody alone produced a
band of molecular weight 75 kDa that was not present in the equivalent immunoblot
incubated with PDE1C antibody and PDE1C antigenic peptide (Figure 3.2).
Furthermore, PDE1C was successfully immunoprecipitated at an antibody concentration
of 1:200 by eluting an immunoreactive band of molecular weight 75 kDa. Taken
together, these results confirm use of the PDE1C antibody for reliable western blot
detection in HASMCs.
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Figure 3.2. PDE1C antibody adsorption. Western blot of HASMC lysates resolved by
SDS-PAGE and incubated with PDE1C antibody, or PDE1C antibody + PDE1C
antigenic peptide. Immunoblot incubation with PDE1C antibody + antigenic peptide
abstracts a band of molecular weight 75 kDa that is visualized by incubation with
PDE1C antibody alone. A non-specific band is present below PDE1C. These data
indicate that PDE1C can be visualized at 75 kDa by immunoblot. Beta-actin visualized
as a western blot loading control.
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3.3 PDE1C siRNA Knockdown in HASMCs
At present, no commercially available PDE1C-selective small molecule inhibitor
exists (Dunkern and Hatzelmann, 2007). Lacking such a pharmacological tool, an RNAinterference based approach was employed to assess the importance of PDE1C
expression in HASMCs. Considering that PDE1C siRNA would be used for loss-offunction analysis in these cells, it was first necessary to determine the extent and
specificity of PDE1C knockdown. Previous accounts have described off-targeting effects
of siRNA at concentrations in excess of 100 nM (Jackson et al., 2003). To avoid this, an
siRNA concentration of 70 nM was selected for future knockdown studies.

At the selected concentration of 70 nM, two PDE1C siRNAs targeting unique
sections of the PDE1C transcript were selected. It was hypothesized that a comparison
between the effects of these two unique PDE1C targeting siRNAs would minimize
misleading results caused by siRNA off-targeting and confirm PDE1C knockdown
specific effects by congruent results. The two selected siRNAs were termed siRNA 01
and siRNA 02. PDE1C siRNA 01 corresponds to mRNA nucleotides 1878-1902 while
PDE1C siRNA 02 corresponds to mRNA nucleotides 643-667. The siRNA sequences
were predicted by the manufacturer to generate efficient target knockdown (Invitrogen).
To compare the efficiency of the two PDE1C siRNAs, HASMC were transfected with
scrambled siRNA sequence (Negative), PDE1C siRNA 01, or PDE1C siRNA 02 and
assayed for levels of PDE1C mRNA, protein, and enzyme activity.
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Levels of PDE1C mRNA were detected by RT-PCR from siRNA treated HASMC
lysates 48 hours post-transfection. siRNA 01 and siRNA 02 reduced GAPDH-normalized
PDE1C mRNA levels by 56.7 ± 7.2% and 65 ± 4.5% respectively when compared to
treatment with negative siRNA (Figure 3.3a). Similarly, analysis of PDE1C protein
expression by immunoblot analysis 48 hours post-transfection showed sustained target
knockdown using both siRNAs of interest when compared to negative siRNA (Figure
3.3b). This data confers an ability to reduce both PDE1C mRNA and concomitant
protein expression using PDE1C siRNA.

cAMP PDE enzyme activity assays were performed to examine the amount of
PDE1C cAMP degrading enzymatic activity that remained in siRNA treated HASMC
lysates. As in Section 3.1, the increase in PDE activity from basal in the presence of 100
µM/10U Ca2+/CaM and 1 µM [3H]-cAMP was quantified. Figure 3.3c shows that
treatment with siRNA 01 (30.1 ± 16.2 pmol/min/mg) and siRNA 02, (14.6 ± 13.2
pmol/min/mL) significantly reduced Ca2+/CaM stimulated PDE activity when compared
to treatment with negative control siRNA (57.7 ± 17.6 pmol/min/mg) (n=3, P≤0.05). No
significant changes in PDE3/PDE4 activities were observed (Table 3.3). Since enzymes
of the PDE1 family bind CaM with high affinity, further experiments were carried out in
order to purify PDE1C from enzymes of the other PDE families expressed in these cells.
Pulldown assays using a CaM-agarose affinity matrix were used to isolate PDE1 enzymes
from negative or PDE1C siRNA treated HASMC lysates (see Materials and Methods).
This method confirmed PDE1C knockdown by siRNA 01 and siRNA 02 when CaM
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pulldowns were assayed for PDE acitivty (Figure 3.3d). This data further confirms use of
PDE1C siRNA 01 and PDE1C siRNA 02 in PDE1C loss of function analyses.
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Figure 3.3a. PDE1C mRNA levels in HASMCs 48 hours post-siRNA treatment. RT-PCR
performed on HASMC lysates using PDE1C specific DNA primers showed reduced
mRNA content in response to treatment with either PDE1C siRNA 01 or PDE1C siRNA
02 when compared to treatment with negative control siRNA. Abrogation of PDE1C
mRNA by siRNA 02 was significantly greater then by siRNA 01. Data is quantified by
densitometry and normalized to the housekeeping gene glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (n=3; P≤0.05).
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Figure 3.3b. PDE1C protein expression in HASMCs 48 hours post-siRNA
treatment. 40 ug of whole lysate protein from negative control siRNA, PDE1C
siRNA 01, or PDE1C siRNA 02 treated HASMC lysates were resolved by SDSPAGE. PDE1C protein levels are visualized by western blot using affinity purified
PDE1C specific antibody. Beta-actin is visualized as a western blot loading control.
Representative data of n=4 experiments.
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Figure 3.3c. PDE1C cAMP PDE activity in HASMCs 48 hours post-siRNA treatment.
Ca2+/CaM stimulated cAMP PDE activity (minus basal PDE activity) in HASMCs treated
with one of negative control siRNA, PDE1C siRNA 01 or PDE1C siRNA 02. Stimulation of
PDE1C is significantly reduced in HASMCs following treatment with PDE1C siRNA 01 or
PDE1C 02. PDE1C siRNA 02 produces more significant abrogation of PDE1C activity.
Representative data of n=3 experiments shown as means + SEM, P≤0.05.
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cAMP PDE Activity
(% of Basal PDE
activity)
PDE3
PDE4

