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Abstract 

During the development of atherosclerosis, contractile vascular smooth muscle cells 

(VSMCs) change to cells capable of migrating and proliferating to mediate repair, where the 

responses may be adaptive or mal-adaptive in effect. Cyclic adenosine monophosphate (cAMP)-

elevating agents have been shown to inhibit migration of VSMC. cAMP activity within the cell is 

known to be ubiquitous and dynamic, requiring control through signal termination mechanisms 

for cellular homeostasis. Phosphodiesterase (PDE) enzymes are central to this critical regulatory 

process catalyzing the hydrolysis of cAMP. A great deal of insight into the role of PDEs in 

defining compartmentalization of cAMP signaling has arisen predominately from recent studies 

on the cAMP-specific PDE4 family. Compartmentalization of PDE4 is mediated by their unique 

N-terminal domains, which have been proposed to provide the “postcodes/zipcodes” for cellular 

localization. PDE4D isoforms vary widely, yet their conservation over evolutionary time suggests 

important non-redundant roles in distinct cellular processes. To study the potential role of 

individual PDE4D isoforms we seek to utilize the unique N-terminal targeting domains that are 

proposed to be responsible for their protein-protein interactions and site-directed localization. 

Herein, we report on the expression, targeting and localization of five “long” PDE4D isoforms 

and the impact on cell morphology of certain amino-terminal domains of individual PDE4D 

constructs expressing green fluorescent protein (NT-PDE4D/GFP) in human aortic smooth 

muscle cells (HASMCs). Through the development of engineered NT-PDE4D/GFP expression 

plasmids, we were able to study the cell biological impacts associated with the overexpression of 

individual PDE4D amino-terminal variants in HASMCs. We show that NT-PDE4D5/GFP and 

NT-PDE4D7/GFP expressing cells exhibited an elongated cell morphology, where this effect was 

much more marked in NT-PDE4D7/GFP expressing cells, exhibiting multiple leading edge 

structures and highly elongated “tails”. We identify a potential role for PDE4D7 targeting in the 

regulation of cell polarity and migration. Our results suggest the novel idea that PDE4D7, rather 
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than the four other long PDE4D isoforms (PDE4D3, PDE4D5, PDE4D8, or PDE4D9), represents 

the dominant PDE4D variant involved in controlling cAMP-mediated effects on cell tail 

retraction dynamics. 
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Chapter 1 

Introduction 

 

1.1 Adaptive and mal-adaptive functions of vascular smooth muscle cells (VSMCs)  
 

 

 Vascular smooth muscle cells (VSMCs) are highly specialized cells which comprise the 

majority of blood vessels and function in the regulation of blood vessel diameter (vasodilation 

and vasoconstriction), blood pressure, and blood flow
1,2

. Under normal conditions, contractile 

VSMCs are in a low proliferative and migratory state (Figure 1.1a), however, during the 

development of atherosclerosis, several processes similar to those that occur during the 

development of restenosis promote a dedifferentiated or synthetic VSMC phenotype
1,2

. Synthetic 

VSMCs can behave either adaptively or mal-adaptively
3
. Adaptive effects of synthetic VSMCs 

include their ability to promote survival of unstable angiogenic vascular endothelial cell (VEC) 

tubes formed during tissue repair and their ability to inhibit progression of early vascular lesion
4
. 

In contrast, mal-adaptive effects of VSMCs result from accumulation of excessive numbers of 

intimal VSMCs, which can promote atherosclerotic lesion progression and plaque rupture or 

promote vessel re-narrowing after arterial ballooning or stenting (i.e. restenosis)
3,5

.   

 Migration of VSMCs occurs during several processes, including vascular development, in 

response to vascular injury, and during atherogenesis
2,6,7

. Indeed, during the formation of an 

atherosclerotic plaque, VSMCs migrate to the sub-intimal space-beneath the endothelial lining, 

proliferate, and secrete abundant amounts of ECM
1
 (Figure 1.1b). The arrival of VSMCs and 

their amplification of ECM yield fibrous fatty lesions rather than only the accumulation of 

macrophage-derived foam cells
2
 (Figure 1.1c). Indeed, VSMCs synthesize the majority of the 

ECM proteins found in the atherosclerotic lesion, where the synthesized ECM molecules together 
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with the VSMCs stabilize the atherosclerotic plaque
2
. Activated inflammatory and immune cells 

in the plaque can lead to the death of intimal VSMCs by apoptosis, resulting in plaque rupture in 

the late stages of atherosclerosis
1
. Thus, both VSMCs and ECM are important components of 

more advanced atherosclerotic lesions, where ECM forms the bulk of the intimal hyperplastic 

lesion that contributes to restenosis and contribute to the formation of a fibrous cap over the 

atherosclerotic plaque
1
. Moreover, VSMCs promote stabilization of the fibrous cap and, thus, the 

development of atherosclerotic plaque.  

 

 

Figure 1.1: Development of atherosclerotic lesion: Role of VSMCs. A) Contractile VSMCs 

reside in the medial layer of the interstitial tissue, where they are non-migratory and non-

proliferative.  B) During development of a lesion, VSMCs switch to a synthetic phenotype, where 

they migrate to the sub-intimal space-beneath the endothelial lining, proliferate, and synthesize 

abundant amounts of ECM. C) Stabilization of atherosclerotic lesion by synthetic VSMCs and 

their elaboration of ECM proteins. (Adopted from Heinecke, 2006) 

 

 

Percutaneous coronary intervention (PCI) is considered a common treatment for coronary 

artery disease; however, the occurrence of restenosis post-angioplasty remains a major 

limitation
8
. Stent placement is accompanied by stretching of the entire artery, which often results 
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in dissection of the tunica media and, occasionally, dissection of the adventitia
2
. Restenosis after 

stent insertion is considered a result of an exaggerated wound healing response after vascular 

injury, characterized by the sequence of inflammation, granulation, ECM remodeling, and 

synthetic VSMC migration and proliferation
2
. Approximately 30 to 40% of coronary 

angioplasties result in restenosis, or the re-narrowing of the affected artery
1
. Recent advances in 

drug-eluting stents have decreased the rate of restenosis occurrence, but are unlikely to 

completely prevent this common problem in other vascular beds
1
. 

 

1.2 Phenotypic modulation of VSMCs 

 

 

 VSMCs exist in a diverse range of phenotypes with the two main phenotypes being 

represented by cells that are contractile but non-proliferative, herein referred to as 

“contractile/quiescent” and those that are capable of synthesizing extensive extracellular matrix 

proteins (ECMs) and proliferative, herein referred to as “synthetic/activated”
2
. In adult blood 

vessels, VSMCs are typically the “contractile/quiescent” phenotype, characterized by a low 

proliferative and low migratory index, expression of an abundance of contractile proteins, and 

contract or dilate in response to numerous hormonal or biophysical demands
2
 (Figure 1.2). In 

contrast, VSMCs in culture, or in situ following vascular insult, dedifferentiate and re-enter the 

cell cycle
1,9

. These VSMCs exhibit an activated or synthetic phenotype, where there is an 

increased rate of proliferation, migration and synthesis of ECM proteins, and express fewer 

contractile proteins
1
. During angiogenesis or in response to vascular injury, synthetic VSMCs do 

not directly maintain vascular tone, but rather maintain vascular structural integrity
9
. In other 

words, the synthetic phenotype of VSMCs is not responsible for regulating vascular contraction, 

but instead controls vascular reconstruction
2
.  
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Figure 1.2: Phenotypic Differentiation of VSMCs. In normal, mature blood vessels, contractile 

VSMC are characterized by a low proliferative, migratory index, expression of contractile 

proteins and display a spindle-shaped, elongated morphology. In response to vascular injury or 

trauma, VSMCs re-enter the cell cycle and dedifferentiate to a synthetic phenotype, where cells 

are characterized by an increased cell size that is rhomboid in shape, increased proliferation and 

migration, decreased expression of contractile protein and increase in production of ECM 

proteins. (Adopted from Milewicz et al., 2010) 

 

 

Observations of VSMC remodeling in vivo and in vitro have shown to begin with an 

extracellular stimulus that activates receptors located on the cell surface. In response, these 

receptors transduce the external signal to several pathways, resulting in a series of coordinated 

remodeling events that trigger either cell migration, proliferation, or both
2
. VSMC response to 

injury is multicellular and involves the production of numerous growth factors including  
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epidermal growth factor (EGF), transforming growth factor (TGF), vascular endothelial growth 

factor (VEGF), angiotensin II (AngII), and platelet-derived growth factor (PDGF)
2
. During this 

situation, several cells act in a paracrine manner to activate the healing response of neighbouring 

cells
2
. This response requires these cells to proliferate and migrate, which are hallmarks of the 

synthetic phenotype and key elements in atherosclerosis and restenosis
2
. If migrating/proliferating 

synthetic VSMCs fail to switch back to the contractile phenotype, they induce pathogenic 

vascular remodeling and generate intimal vascular lesions as previously mentioned
2
. The inability 

of synthetic VSMCs to switch back to the contractile phenotype may be the result of excessive 

mitogens present in the cellular microenvironment
2
. 

 The mechanics of VSMC migration in atherosclerotic lesions involves formation of 

plasma membrane-leading lamellae (leading edge) that are in contact with the ECM
2
. In parallel, 

the interaction with ECM proteins enables binding of integrin trans-membrane receptors to form 

focal complexes that then secure the focal adhesions
2
. A cascade of intracellular signal 

transduction events involving G proteins and tyrosine kinases results in actin filament alignment 

and myosin contraction within the leading edge
2
. Next, disengagement of focal adhesions allows 

contractile forces to propel the cell forward in the direction of the anchored leading edge
2
. Indeed, 

VSMC phenotypic modulation or dedifferentiation to a synthetic, increased migratory and 

proliferative phenotype plays a major pathophysiologic role in various cardiovascular diseases, 

including atherosclerosis, restenosis, and hypertension
1
. 

 

1.3 Role of the actin cytoskeleton in cell migration, motility and morphology  

 

 

Cell migration involves multiple processes that are regulated by various signaling 

molecules and triggered by gradients of chemotactic factors, such as platelet-derived growth 

factor (PDGF)
10

. In the response to chemoattractants, extracellular signals are transduced through 
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cell-surface receptors and induce various intracellular responses, including polarization, 

reorganization of the cytoskeleton, and vesicular transport
10

. Indeed, inhibition of these processes 

decreases cell motility
10

. The actin cytoskeleton and its regulatory proteins play a crucial role in 

cell migration of most cell types
10

. During cell migration, dynamic remodeling of the actin 

cytoskeleton occurs, and it is this reorganization that provides the force necessary for cell 

migration
10

.
  

 Directed cell migration is a critical feature of various physiological and pathological 

processes, such as wound healing, development, metastasis, and angiogenesis
10

. Directed cell 

movement on 2-D substrates occurs in a cyclical pattern of four ordered processes: membrane 

protrusion at the leading edge, adhesion of the protrusions to the substrate, translocation of the 

cell body, and retraction of the trailing edge
10

 (Figure 1.3).
 
Reorganization of the actin 

cytoskeleton is involved in these processes, where it is temporally and spatially regulated by Rho 

family small GTPases
10,11

.
 
Rho family GTPases act as molecular switches, where they can cycle 

between GTP- and GDP-bound states
10,12

. When cells are stimulated by growth factors, bound 

GDP is exchanged for GTP. In the GTP-bound state, Rho family small GTPases are active and 

interact with specific downstream effectors, leading to the translocation and activation of the 

effector, and induction of various intracellular responses
10

. Among these responses, 

reorganization of the actin cytoskeleton has been studied most
10

. Small GTPases of the Rho 

family, for example Cdc42, Rac, and Rho, are key regulators of actin assembly and control the 

formation of filopodia, lamellipodia, and stress fibers, respectively
10,13

. 