Negative Control siRNA

PDE1C siRNA

43.5 ± 18.8%

46.2 ± 7.3%

64.9 ± 11.0%

57.2 ± 3.5%

Table 3.3. % cAMP PDE activity of HASMC PDE3 and PDE4 in the presence of
PDE1C siRNA. HASMCs treated with negative control siRNA or PDE1C siRNA show
no significant differences in basal PDE3/PDE4 cAMP PDE activity 48 hours posttransfection. Representative data is presented as a percentage of total basal HASMC
cAMP PDE activity in means ± SD (n=2).
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Figure 3.3d. HASMC cAMP PDE activity in CaM-agarose pulldowns. Individual cAMP
PDE Activity assays were performed on 5 ul of CaM-agarose pulldowns from HASMC
lysates following transfection with negative siRNA, or PDE1C siRNA. No differences in
cAMP PDE activity are detected under basal conditions (black bars), but a significant
decrease in Ca2+/CaM-stimulated PDE activity (grey bars) was detected when comparing
PDE1C siRNA to negative control siRNA treament. No differences between siRNA 01
and siRNA 02 were detected. Representative experiment shown (n=2; P≤0.05).
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3.4 Impact of PDE1C Knockdown on HASMC Phenotype
Our laboratory, as well as that of Rybalkin et al. (1997) have previously shown
that PDE1C is expressed in the synthetic/activated phenotype and not
contractile/quiescent VSMCs (Rybalkin et al., 1997; Palmer and Maurice, 2000).
Although these studies identified PDE1C as an important phenotypic marker, its role in
phenotype maintenance was not investigated. Considering this, the ability of HASMCs
to maintain a synthetic/activated phenotype in the absence of PDE1C was investigated.
HASMCs treated with either negative control siRNA, or PDE1C siRNA were assayed 48
hours post transfection. 40 µg of cell lysate derived from negative control, or PDE1C
siRNA treated cells were resolved by SDS-PAGE and probed for individual proteins
using target specific antibodies. Beta-actin was selected as a loading control. It was
observed that several synthetic phenotype associated proteins decreased in expression in
response to PDE1C siRNA treatment, while others did not. Notably, l-caldesmon (lCaD), platelet derived growth factor (PDGF)-α receptor, and canonical transient receptor
potential channel-1 (TRPC1) protein levels decreased (Figure 3.4a). Meanwhile, other
phenotype dependent markers showed no change in expression including beta-1 Integrin,
protein kinase G (PKG), and vinculin (Figure 3.4b). The loss of synthetic/activated
VSMC markers suggests a shift away from a truly synthetic/activated phenotype, while
the maintenance of others indicates a shift that is partial or incomplete in nature.
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Figure 3.4. Impact of PDE1C knockdown on HASMC phenotype. (a) treatment of HASMCs
with PDE1C siRNA reduces expression of several synthetic/activated phenotypic markers
(PDGF-alpha receptor, l-caldesmon, and the TRPC1 channel) (b) treatment of HASMCs with
PDE1C siRNA has no effect on several other synthetic/proliferative phenotypic markers
(vinculin, beta-1 integrin, PKG). Representative data of n=3-8 experiments shown.
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3.5 Impact of PDE1C Knockdown on HASMC Adhesion
Adhesion of vascular SMCs to ECM proteins is a key event in vascular
remodeling and is coordinated in part by cAMP (Netherton et al., 2007). ECM
production is upregulated in synthetic/activated VSMCs, and fibronectin is a major
component of this ECM (Doran et al., 2008). The adhesion of HASMCs to fibronectincoated wells (5 µg/ml) was determined using a modification of the method of Netherton
et al. (2007). It was previously observed in our lab that excessive cell numbers or
adhesion time could saturate this assay. As such, 15 minutes and 30 minutes were tested
along with varying cell concentrations. The cell number (12000) and duration (15 min.)
were chosen to effectively recognize any changes between treatments while safely
avoiding assay saturation (Figure 3.5a). HASMCs treated with negative siRNA, PDE1C
siRNA 01, and PDE1C siRNA 02 were assayed 48 hours post transfection under basal
conditions (see Materials and Methods). Figure 3.5b shows that treatment with siRNA
01 and siRNA 02 reduced HASMC adhesion by 29.7 ± 2.2% and 25.0 ± 4.0%
respectively (n=3, P≤0.05). Inhibition of adhesion in the presence of PDE1C siRNA
takes place without major changes in PKA mediated phosphorylation of vasodilatorstimulated phosphoprotein (VASP; a cAMP regulated protein central to cell adhesion
dynamics) (Howe et al., 2002) (Figure 3.5c). This data potentially identifies a previously
unrecognized role for PDE1C in HASMC adhesion to ECM proteins.
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Figure 3.5a. HASMC adhesion assay optimization. Increasing cell concentrations
were assayed in fibronectin coated wells to determine an experimentally optimal cell
number and duration. 15 minutes (black dots) or 30 minutes (white dots) indicates
allotted adherence duration. Adherent [3H]-adenine labeled cells were then
quantified by liquid scintillation counting to attain a measure of total HASMC
adherence (DPM). 12000 cells and 15 minutes of adherence time were selected for
future studies.
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Figure 3.5b. Impact of PDE1C knockdown on HASMC adhesion. Adhesion of
HASMCs treated with negative control siRNA (hatched bar), PDE1C siRNA 01, or
PDE1C siRNA 02 (grey bars) 48 hours post transfection. Treatment with PDE1C
siRNA significantly reduces HASMC adhesion to fibronectin-coated wells when
compared to treatment with negative control siRNA. No difference between siRNA
01 and siRNA 02 were detected. Cell adherence was performed over 15 minutes in
the presence of basal media. Data is expressed as a percentage of negative control
siRNA in means + SEM, P≤0.05 (n=3).
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Figure 3.5c. Phosphorylation of VASP in response to PDE1C knockdown. VASP
phosphorylation was detected by western blot. PKA mediated phosphorylation of
VASP causes a molecular weight shift from 46 kDa (unphosphorylated VASP) to
50 kDa (phosphorylated VASP). Beta-actin is shown as a western blot loading
control.
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3.6 Impact of PDE1C Knockdown on HASMC Proliferation
VSMC proliferation is an essential component of vascular remodeling and central
to associated pathologies (Rybalkin and Bornfeldt, 1999). Previous accounts have
described the anti-proliferative effect of PDE1C suppression in FLTR E6/E7immortalized SMCs, and pulmonary artery SMCs (Rybalkin et al., 1997; Murray et al.,
2007). To confirm this observation in HASMCs, negative siRNA, PDE1C siRNA 01, or
PDE1C siRNA 02 treated cells were assayed 48 hours post transfection. Proliferation
was stimulated by growth factor containing media over a 48-hour growth period and
quantified via [3H]-thymidine incorporation (see Materials and Methods). At 24 hours,
treatment with PDE1C siRNA 01 and PDE1C siRNA 02 reduce [3H]-thymidine
incorporation by 30.0 ± 7.2% and 33.1% ± 4.1% respectively when compared to
treatment with negative control siRNA. Similarly, at 48 hours [3H]-thymidine
incorporation was reduced by 41.9 ± 4.8% and 54.5 ± 2.1% respectively (n=3, P≤0.05)
(Figure 3.6). No difference in cell viability was detected via trypan blue exclusion
(Negative siRNA; 98.3 ± 0.1%, PDE1C siRNA; 98.1 ± 0.5%; n=3). This result reflected
those of previous accounts in that PDE1C suppression is an inhibitor of VSMC
proliferation.
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Figure 3.6. Impact of PDE1C knockdown on VSMC proliferation. Proliferation of
HASMCs treated with negative control siRNA (black bars), PDE1C siRNA 01 (light
grey bars), or PDE1C siRNA 02 (dark grey bars) measured as a function of [3H]thymidine incorporation over a period of 48 hours. Media containing growth factors
was used to engage the cell cycle. Proliferation is reported as a percentage of [3H]thymidine incorporation. Proliferation data collected at 24 and 48 hours following
growth stimulation. PDE1C siRNA significantly decreases HASMC proliferation at
both 24 and 48 h. siRNA produced more significant inhibition of proliferation at 48 h.
Representative data presented as mean + SEM from n=3 experiments, P≤0.05.
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3.7 Impact of PDE1C Knockdown on HASMC Migration
HASMC migration was determined using a modification of the live cell imaging
wound assay described by Webb et al. (2007). HASMCs treated with negative siRNA,
PDE1C siRNA 01, or PDE1C siRNA 02 were assayed 48 hours post-transfection in the
presence of HEPES buffer supplemented growth media. Confluent cell monolayers
received an initial wound at t=0h, and were continuously monitored for a 24-hour period.
Figure 3.7a displays representative images of wound closure at t=0h, t=12h, and t=24h
(n=3). These images show that HASMCs treated with PDE1C siRNA display a
prominently reduced ability to migrate into the open wound in response to growth media
when compared to cell treated with negative control siRNA at t=12h and t=24h. Figure
3.7b shows that this anti-migratory effect is significant at 12 hrs as PDE1C siRNA 01 and
PDE1C siRNA 02 migrate at 37.7 ± 6.4% and 20.1 ± 7.6% of negative control siRNA
respectively (P≤0.05). These data indicate that suppression of PDE1C activity via
siRNA-based knockdown is an inhibitor of HASMC migration.
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Figure 3.7a. Impact of PDE1C knockdown on HASMC migration. Representative images
of HASMC migration in response to treatment with one of negative control siRNA, PDE1C
siRNA 01, or PDE1C siRNA 02. Knockdown of PDE1C reduces growth media induced
HASMC wound closure over 24 hours when compared to treatment with negative control
siRNA at 12 and 24 hours respectively (n=3).
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Figure 3.7b. Quantification of HASMC migration in the presence of PDE1C siRNA.
siRNA knockdown of PDE1C (grey bars) causes a significant reduction in growth media
induced HASMC migration at 12 hrs when compared to treatment with negative control
siRNA (hatched bars). HASMC migration was quantified as the number of cells counted
within the wound at 12 hrs. Data is presented as a percentage of negative siRNA treated
HASMCs in means + SEM, no difference between siRNA 01 and siRNA 02 were
detected (n=3; P≤0.05).
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3.8 Impact of PDE1C Knockdown on HASMC cAMP Levels
cAMP elevating agents are reported to modulate cell adhesion while inhibiting
both migration, and proliferation of vascular cells (Palmer et al., 1998; Rybalkin and
Bornfeldt, 1999; Raymond et al., 2009). Considering this, the cAMP levels in HASMCs
treated with PDE1C siRNA were investigated. HASMCs treated with both negative
control siRNA and PDE1C siRNA displayed prominent elevations in global cAMP in
response to increasing doses of forskolin when compared to vehicle. Despite this cAMP
accumulation in response to forskolin, no significant differences from control siRNA
were detected (Figure 3.8). This result paralleled an observation of Murray et al. (2007)
in human VSMCs, where non-significant differences in cAMP levels were detected upon
treatment with negative control, or PDE1C siRNA. When accounting for the functional
changes associated with PDE1C knockdown, these limited changes in cAMP
accumulation suggest a subcellularly defined effect on cell function independent of
global cAMP levels.
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Figure 3.8. Impact of PDE1C knockdown on HASMC cAMP levels. Basal cAMP levels
(basal) and cAMP levels in response to forskolin mediated increases (0.1-10 µM) in
negative siRNA and PDE1C siRNA treated HASMCs are shown. No differences in
cAMP accumulation are detected. Data are expressed as a percentage of basal in means
+ SEM (n=4).
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3.9 Expression of mPDE1C, HA-TRPC1, and FLAG-TRPC3 in HEK 293T Cells
PDE1C plays a central role in calcium-cAMP mediation by hydrolyzing cAMP in
response to changes in intracellular calcium. This mediation is driven preferentially by
extracellular calcium influx through which the TRPC family is thought to be a primary
regulator (Goraya et al., 2004; Beech, 2007). The observation that PDE1C knockdown
decreases TRPC1 expression in HASMCs combined with the well documented antiproliferative effect of TRPC1 or PDE1C suppression (Sweeney et al., 2002; Kumar et al.,
2006) suggests a common mechanism of functional regulation. Disruption of such a
system could yield marked cell adaptations considering the importance and broad cellular
effects of both the cAMP and calcium signaling pathways. To test the nature of this
interaction, HEK 293T cells were transiently transfected with expression constructs
encoding one of murine PDE1C1 (mPDE1C), HA-TRPC1, or FLAG-TRPC3. Previous
investigations in our lab have shown that HASMCs are highly resistant to DNA
transfection and as such, the HEK 293T cell was chosen as a model to express the
proteins of interest. Immunoblot analysis of HEK 293T cell lysates confirmed expression
of each protein at the predicted molecular weight (Figure 3.9).
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Figure 3.9. Verifying expression of mPDE1C, HA-TRPC1 and FLAG-TRPC3 in HEK
293T cells. 293T cells were transiently transfected with expression constructs
encoding mPDE1C, HA-TRPC1 and FLAG-TRPC3. Expression of individual
proteins at the predicted molecular weights is shown. No detectable expression of
mPDE1C, HA-TRPC1, or FLAG-TRPC3 was present in mock-transfected HEK 293T
cells.
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3.10 Cellular Distribution of mPDE1C, HA-TRPC1, and FLAG-TRPC3 in HEK
293T Cells
Having generated the tools to investigate this molecular system, HEK 293T cells
were transfected with one of mPDE1C, HA-TRPC1, FLAG-TRPC3 (Figure 3.10a) or cotransfected with mPDE1C plus HA-TRPC1 (Figure 3.10b), and mPDE1C plus FLAGTRPC3 (Figure 3.10c). The resulting protein distribution was visualized using
immunocytochemistry and fluorescent microscopy. As a control, all target specific
antibodies were employed in non-transfected HEK 293T cells and no significant staining
was visualized (Figure 3.10d). Figure 3.10a shows ubiquitous staining of PDE1C
throughout mPDE1C transfected HEK 293T cells. In marked contrast, when cotransfected with HA-TRPC1 or FLAG-TRPC3, a considerable fraction of PDE1C
localized to the plasma membrane (Figures 3.10b and 3.10c). This membrane-based
localization mirrors the membrane based distributions of both HA-TRPC1 and FLAGTRPC3 as seen when merging signals (overlay). Interestingly, expression of TRPC1 was
segregated from structures reminiscent of focal adhesions, while expression of TRPC3
displayed intense staining at these structures. Similarly, the concomitant expression of
PDE1C mimicked this pattern of localized expression. This pattern of localized
expression between PDE1C and TRPC generated further indications of common
functional relevance permitting further investigation as to the nature of this interaction.
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Figure 3.10. Cellular distribution of mPDE1C, HA-TRPC1 and FLAG-TRPC3 in HEK
293T cells. Confluent monolayers of 293T cells were transiently transfected with
expression constructs encoding mPDE1C, HA-TRPC1, or FLAG-TRPC3 (a) or cotransfected with plasmids encoding mPDE1C and either HA-TRPC1 or FLAG-TRPC3 (b)
and c). Non-transfected HEK 293T cells were probed with PDE1C, HA-probe, and
FLAG antibodies (d). Cells were fixed and stained for mPDE1C (green), HA-TRPC1
(red), FLAG-TRPC3 (red) and nuclei (DAPI) by immunocytochemical staining. Merge of
red and green images generates overlay. Images presented in (a), (b), and (c) were
captured using confocal microscopy. Images presented in (d) were captured using a Zeiss
Axiovert S100 microscope equipped with fluorescent capabilities.
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3.11 PDE1C-TRPC Co-Immunoprecipitation
Considering the localized distribution of PDE1C and TRPC channels in this HEK
293T expression system, the nature of this localization was further investigated via coimmunoprecipitation studies. This technique could generate information on potential
physical interactions while linking functional relevance to intracellular location. HEK
293T cells were transiently transfected with expression constructs encoding mPDE1C
and either HA-TRPC1, or FLAG-TRPC3. Cell lysates were immunoprecipitated using
target specific antibodies and resolved via SDS-PAGE (see Materials and Methods).
Figure 3.11a shows an HA-agarose immunoprecipitation of HA-TRPC1. This
immunoblot indicates efficient isolation of HA-TRPC1 as determined by denaturation of
the HA-agarose-HA-TRPC1 interaction with SDS-PAGE loading buffer (elution), with
minimal HA-TRPC1 remaining in the HA-agarose unbound fraction (unbound). PDE1C
was also detected in the HA-agarose elution indicating successful coimmunoprecipitation of these two proteins (elution). Similarly, Figure 3.11b shows an
immunoprecipitation of FLAG-TRPC3 using FLAG-antibody immobilized to protein
A/G beads. FLAG-TRPC3 was efficiently immunoprecipitated as determined by an
abundance of protein in the elution and below level detection in the unbound fraction. As
with TRPC1, a fraction of the co-transfected PDE1C was present in the elution, again
indicating successful co-immunoprecipitation.