 Actin dynamics play multiple roles in promoting cell movement, establishing 

intercellular adhesion, and changes in cell morphology
14

. Reorganization of actin filaments and 

cell-substratum contacts is believed to be involved in cell motility
15

. Membrane ruffling is 

observed at the leading edge of motile cells and is also thought to be essential for cell motility
15

.  
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Figure 1.3: Schematic illustration of cell migration. Cell migration on 2D substrates consists of 

the following four cyclical processes. A) Protrusion: cells are polarized by extracellular stimuli, 

resulting in de novo actin polymerization at the leading edge; polymerized actin filaments induce 

the formation of membrane protrusions (ie. filopodia and lamellipodia). B) Adhesion: Membrane 

protrusions make contact with the substrate and form integrin-dependent cell-substrate adhesions; 

newly formed adhesion complexes are stabilized and mature into focal adhesions. C) 

Translocation: the nucleus and cell body are translocated via acto-myosin contractile forces. D) 

Retraction: cell-substrate adhesive structures at the trailing edge are disassembled. 

Disengagement of focal adhesions allows contractile forces to propel the cell forward in the 

direction of the anchored leading edge and retraction of the cell rear. (Adopted from Yamazaki, 

Kurisu, & Takenawa, 2005) 
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Cells move through the polarized and dynamic re-organization of the actin cytoskeleton, 

involving a protruding force at the front, combined with a contractile force in the cell body
11

. This 

contractile activity leads to retraction of the rear of the cell as the adhesions are lost. Rho 

GTPases act spatially and temporally to control all these aspects
11

. Rac regulates actin 

polymerization at the front to promote lamellipodial  protrusion
11,15

. Cdc42 acts at the front to 

control direction in response to extracellular cues. Rho stimulates actin–myosin contraction in the 

cell body
11

. Actin dynamics in pseudopodia and filopodia are controlled by the Rho GTPase 

Cdc42 and its downstream effectors Ena/VASP, mDia2/Drf3 and IRSp53, which enhance actin 

nucleation and deform the plasma membrane outward
11

. 

Previous work by Takaishi et al. (1994) reported HGF-induced cell motility of 

keratinocytes is inhibited by microinjection of either Rho GDI or C. botulinum C3 toxin, but not 

by microinjection of RacN17
(15)

. The action of Rho GDP dissociation inhibitor (Rho GDI) is 

counteracted by co-microinjection of activated Rho, but not of activated Rac, demonstrating that 

Rho is necessary for the HGF-induced cell motility
15

. The expression of dominant-negative Rho-

kinase also inhibits the HGF-induced membrane ruffling and wound-induced cell migration, 

indicating that Rho-kinase is involved in cell motility
15

. Furthermore, it has been suggested that 

myosin light chain (MLC) phosphorylation regulated by Rho and Rho-kinase is necessary for cell 

motility
15

. 

It has been recognized for some time that cellular morphology reflects the current cellular 

task
16

, where the cell shape is highly dependent on the external environment
12

. Migrating cells 

typically adopt an elongated phenotype. Cells in the presence of chemoattractants exhibit 

filopodia
16

. Mitotic cells contract. These morphologies have been characterized by the temporal 

dominance of particular Rho GTPases
12,15,17

. For example, activation of Cdc42 results in the 

appearance of filopodia while activation of RhoA induces robust stress fibers and cell 
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spreading
12,16

. In many systems, adhering cells naturally progress through several phenotypes; for 

example filopodia, lamellipodia, and cell spreading, controlled by the GTPases Cdc42, Rac, and 

Rho, respectively
16

. It has been suggested that each unique cellular morphology that occurs as the 

result of activation of distinct actin assembly systems that are either stabilized by unique bundling 

and linker proteins or modified for progression to a new phenotype
16

. 

 

1.4 cAMP signaling dynamics 

 

 

The ubiquitous second messenger, cAMP, regulates a myriad of events in virtually all cells, 

including those of the cardiovascular system
18

. Indeed, VSMCs regulate blood pressure by 

numerous physiological and pharmacological agents, hormones and drugs, respectively, that act 

by altering levels of cAMP
18,19

. In the vasculature, cAMP activity has been known to influence 

contraction/relaxation of VSMCs, in addition to their proliferation, movement, shape, and 

response to hypoxia and vascular trauma
9
. Alterations of various cAMP actions have been linked 

to cardiovascular diseases such as heart failure and vascular stenosis
9,20

. Environmental stimuli 

relay vital information throughout the cell through the internal mobilization of intracellular 

signaling pathways, where cAMP is an important mediator of such signals
21,22

. The second 

messenger is synthesized by adenylyl cyclase (AC) at the plasma membrane
23

. Upon agonist 

activation, these enzymes bind to their appropriate G-protein coupled receptors (GPCRs) and 

stimulate the heterotrimeric G-protein, Gs
24

. Once cAMP is synthesized, it diffuses throughout the 

cell where it is then able to gain access to its effector proteins at specific sites
21

 (Figure 1.4). PKA 

is one of the principle effector proteins for cAMP, where, if unregulated, indiscriminately 

phosphorylates a myriad of substrates
21

. In addition to PKA, there are other routes through which 

cAMP exerts its cellular effects, including EPAC proteins consisting of a cAMP-binding domain 

fused to a guanine nucleotide exchange factor (GEF) domain
21

. This configuration of EPACs 
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permit cAMP to modulate guanine nucleotide exchange for the small GTPase, Rap1
21

. Both PKA 

and EPAC are intrinsically soluble proteins, where sub-populations of each can be found in the 

cytosol
25

. In order for compartmentalization of these proteins, it is essential that sub-populations 

of these cAMP effectors are sequestered or “anchored” to specific intracellular complexes at 

membranes or in the cytosol, together with their downstream targets
22,25,26

. 

  

 

Figure 1.4: cAMP signaling cascade and compartmentalization. GPCR activation by an 

agonist causes the release of a GTP-bound GαS G-protein. This G-protein activates AC and 

promotes cAMP synthesis. cAMP can then go on to activate two of its effector proteins, EPAC 

and PKA (consisting of R- and C-subunits). PDEs regulate the cAMP signal by hydrolyzing 

cAMP to 5`AMP. AKAPs serve to position and recruit proteins, such as PKA and cAMP-

hydrolyzing enzymes, PDEs to microdomains within close proximity of cAMP “pools”. AC, 

adenylyl cyclase; PKA, protein kinase A; PDE, phosphodiesterase. (Adopted from Baillie, Scott, 

& Houslay, 2005) 

 

 The notion of localized cAMP signaling was first proposed in the 1980s, when it was 

noticed that different G-protein-coupled-receptors could mediate increases in cellular cAMP, but 

that each receptor stimulation also resulted in specific physiological outcomes
27

. More 

specifically, different Gs-coupled receptors could selectively activate the type I and type II PKA 

holoenzyme subtypes in cardiac myocytes
21,25,27,28

. This ultimately led to the idea that ‘pools’ of 
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cAMP gradients could be sampled by localized PKA
21

. Since then, further work has shown that 

not only do certain receptors link to specific adenylate cyclases
23

, but that physical 

compartmentalization of protein kinase A (PKA) resulted in only a subset of possible PKA 

substrates being phosphorylated in response to a specific receptor stimulation
27,29

. The discovery 

of A-kinase anchoring proteins (AKAPs) further developed the notion of compartmentalization 

into a more tangible model that can be experimentally accessed
21

. AKAPs not only function to 

sequester PKA to distinct subcellular locations
30

, but also to position specific enzymes to respond 

to increases in local cAMP concentrations
21,31

. Moreover, the development of fluorescent probes 

and cyclic nucleotide-gated ion channels to visualize cAMP gradients inside cells has contributed 

greatly to cAMP-mediated signaling, and also to PKA-based anchoring complexes
21,27,32,33

. 

Understanding the molecular organization of intracellular signaling pathways is a topic of 

considerable research interest. Since many signaling enzymes are widely distributed and have 

several substrates, a crucial aspect in signal transduction is the control of specificity
21

. This is 

achieved, in part by the assembly of multi-protein complexes where signaling enzymes within 

close proximity create focal points to disseminate the intracellular action of many hormones
21,33

. 

This is particularly evident for PKA. This kinase associates with AKAPs and this allows spatial 

and temporal control of its activation in cells
21

. PKA has been shown to play a key role in cell 

migration and invasion and also in leading edge dynamics for a variety of cell lines
34,35

. The 

regulation of cell migration was shown to be dependent on the binding of PKA R subunits to 

AKAP, allowing for the localization of PKA within cells
34

. Indeed, PKA and AKAP are essential 

proteins in cell migration, but also in the regulation of cytoskeleton dynamics
34,35

. Thus, targeting 

of PKA to the cytoskeleton is achieved through interaction with AKAPs and enhances the 

regulation of signal transduction events
27

. 
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1.5 PKA and A-kinase anchoring proteins (AKAPs) 

 

 

 The PKA holoenzyme is a tetramer tightly regulated by the regulatory subunits that keep 

the catalytic subunits in a dormant state
21,34

 (Figure 1.5a). Four genes encode R subunits (RIα, 

RIβ, RIIα and RIIβ) and three genes encode C subunits (Cα and Cβ and Cγ)
34

. It is understood 

that specifically distinct pools of PKA are differentially activated through compartmentalization. 

This is made possible by AKAPs, which anchor various PKA isoforms at specific sites within 

cells
36,37

 (Figure 1.5b). More specifically, the cell-type specific expression of AKAPs, along with 

their distinct distribution within cells, allows for discrete PKA populations to respond accordingly 

to gradients of cAMP and regulate localized target proteins
36

.  AKAPs specifically sequester PKA 

through a short α-helical domain that interacts with a groove formed by the N-terminal 

dimerization domain of PKA R-subunits with high affinity
25

. In addition to the specified 

conserved amphipathic α-helical domain, each AKAP contains unique targeting motifs that 

directs the PKA-AKAP complex to specific subcellular compartments
21,38–40

. PKA-RII provides 

the majority of membrane- associated PKA, whereas the majority of PKA-RI is cytosolic
30

, as 

such it was originally assumed that only PKA-RII was able to bind AKAPs
25

. It is now known, 

however, that this is not the case given our greater understanding of additional AKAP interaction 

sites, which allow these anchoring proteins to be either specific for PKA-RI or show dual 

specificity for both PKA-RI and –RII
25

. Moreover, this diverse AKAP family further includes 

cytosolic species
25

. 

 To further explain how such defined cAMP gradients arise, our understanding of how 

GPCR-stimulated adenylyl cyclases allow cAMP to be generated at point sources at the cytosol 

surface of the plasma membrane is necessary
25

. This event allows for the formation of spatially 

discrete “pools” of cAMP, however, there is also a growing appreciation that a bicarbonate- and 

Ca
2+ 

-activated form of adenylyl cyclase is more widely expressed than initially believed, and can  
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Figure 1.5: cAMP effector proteins. (A) PKA consists of two catalytic domains and two 

regulatory (R) subunits. Binding to cAMP activates catalytic domains causing dissociation of R 

subunits, allowing for phosphorylation of additional substrates. (B) Schematic representation of a 

prototypic AKAP signaling complex. The model illustrates the functional motifs of AKAPs. (1) 

A conserved RII-binding domain interacts with the AKAP-binding surface on the regulatory 

subunit dimer of the PKA holoenzyme. (2) A unique targeting domain directs the AKAP 

signaling complex to discrete subcellular locations. (3) Docking sites for additional signaling 

enzymes, such as kinases and phosphatases, are also present. (Adopted from Diviani and Scott, 

2001) 

 

be found in the cytosol and associated with various intracellular membranes
25,41

. One would thus, 

expect after AC activation, a cell would be uniformly saturated with cAMP, so what prevents 

such uniformity from happening and allows for sculpting of cAMP gradients at discrete 

intracellular locations
25

? A means of achieving this is essential to underpinning 

compartmentalized cAMP signaling by gating access of cAMP to sequestered PKA and EPAC 

sub-populations. The answer to this question can be provided by cyclic nucleotide 
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phosphodiesterases (PDEs)
24

, which are the sole means of cAMP degradation in cells
25

. Indeed,  

this recent appreciation of the fundamental role of PDEs in underpinning compartmentalization of 

cAMP signaling offers further understanding into the conundrum as to why there are such a vast 

number of mammalian genome-encoded PDEs
25

. 