cAMP PDE activity assays were performed on immunoprecipitated lysates from
both HA-TRPC1-PDE1C and FLAG-TRPC3-PDE1C HEK 293T co-transfections. In
response to treatment with 100 µM/10U Ca2+/CaM, HA-TRPC1 and FLAG-TRPC3
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immunoprecipitations generated Ca2+/CaM PDE activities of 50.3 ± 9.6 pmol/min/mL
and 66.0 ± 2.0 pmol/min/mL respectively, indicating the presence of a calcium stimulated
phosphodiesterase in TRPC immunoprecipitated samples. Conversely,
immunoprecipitation of lysates from cells treated with HA-TRPC1 or FLAG-TRPC3
alone produced Ca2+/CaM PDE activities of 11.3 ± 3.6 pmol/min/mL and 32.9 ± 4.1
pmol/min/mL respectively. Considering that mPDE1C is the only Ca2+/CaM stimulated
phosphodiesterase in HEK 293T cells, this observation permits confirmation that the
phosphodiesterase in co-immunoprecipitated samples is PDE1C. Taken together this
data indicates a link between PDE1C and TRPC channels that may not only be
functional, but also physical in nature.
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Figure 3.11. Co-immunoprecipitation of PDE1C with TRPC1 and TRPC3 channels in HEK
293T cells. (a) mPDE1C – HA-TRPC1 293T lysate was incubated at 4 °C overnight with
50 µl of HA-agarose beads while mPDE1C – FLAG-TRPC3 293T lysate was incubated at 4
°C overnight with (b) FLAG-antibody and 50µl of protein A/G beads. Beads were
recovered by centrifugation at 10000 ×g and a sample of the supernatant was collected for
analysis of the unbound fraction. After washing the pellets extensively with ice cold lysis
buffer, adsorbed proteins were eluted using a laemmli buffer. Cell lysates (total), unbound,
and eluted proteins were resolved by SDS-PAGE, and identified with target specific
antibodies by immunoblot analysis. Elution fraction is indicative of immunoprecipitated
proteins. Representative data shown from n=4 experiments.
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CHAPTER 4
DISCUSSION

4.1 Summary of Findings
Previous investigations identified PDE1C expression in VSMCs of the
synthetic/activated phenotype and linked this expression with that of cell cycle
progression (Rybalkin et al., 2002). The aim of this study was to expand on this finding
by determining whether PDE1C is simply a marker of dedifferentiation, or a crucial
player in phenotypic maintenance that displays definitive function. To examine this
question, PDE1C specific siRNA was employed to abrogate PDE1C expression in
synthetic/activated HASMCs, and the cells’ ability to maintain a dedifferentiated
phenotype was investigated. To distinguish any phenotypic shifts, the expression of
phenotype-dependent protein markers was examined, along with HASMC migration,
proliferation, and adhesion to ECM proteins, all functions that contribute to the
synthetic/activated phenotype.

The results of this study indicate that PDE1C plays a determinant role in the
maintenance of HASMC phenotype. Phenotypic markers associated with the
synthetic/activated phenotype including l-CaD, PDGF-α receptor, and the TRPC1
channel were downregulated in response to PDE1C siRNA treatment. Conversely, other
markers of the synthetic/activated phenotype including beta-1 integrin, PKG, and
vinculin were not. Investigation into the functional characteristics of the
synthetic/activated cell showed that PDE1C siRNA treatment is a significant inhibitor of
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both HASMC proliferation and migration. This treatment also inhibited HASMC
adhesion to ECM proteins; this finding was statistically significant, but the effect was not
as marked as that on proliferation or migration. These effects occurred despite nonsignificant changes in forskolin induced cAMP accumulation. Furthermore, for the first
time, potential binding partners for PDE1C were identified in VSMC expressing isoforms
of the TRPC channel. The discovery of this complex could help provide understanding
of how PDE1C regulates calcium-cAMP signaling and its role in the synthetic/activated
cell. As such, this study provides novel insight into the role of PDE1C in the
synthetic/activated HASMC, both phenotypically and at the sub-cellular level.

4.2 Effect of PDE1C siRNA Treatment on the Expression of VSMC Phenotypic
Marker Proteins
This study is not the first to modify cyclic nucleotide levels while examining the
expression of VSMC phenotypic markers, but it is the first of its kind to do so through
manipulation of a PDE. Previous investigations have observed changes in expression of
phenotypic markers following modifications to either cAMP or cGMP signaling.
Specifically, the prostacyclin analogue iloprost, was found to induce expression of
contractile/quiescent phenotypic markers through a cAMP-PKA dependent mechanism
(Fetalvero et al., 2006). In a separate study, PKG transfected cells were shown to
increase expression of several markers of the contractile/quiescent phenotype, but this
treatment only showed partial phenotype restoration, as the cell maintained its
proliferative capacity (Lincoln, et al., 2006) These findings suggest that cyclic nucleotide
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signaling plays a role in phenotypic modulation, while the findings in this study suggest
that this role could, in part be regulated by PDE1C.

The expression of several phenotypic markers was investigated following
treatment of HASMCs with PDE1C siRNA. Caldesmon (CaD) is considered a very
favorable marker for studying phenotypic modulation (Sobue et al., 1999). Two isoforms
of CaD are expressed in VSMCs, h-CaD (87 kDa) is part of the contractile apparatus and
dominantly expressed in contractile/quiescent VSMCs, while l-CaD (57 kDa) is
associated with cytoskeletal organization and stabilization of both stress fibres and focal
adhesions and is dominantly expressed in synthetic/activated VSMCs (Eves et al., 2006).
During dedifferentiation, CaD undergoes isoform interconversion from the h- to l-form,
and vice versa during differentiation (Sobue et al., 1999). This study saw a decrease in
expression of l-CaD in response to PDE1C knockdown, but expression of the h-isoform
was not observed in either control of PDE1C siRNA treated cells. The loss of l-CaD
suggests a shift away from the synthetic/activated phenotype, but a lack in h-CaD
recovery implies a partial shift, as the HASMC is not truly contractile/quiescent.
Although it may be the case that h-CaD expression in our study was below the level of
detection with our antiserum.