 

1.6 Compartmentalization of cAMP signaling via PDEs 

 

 

 cAMP activity within the cell is known to be ubiquitous and dynamic, requiring control 

through signal termination mechanisms for cellular homeostasis
25

. Cyclic nucleotide PDE 

enzymes are central to this critical regulatory process catalyzing the hydrolysis of cAMP
9
. The 

importance of this gene family is emphasized by the plethora of PDE subtypes and spice variants 

that share common catalytic function, specifically hydrolyzing cAMP and cGMP
42

. In the last few 

decades, there has been growing evidence that PDEs can associate and interact with other 

proteins, allowing these enzymes to be strategically tethered throughout the cell
25

. Indeed, tissue 

specific expression and compartmentalization of these evolutionary conserved enzymes allows 

the tight control of cAMP gradients in all cell types and allows the integration of regulatory 

inputs from other signaling pathways
25,42

.   

 Compartmentalization of PDEs, such that these enzymes are strategically positioned or 

recruited to specific subcellular domains, provides not only a sophisticated mechanism to control 

PKA activation by monitoring the local cAMP flux, but also serves to concentrate the actions of 

PDEs to close proximity with other regulatory proteins
21,43,44

 (Figure 1.6). PDE-based complexes 

have been discovered within several cell types in a localized and tissue specific manner
24,45–48

. 

Indeed, β-arrestin has been shown to form a complex with PDE4D5
49

 at the plasma membrane 

upon agonist stimulation
9,27,50

, as well as, mAKAP (muscle-selective A-kinase-anchoring protein) 

co-ordinates a cAMP-sensitive negative-feedback loop comprising of PKA and PDE4D3
47,51,52

. It 
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has been demonstrated that PKA-phosphorylation of PDE4D3 on Ser-13 increases the affinity 

of PDE4D3 for mAKAP and that activation of mAKAP-anchored PKA potentially enhances the  

 

    

Figure 1.6: PDE-dependent compartmentalization of cAMP signaling dynamics. PDEs are 

targeted to different subcellular domains and signaling complexes, where these enzymes can 

thereby dynamically control localized pools of cAMP and the activity of the cAMP effectors 

protein kinase A (PKA) and exchange protein activated by cAMP (Epac). Individual PDEs can be 

found throughout the cell, at specific sites and at different times in response to different stimuli. 

An example of PDE-based targeting would be the recruitment of PDE4D5 with β-arrestin at the 

plasma membrane upon β-adrenergic stimulation. Additional examples include the release of 

PDE4D3 and PDE4C2 isoforms upon cAMP elevation from disrupted-in-schizophrenia 1 (DISC-

1), and the PDE4D-PKA-mAKAP complex where cAMP levels are controlled by a negative 

control loop involving the phosphorylation and activation of PDE4D. cAMP pools are depicted as 

red-shaped ovals. β-AR, β-adrenergic receptor; C, catalytic subunits of PKA; R, regulatory 

subunits of PKA; mAKAP, muscle selective A kinase-anchoring protein. (Adopted from 

Stangherlin and Zaccolo, 2012) 
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recruitment of PDE4D3, allowing for quicker signal termination
47

. Recent evidence has suggested 

PDE4D3 activity reduces the activity of the anchored PKA, whereas kinase activation stimulates 

mAKAP-associated PDE activity
51

. Moreover, disruption of PKA-mAKAP interaction has been 

shown to prevent this enhancement of PDE4D3 activity and that close proximity of both enzymes 

in the mAKAP signaling complex forms a negative feedback loop to restore basal cAMP 

levels
51,53

. Localized tethering of PDEs play a key role in regulating spatial and temporal cAMP 

dynamics by acting as “sinks” to create simultaneous, multiple cAMP gradients in many cellular 

locations
27,50

. Compartmentalized cAMP gradients are sampled within micro-domains that 

contain anchored cAMP effector proteins, such as AKAP and PKA
25,31,54

. 

Furthermore, the importance of PDEs in engineering compartmentalized cAMP gradients 

is evident by the therapeutic effectiveness of selective PDE inhibitors as drugs used to treat a 

growing number of human diseases, such as pulmonary and cardiovascular diseases
21,55

. Indeed, 

PDE enzymes are often targets for pharmacological inhibition due to their unique tissue 

distribution, structural properties, and functional properties
21,29

. There is current push in recent 

studies concerning PDEs that supports the notion of a more sophisticated model of 

compartmentalized cAMP signaling
44

. The collective actions of adenylyl cyclases (AC) and PDEs 

allow for the development of cAMP microdomains, however, the principal regulatory event is the 

hydrolysis of cAMP by compartmentalized PDEs
21

. High increases in PDE activity will reduce 

cellular cAMP levels and thus limit the ability of anchored PKA to become active whereas, low 

or reduced PDE activity will favour PKA activation
21

. In respect to signaling logistics, it would 

seem appropriate if PDEs were within close proximity of one another, clustered with anchored 

pools of PKA
21

. Therefore, a signaling network, which brings enzymes that are activated by 

cAMP together with those that degrade cAMP, is a sensible and resourceful way to regulate both 

spatial and temporal cAMP-dependent PKA signaling
21

. Such diverse signaling complexes 
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promotes cross-talk between signaling pathways and provides the mechanism to expand the array 

of cellular and molecular processes influenced by cAMP
21

.                                                                    

 

 

1.7 Cyclic nucleotide PDEs  

 

 

PDEs function in the regulation of cyclic nucleotide signaling by their hydrolysis of 

cAMP
9
. These cAMP-degrading enzymes, along with phosphatases, control the signal 

termination processes by counteracting the cellular activities of second messenger-dependent 

enzymes
51

. This is accomplished by limiting the diffusion of second messengers and 

consequently, influencing the activity state of cyclic nucleotide-gated ion channels, cAMP-GEFs, 

and cAMP-effector enzymes such as PKG or PKA
51

. These enzymes can be found throughout the 

cell and play a broad role in many aspects of cellular regulation
56

. Given this, there is great 

interest in the control of PDE activity in respect to clinical therapeutics
51

. Indeed, PDE inhibitors 

have been developed and are currently being used to treat asthma, clinical depression, and erectile 

dysfunction
51

. Furthermore, inhibition of PDE activity is of particular relevance in the 

cardiovascular system where certain PDE families, namely PDE3 and PDE4, have been found to 

promote vasodilation of pulmonary arteries and aortic endothelial cells
51,57

. Indeed, many PDE 

inhibitors have been developed as cardiotonic agents, such as indolidan, enoximone and 

cliostazol
51

. 

The PDE superfamily consists of 21 different genes encoding 11 families of distinct PDE 

subtypes
9,25

. Each of the PDE superfamily members shows distinct kinetic and regulatory 

properties
 
where the presence of multiple genes within various families, coupled with alternative 

mRNA splicing, allows for the expression of over 100 different PDE isoforms
25,58 

(Figure 1.7). 

Distinct PDE isoforms are defined by their unique N-terminal domains or “post codes/zip codes” 

that control their protein-protein interactions within the cell
25,59–63

. Tethering of PDEs by  
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Figure 1.7: Diversity of phosphodiesterases (PDEs) superfamily members. A schematic 

representation of the different structures of PDEs, where a common catalytic unit is shown being 

either cAMP, cGMP or both cAMP/cGMP-specific, a varying regulatory domain responsible for 

phosphorylation and protein-protein interactions, and divergent N- and C-terminal domains. 11 

distinct PDE enzyme families, encoding over 100 distinct splice variants. The unique N-terminal 

domains of PDEs are responsible for targeting the enzyme to specific subcellular locales. PDE3, 

PDE4, PDE7, and PDE8 are cAMP-specific, PDE5, PDE6, and PDE9 are cGMP-specific, 

whereas PDE1, PDE2, PDE10, and PDE11are both cAMP/cGMP-selective. (Adopted from 

Lynch, Hill, & Houslay, 2006)  

 

 

anchoring AKAP proteins allows these enzymes to form and shape localized cAMP gradients that 

can be visualized with genetically encoded biosensors
9,64

. Due to their diversity, which allows 

specific distribution at cellular and subcellular levels, PDEs can selectively regulate various 
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cellular functions
63,65

. Indeed, genes encoding PDE enzymes are linked to schizophrenia, stroke 

and asthma, thus indicating the importance of these regulatory enzymes and the therapeutic 

potential that selective inhibitors could have as anti-inflammatory, anti-depressant and cognitive 

enhancer agents
25,66

. 

 

 

1.8 PDE4D localization and targeting    
 

 

A great deal of insight into the role of PDEs in defining compartmentalization of cAMP 

signaling has arisen predominately from recent studies on the cAMP-specific PDE4 family
25,67

. 

Of all the 11 families of PDEs, PDE4 enzymes most often account for the majority of cAMP-

hydrolyzing activity in the cell
68

. PDE4s are highly conserved over evolution and four genes 

(PDE4A/B/C/D) encode over 20 distinct PDE4 isoforms
9
. In the genome, PDE4A is located at 

Chr19p13.2, PDE4B at Chr1p31, PDE4C at Chr19p13.1, and PDE4D at Chr5q12
9
. PDE4 genes 

span approximately 50 kb and comprise of approximately 20 exons, the core catalytic unit of 

which is encoded by 7 exons
9
. Additional exons encode the unique targeting N-terminal regions 

and the regulatory regions UCR1/UCR2 of which are encoded by 3 exons each
9,69

. The gene 

encoding PDE4D has been previously reported by Gretarsdottir et al. (2003) and other authors to 

be linked to ischemic stroke
70

, as well as to changes in bone mineral density
9
. Various other 

studies have also linked the PDE4B gene to schizophrenia, as previously mentioned
9
. 

Along with a common catalytic domain, all four subfamilies of PDE4 contain two unique 

modules that are named upstream conserved region 1 and 2 (UCR1 and UCR2, respectively)
71,72

. 

The UCR2 domain contains an auto-inhibitory domain that negatively regulates the catalytic 

activity, whereas the UCR1 domain contains regulatory phosphorylation sites for post-

translational modifications
65,71

. Moreover, PDE4 enzymes contain a divergent N- and C-terminal 
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sequences, which have been proposed to control protein-protein interactions and direct the 

subcellular location of individual PDE4D isoforms throughout the cell
51,59

 (Figure 1.8).  