Similarly, treatment with PDE1C siRNA decreased expression of the PDGF-alpha
receptor. Classically, HASMCs express two PDGF receptors; PDGF-alpha and PDGFbeta. These receptors are activated by PDGF-AA, -AB, or -BB. PDGF-alpha is activated
only by PDGF-A, while PDGF-B activates both receptors non-selectively. Activation of
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these receptors initiates signals leading to proliferation and migration (Bornfeldt et al.,
1995). In synthetic/activated VSMCs, the PDGF-alpha receptor is upregulated (Sjolund
et al., 1990; Hultgardh-Nilsson et al., 1997) along with its activator PDGF-A (Rensen et
al., 2007). Loss of this phenotypic marker again implies a shift away from the
synthetic/activated phenotype and towards a more quiescent state. Contractile/quiescent
cells are generally unresponsive to mitogenic stimuli (Rybalkin and Bornfeldt, 1999)
including PDGF (Hultgardh-Nilsson et al., 1997). In our study, treatment with PDE1C
siRNA significantly inhibited HASMC migration and proliferation in response to growth
factor containing cell media. This could be due in part to a loss in receptors necessary to
initiate these processes as the cell shifts away from the synthetic/activated phenotype and
towards a contractile/quiescent state.

Decreased expression in response to PDE1C siRNA treatment was also detected
in the recently characterized TRPC1 cation channel. TRPC1 expression is shown to
increase in cultured VSMCs shifting from the contractile/quiescent to synthetic/activated
phenotype (Berra-Romani et al., 2008). The changes observed in this study suggest a
reversal of this trend. TRPC1 channels are responsible for calcium entry from the
extracellular space and are commonly implicated in capacitative calcium entry (CCE).
To facilitate CCE, plasma membrane bound TRPC channels sense depletion of
intracellular calcium stores and allow calcium influx (Ambudkar et al., 2007).
Interestingly, it is know that PDE1C is preferentially activated by CCE (Goraya et al.,
2004) suggesting a potential spatio-temporal interaction. Furthermore, TRPC channels
are not only upregulated in synthetic/activated VSMCs, but are also implicated in cardiac

73

hypertrophy, heart failure, vascular remodeling, cardiac arrhythmias, and conditions
associated with increased vascular tone (Watanabe et al., 2008; Inoue et al., 2006).
Functionally, the role of the TRPC channel in these pathologies is thought to be due to
increased calcium entry and subsequent changes in gene expression (Watanabe et al.,
2008). Thus, considering that TRPC expression is decreased in the presence of PDE1C
siRNA, and the connection of PDE1C and CCE, it appears the relationship between
PDE1C and TRPC channels may be intimate. Indeed, this evidence suggests a
generalized role for PDE1C in phenotypic modulation through decreases in TRPC1
protein expression, but also suggests a more specified role via calcium-cAMP signaling.

Altered levels of expression did not occur for all phenotypic markers in response
to treatment with PDE1C siRNA, as expression of several proteins remained constant.
Specifically, PKG, beta-1 integrin, and vinculin protein levels did not change. PKG is a
downstream target of cGMP and its activation is commonly associated with decreased
vascular tone. Typically this protein is downregulated in synthetic/activated cells
(Maurice, 2004), but increased expression in response to treatment with PDE1C siRNA
was not detected. Similarly, beta-1 integrin and vinculin, proteins associated with
maintenance of cell attachments are also downregulated in the synthetic/activated VSMC
phenotype (Sobue et al., 1999). No changes in expression were detected to either of
these phenotypic markers. The finding that some phenotypic markers changed, while
others did not implies a shift away from the synthetic/activated phenotype, but a shift that
is partial in nature.
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4.3 Treatment with PDE1C siRNA Decreases HASMC Proliferation, Migration, and
Adhesion to Extracellular Matrix Proteins.
Increased proliferation, migration, and production of ECM proteins are all
characteristics associated with the synthetic/activated VSMC phenotype (Rensen et al.,
2007). Investigations using cAMP-elevating agents have documented an ability to
abrogate these processes, further implicating cAMP in the management of
synthetic/activated VSMC cell functions (Rybalkin and Bornfeldt, 1999; Palmer et al.,
1998; Netherton et al., 2007). The use of PDE inhibitors to modify these processes in a
pathological context has also shown considerable promise (Maurice et al., 2003). No
prior investigation has determined a role for PDE1C in VSMC migration, or adhesion to
ECM proteins. This study is the first to document an observed role of PDE1C in these
processes, a role that is consistent with the management of VSMC phenotype. It is
important to note that no major changes in whole-cell cAMP levels were detected
following PDE1C siRNA treatment of HASMCs, suggesting subcellularly defined effects
on cell function independent of global cAMP levels.

The establishment and management of cell-to-matrix interactions is a key event in
several pathologies, and one that is altered during phenotypic modulation (Doran et al.,
2008). Netherton et al. (2007) previously reported that cAMP elevating agents can either
inhibit or augment adhesion to extracellular matrix proteins depending on its downstream
target. Herein, it was observed that treatment of HASMCs with PDE1C siRNA decreased
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adhesion to fibronectin-coated wells compared to control cells. Fibronectin is a
component of the ECM and its production is considerably upregulated by VSMCs
residing within atherosclerotic lesions (Doran et al., 2008). This decrease in adhesion
occurred despite maintained expression and activation of proteins involved in cellular
contacts. As mentioned above, the expression of both beta-1 integrin, and vinculin
remained constant following treatment of HASMCs with PDE1C siRNA. Meanwhile,
VASP, a PKA phosphorylated protein central to cell adhesion dynamics (Howe et al.,
2002) showed no changes in phosphorylation. This indicates that PDE1C does not
regulate the subcellular cAMP pool involving VASP despite the observed changes in cell
adhesion, or that the fraction of VASP that is differentially affected is below detection
using our approach. Together, these data suggest that PDE1C knockdown modulates
adhesion to ECM proteins, but whether this effect is consequential to a phenotypic shift,
or a specifically defined role for PDE1C in adhesion remains to be determined.