 

 

Figure 1.8: Structural organizations of PDE4D splice variants. A) Top diagram depicts 

typical structure of PDE4D isoform with a catalytic domain (red), regulatory domain responsible 

for post-translational modifications and phosphorylation (blue), and divergent N- and C-terminal 

regions (green, purple respectively). B)  There are 9 different PDE4D splice variants being shown 

here, where the domains are represented by ‘barrels’ connected by ‘wires’ (putative linker 

regions). Phosphorylation sites for PKA and ERK2 (extracellular-signal-regulated kinase 2) are 

displayed as circles. The long forms (PDE4D3, PDE4D4, PDE4D5, PDE4D7, PDE4D8 and 

PDE4D9) and short forms (PDE4D1, PDE4D2 and PDE4D6) are distinguished by the complete 

or partial presence of the regulatory UCR1/2 (upstream conserved region 1/2) domain, 

respectively. Only the long forms of PDE4D contain the complete UCR1/2 domains as well as N-

terminal domains- unique to each splice variant. The unique N-terminal domains of PDE4D 

variants are thought to be responsible for targeting the enzyme to subcellular locations within the 

cell and protein-protein interactions. (Adopted from Maurice, 2011; Richter, Jin, & Conti, 2005) 
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The unique N-terminal regions of the isoforms provide the “postcodes/zipcodes” or the 

information that confers intracellular localization or targeting
21

. This targeting allows the 

isoforms to localize to specific subcellular membranes or to specific signaling protein complexes. 

By doing so, unique PDE4D-based microdomains or gradients are generated, which are 

controlled by cross-talk with the ERK signaling pathway and by PKA activation of long PDE4 

isoforms. This was first demonstrated for PDE4A1 isoform, where subcellular targeting was 

found to proceed through protein-lipid or protein-protein interactions
73,74

. The N-terminal region 

of PDE4A1 contains a pair of adjacent tryptophan residues, which forms a bilayer intersection 

module, called TAPAS-1, allowing for targeting of the isoform
21,36,61

. The insertion of the 

TAPAS-1 module is triggered upon an increase in the free intracellular calcium concentration
21,61

. 

 Further evidence of targeting through N-terminal domain was shown in studies on long 

PDE4D isoforms
33,47,48,50,75

. The N-terminal region of the long PDE4D5 isoform contains binding 

sites for the scaffolding proteins β-arrestin and RACK1 and has been demonstrated in various 

studies to be responsible for the preferential recruitment of the isoform to β-arrestin at the plasma 

membrane to orchestrate a dual desensitization event
9,50

. The long PDE4D3 isoform is 

phosphorylated at two sites by PKA, namely Ser54 in UCR1, causing activation, and Ser13 in the 

N-terminal region, causing increased binding affinity to mAKAP
47,51

. This PKA binding site in 

the N-terminal of PDE4D3 allows the isoform to interact with the PKA anchor protein, mAKAP, 

which is induced in cardiac hypertrophy and serves to relocate PDE4D3 to the perinuclear region 

of hypertrophic cardiac myocytes
9,47,51

. Moreover, as previously report by Raymond et al. (2009), 

the long PDE4D8 isoform is preferentially recruited to the leading edge of migrating pseudopodia 

in vascular myocytes compared to several other long PDE4D isoforms
48

. Together, these findings 

provide evidence and support targeting of individual isoforms via their unique N-terminal 
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domains of long PDE4D isoforms, as well as provide the basis for subcellular localization of the 

long PDE4D isoforms (Figure 1.9). 

 

 

Figure 1.9: Schematic representation of subcellular localization of individual PDE4D 

isoforms in vascular myocytes. Similarly sized long PDE4D isoforms (PDE4D3, PDE4D5, 

PDE4D7, PDE4D8 and PDE4D9) are expressed in aortic vascular smooth muscle cells. PDE4D8 

is depicted here at the leading edge of migrating pseudopodia. This model represents distinct 

compartments or “pools” of PDE4D activity, regulating localized gradients of cAMP signaling. 

(Adopted from Raymond et al., 2009)  

 

Inhibitors of PDE4 are currently being developed to treat chronic obstructive pulmonary 

disease (COPD), asthma and other inflammatory conditions
25,76

. Tethered PDE4 isoforms sculpt 

their immediate cAMP gradient in specific cellular microdomains and, in doing so, regulate the 

activation of sequestered cAMP effectors within the complex
25,27

. AKAP-tethered PDE4 activity 

gates the activation of AKAP-associated PKA and its action on tethered substrates, which include  

PDE4 long isoforms
25

. Indeed, cAMP compartmentalized activity or “sink size” depends on the 

tethered PDE4
67

 and activity regulation by inputs from associated proteins tethered to the 

enzyme, such as AKAP and PKA
9
. Indeed, there has been a rapid increase in further 

understanding PDE4 with the specific gene family, as well as their associated proteins, being 

implicated in a number of disease states and potential as candidates in therapeutic 

intervention
27,37,39

. 
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1.9 Role of PDE4D in synthetic VSMC 
 

 

In comparison to PDE4 inhibitors, it is generally accepted that PDE3 inhibitors are more 

effective in the relaxation of contractile VSMCs, however, increased selectivity in the regulation 

of cAMP-mediated events in synthetic VSMCs may be found using PDE4-selective inhibitors
9
.  

Synthetic VSMCs have an increased dependence on PDE4, where the altered PDE3/PDE4 

activity ratio that occurs during VSMC phenotypic switch from contractile to synthetic may be 

physiologically and therapeutically important
9,77

 (Figure 1.10). In the rat model of restenotic 

injury, a PDE3-selective inhibitor (cilostamide) reduces accumulation of intimal or synthetic 

VSMCs, “however, given the potential proarrhythmic potential of these compounds, it is unlikely 

that they could be used safely to reduce post-angioplasty restenosis in humans”
9
. It has been 

generally found that PDE4 inhibitors have only very modest effects on the heart, thereby 

suggesting selective PDE4 inhibitors to prove more therapeutically useful in this setting
9,78

. 

Interestingly, synthetic VSMCs also express the dual cAMP/cGMP hydrolyzing PDE1C enzyme, 

such that inhibitors of this enzyme in combination with PDE4-selective inhibitors could also be of 

therapeutic potential
9
.  

It has been shown that short-term (< 30 minutes) treatment of VSMC with cAMP-

elevating agents results in the PKA-mediated phosphorylation and activation of the expressed 

PDE4D long isoforms
9
. However, the mechanisms by which these cells use PDE4 to desensitize 

the effects of prolonged challenges with cAMP-elevating agents (> 1 hour) are markedly different 

depending upon which PDE4D isoforms are upregulated
9
. Prolonged cAMP elevation in vivo 

initiates a program involving cAMP-PKA-CREB/CRE, but not EPAC, that stimulates increased 

expression of the dominant PDE4D variants present in these cells prior to being challenged
9
. 