VSMC proliferation is a well-defined characteristic of the synthetic/activated
VSMC and a pathological event in several vasculopathies (Rybalkin et al., 2002).
Consistent with the findings of both Rybalkin et al. (2002), and Murray et al. (2007),
siRNA-induced suppression of PDE1C in this study inhibited cell proliferation. This is
the first study to confirm the anti-proliferative effects of PDE1C suppression in adult
HASMCs, as previous studies investigated FLTR E6/E7-immortalized SMCs or human
pulmonary artery smooth muscle cells (PASMCs). Cell cycle arrest is characteristic of
contractile/quiescent cells and the decrease in proliferation seen in this study is consistent
with a shift towards this phenotype. Decreased rates of proliferation are known to occur
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in the presence of cAMP elevating agents, but how this is regulated in sub-cellular
microdomains is unknown (Rybalkin et al., 2002). It has been previously identified that
activation of PKA inhibits mitogenic pathways including extracellular-signal regulated
kinase (ERK), and phosphatidylinositol 3-kinase (PI3K) (Rybalkin et al., 2002).
Whether PDE1C is responsible for coordinating this cAMP pool, and how this pool
contributes to phenotypic modulation is as yet unknown. As a target of anti-proliferative
therapy, PDE1C currently provides the most prospective PDE to suppress in
synthetic/activated cells, as inhibition of PDE3 and PDE4 only marginally effect cell
cycle progression (Rybalkin et al., 2002).

Finally, this study has shown that PDE1C activity is necessary for migration of
synthetic/activated HASMCs. This is a significant and novel finding that is concurrent
with the idea that PDE1C knockdown promotes a shift away from a truly
synthetic/activated cell phenotype. Since cell migration in response to atherogenic
signals is necessary for population of the intima by medial SMCs, this finding presents
further rationale for the inhibition of this enzyme in disease states (Gerthoffer, 2007).
Migration itself is a complex process involving integration of several dynamic pathways,
although interference at any number of steps may be sufficient to disrupt this process
(Willis et al., 2004). Previous investigation has shown that cAMP elevating agents, or
synergistic PDE3/PDE4 inhibition could decrease rates of VSMC migration (Palmer et
al., 1998). Interestingly, synergistic PDE3/PDE4 inhibition is necessary to decrease
VSMC proliferation and migration (Palmer et al., 1998; Rybalkin et al., 2002), while
suppression of PDE1C alone markedly inhibits these processes.
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Migration and proliferation are two processes that are often linked together, as
both are associated with highly dynamic cell types. As mentioned above, PDE1C
integrates both the cAMP and calcium signaling systems, and both systems play roles in
VSMC migration and proliferation (Palmer et al., 1998; House et al., 2008). Since
protein expression of the CCE channel TRPC1 is downregulated by PDE1C siRNA, this
protein becomes of note when interpreting calcium signaling in relation to PDE1C. The
TRPC calcium channel is also linked to migration and proliferation, and its upregulation
is implicated in pathological vascular remodeling by increasing rates of these processes
(Sweeney et al., 2002; Kumar et al., 2006; Fabian et al., 2008; Li et al., 2008).
Considering the effect of PDE1C abrogation on cell phenotype, and its link to the TRPC
channel, it would seem that its interaction with calcium signaling systems may be more
important than previously thought. In a sense, a combination of the cAMP and calcium
systems may converge upon PDE1C to facilitate its role in phenotype maintenance.

4.4 Identification of a TRPC-PDE1C Signaling Complex
Indirect evidence of a functional interaction between PDE1C and TRPC channels
has been generated by previous studies. This evidence is stated as; i) the TRPC channel
is inhibited by cAMP through a PKA-dependent mechanism (Liu et al., 2005), ii) TRPC
channels membrane localize with calcium-inhibitable adenylate cyclases creating a
system of subcellular regulation (Fagan et al., 2000), iii) PDE1C is activated by CCE, of
which the TRPC channel is a prominent source (Goraya et al., 2004), iv) suppression of
PDE1C or TRPC expression is associated with decreased VSMC proliferation (Rybalkin
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et al., 2002; Murray et al., 2007; Sweeney et al., 2002; Kumar et al., 2006), and v)
PDE1C and TRPC channels are upregulated in the synthetic/activated VSMC phenotype
and both become functionally dominant to their respective second messenger systems
(Palmer and Maurice, 2000; Rybalkin et al., 2002; Beech, 2007; Berra-Romani et al.,
2008). Furthermore, it was shown in this study that PDE1C expression is intimately
linked to that of TRPC1. Combining our result with that of previous research suggested a
functional or regulatory link between these two proteins, a link that could be paramount
to the management of processes related to the synthetic/activated phenotype.

Investigation into the existence of this localized system was conducted in a
transiently transfected HEK 293T cell model. Evidence from this model suggests that
PDE1C and TRPC channels interact to form a subcellular signaling complex. PDE1C
was shown to distribute in a similar fashion as both TRPC1 and TRPC3 channels using
immunoctyochemistry, and was successfully co-immunoprecipitated using TRPC-tag
specific antibodies. Interestingly, the distribution of TRPC channels in HEK 293T cells
was isoform specific as TRPC1 expression was membrane associated but excluded from
cell extensions, while TRPC3 expression was membrane associated and abundant in these
cell extensions. Furthermore, PDE1C expressed alone homogenously distributed
throughout the cell, but when co-expressed with either TRPC1 or TRPC3, it was
recruited to the plasma membrane in a manner that mirrored TRPC isoform distribution.
This finding suggests that PDE1C will preferentially localize to areas of TRPC
expression. This finding could generate clarity among studies in determining an
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intracellular location for PDE1C (Bender and Beavo, 2006; Goraya and Cooper, 2005;
Goraya et al., 2008; Dolci et al., 2006; Vandeput et al., 2007).

Together these data indicate that PDE1C may interact with the TRPC channel in a
physical sense, permitting subcellular regulation of calcium-cAMP signaling. This
interaction could provide a form of feed-forward calcium entry by stimulating PDE1C to
degrade local cAMP pools. By hydrolyzing inhibitory cyclic nucleotides PDE1C would
allow the TRPC channel to resist cAMP-PKA mediated pore closure, and prolong
calcium entry. A hypothetical model incorporating this idea is shown in Figure 4.1. The
identification of this association could prove important to not only the synthetic/activated
cell phenotype, but also within several vasculopathies. As mentioned, TRPC
upregulation plays a pathological role in pulmonary arterial hypertension, vascular
remodeling, and several cardiac abnormalities. On the other hand, research on PDE1C is
much more immature, but this enzyme has been identified in models of pulmonary
arterial hypertension, vascular remodeling, and its expression has been detected in
cardiac tissues (Vandeput et al., 2007; Yan et al., 1996). Whether its role in cardiac
tissues is a pathological one is as yet unknown. Sustained calcium entry is associated
with the promotion of disease states and this pathological calcium entry is associated with
TRPC channel upregulation (Inoue et al., 2006). If PDE1C is in fact a key regulator of
this channel, it may promote this sustained calcium influx. Further investigation into the
association of PDE1C and TRPC channels could provide insight into its role in
pathological processes, and the potential benefit of disrupting this association pharmacotherapeutically.
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Figure 4.1 Proposed mechanism for the integration of Ca2+ and cAMP signaling by
PDE1C. TRPC-mediated Ca2+ influx into the cytosolic space (1) decreases cAMP-PKA
mediated TRPC channel pore closure (3,4) and sustains calcium entry through i)
inhibition of adenylate cylcase 5/6 (AC; 2a), or ii) activation of PDE1C (2b).
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In the synthetic/activated VSMC, the presence of this subcellular signaling system
would suggest a complex mechanism of phenotype regulation by PDE1C as changes in
both cyclic nucleotide and calcium signaling are implicated in mechanisms of phenotypic
modulation. In this study, decreased PDE1C expression displayed marked effects on the
management of VSMC phenotype, but considering the subcellular role for PDE1C
defined by this study, it is not surprising that PDE1C abrogation could yield such a
marked effect on cell function. By regulating both calcium and cAMP signaling within
the synthetic/activated VSMC, PDE1C plays a central role in the regulation of this cell
phenotype.
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4.5 Future Directions

a) Identify endogenous PDE1C-TRPC complex.
The transiently transfected HEK 293T cell provided an ideal model for discovery
of this protein interaction, but its physiological application remains in cells of the
cardiovascular system. Our model induced both PDE1C and TRPC expression through
transient cell transfections, but this approach cannot be taken with HASMCs. Discovery
of this interaction in HASMCs with target specific antibodies against endogenously
produced PDE1C and TRPC could be performed using methodology similar to that
employed in this thesis. Anti-PDE1C antibodies were characterized in this study, while
anti-TRPC1 antibodies are currently being employed in our lab to detect endogenous
TRPC1 expression. Identification of an endogenously produced complex would confirm
its physiological utility.

b) Functional significance of the PDE1C-TRPC complex.
Our working hypothesis suggests that PDE1C sustains calcium entry via the
TRPC channel. This hypothesis demands verification in a cellular system. To test this
hypothesis, calcium transient experiments testing CCE could be performed using the
sarcoplasmic reticulum Ca2+-ATPase (SERCA) inhibitors thapsigargin (TG) or
cyclopiazonic acid (CPA) to deplete intracellular calcium stores and promote
extracellular calcium influx through TRPC channels. These experiments could be
performed in either the transiently transfected HEK 293T cell model generated in this
investigation, or in primary VSMCs.
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In HEK 293T cells transiently expressing the TRPC channel, CCE could be
quantified via calcium transients in the presence or absence of concomitant PDE1C
transfection. The relevance of CCE in the presence or absence of this enzyme would
provide insight as to its utility in a cellular model. To extend this application to an
endogenously produced PDE1C-TRPC complex, PDE1C siRNA could be used to
decrease PDE1C expression, and the resulting effect on CCE could be analyzed. This
analysis could be performed using the PDE1C siRNA characterized in this thesis.
Although useful, the HEK 293T cell model and siRNA based suppression lack a degree
of selectivity that could be circumvented. One method currently being employed in our
laboratory is the use of an inhibitory peptide to selectively disrupting protein-protein
interactions. This method could ideally be employed following identification and
classification of a potential binding interaction between PDE1C and the TRPC channel.
Calcium transients employing these methods could provide a functional readout for the
significance of a PDE1C-TRPC complex.

c) Identify significance of the PDE1C-TRPC complex to phenotypic modulation.
The evidence presented in this thesis suggests that PDE1C is integral to the
synthetic/activated VSMC phenotype. The TRPC channel has also been shown to play
an important role in the synthetic/activated phenotype (Berra-Romani et al., 2008). This
study linked PDE1C not only to TRPC expression, but also to an interaction that could be
both physical and functional in nature. Discovering the nature of this complex in
regulating the synthetic/activated phenotype through both cyclic nucleotide and calcium
signaling could provide more refined insight into the mechanisms by which this
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pathological phenotype is regulated. To conduct this investigation, TRPC-specific
siRNA could be used to decrease TRPC expression and loss-of-function analysis
consistent with the experimentation in thesis could be performed. This analysis could
help determine whether the effects of PDE1C suppression in synthetic/activated
HASMCs are due to an interaction with the TRPC channel, or if there are other
interactions to consider.
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