Further work is necessary to fully understand changes in PDE4D isoform profile and specificity 

in these cells by pharmacological inhibition of such processes. 
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Figure 1.10: Differential expression of PDE4 and PDE3 in contractile and synthetic VSMCs.  

Contractile VSMCs populate the medial layer of arteries, whereas synthetic VSMCs accumulate 

in the intimal layer in response to vascular insult. Although PDE3 and PDE4 activities are 

roughly equivalent in contractile VSMCs, a dramatic downregulation of PDE3A expression in 

synthetic VSMCs markedly increases the dependence of these cells on PDE4 for cAMP 

hydrolysis. In human VSMCs, PDE1C may also contribute to cAMP hydrolysis. Prolonged 

increases in cAMP in contractile VSMCs increases the level of expression of PDE4D1/2 long 

form variants in these cells, whereas a similar treatment markedly upregulates expression of the 

PDE4D1 and PDE4D2 short forms in synthetic VSMCs. (Adopted from Houslay et al., 2007)  

 

 

The differences by which contractile and synthetic VSMCs react to prolonged increases 

in cAMP may be of physiological and therapeutic importance. Differences in the magnitude of 

the cAMP-induced increase in PDE4 activity in contractile and synthetic VSMCs suggest that 

PDE4D upregulation plays a less significant role in desensitizing contractile VSMCs to prolonged 

actions of cAMP than in synthetic VSMCs
9,79

. The idea that is being put forth is that PDE4 

inhibitors might have a greater effect on cAMP-mediated signaling in synthetic rather than 

contractile VSMCs. Indeed, one would further believe that “PDE4D-selective inhibitors would 
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have more marked effects in neointimal VSMCs in stenotic lesions, which are by definition 

synthetic, than in contractile VSMCs present within the medial muscular layers of the artery”
9
. 

Many cAMP-dependent pharmacological agents currently being used to treat various 

cardiovascular conditions of the heart have effects on the ability of contractile VSMCs to control 

blood pressure
9,78

. Several of these agents found useful in the context of restenosis through the 

inhibition of VSMC proliferation and migration, alter blood pressure by influencing functions of 

contractile VSMCs
9
. Furthering our understanding of how cardiomyocytes and contractile or 

synthetic VSMCs control cAMP-mediated effects will be necessary in order to develop cell-type-

selective therapeutic agents
9,28,57,78

. Recent advances in our understanding of PDE4-mediated 

regulation of cAMP-signaling in these distinct cell types may prove to be important. Indeed, the 

“marked increase in the PDE4/PDE3 activity ratio that occurs during the phenotypic switch of 

VSMCs may allow PDE4 inhibitors to selectively impact synthetic VSMC functions compared 

with those in contractile VSMCs”
9,77

. Given that synthetic VSMCs significantly induce PDE4D to 

counteract the effects of prolonged cAMP signaling, selective PDE4D inhibitors may prolong or 

potentiate the effects of cAMP-elevating agents in these cells compared with those seen in 

contractile VSMCs
9
. Lastly, the use of cAMP elevating agents to reduce intimal hyperplasia is 

limited by counteractive effects of these pharmacological agents on systemic blood pressure, thus, 

further advances in PDE4D-selective agents may provide a solution to obviating this 

limitation
9,78

. 
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Research Rationale 

 Several studies have shown the dominant PDE4D subfamily, in the context of 

cardiovascular disease and cellular activity, to directly interact with PKA/AKAP complexes 

within different cell types
9,32,36,47,48,64

.  There is a growing interest in understanding the role of 

PDE4D isoforms in the regulation of cAMP-mediated events and the functional properties of 

these tethered enzymes have within these complexes. To study the potential role of individual 

PDE4D isoforms we seek to utilize the unique N-terminal targeting domains that are proposed to 

be responsible for protein-protein interactions and site-directed localization of the PDE4D 

isoforms to specific sites signaling complexes within cells
9
.  The N-terminal regions unique to 

individual isoforms contain information that confers intracellular targeting, such as binding sites 

for various proteins, such as protein kinases and signaling scaffold proteins. Indeed, β-arrestin 

preferentially recruits PDE4D5 to the plasma membrane, where the N-terminal region of 

PDE4D5 contains binding sites for the scaffolding protein and is responsible for the isoforms 

subcellular localization
9
. Based on these findings, we seek to further test the notion that N-

terminal regions of PDE4D isoforms are responsible for subcellular targeting and protein-protein 

interactions.  

 Both cardiomyocytes and aortic vascular smooth muscle cells (VSMCs) express several 

long PDE4D isoforms, to date most studies have limited their analysis to how PDE4D3 and 

PDE4D5 tethering contributes to compartmentalized cAMP signaling in cardiomyocytes
9
. 

Previous work by our laboratory using a combination of RT-PCR and selective immunoblot 

analysis identified five similarly sized ‘long’ PDE4D splice variant (PDE4D3, PDE4D5, 

PDE4D7, PDE4D8 and PDE4D9) expression in rat aortic smooth muscle cell (RASMC). Given, 

orthologs of rat and human PDE4D variants are highly conserved on protein level (>96% 

identity)
69

 and expression of these isoforms are cell-type specific
9,48,69

, the current study extends 
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on these previous findings by investigating these five long PDE4D variants in the more applicable 

cell type, human aortic smooth muscle cell (HASMC). 

 In addition, our study supports the notion of compartmentalization of cAMP-dependent 

signaling events and will provide further insight into localization of PDE4D and associated 

proteins within cells of the cardiovascular system. Enrichment of both PKA and PDE4D8, as 

previously reported by our laboratory, was found at the leading edge structures of migrating rat 

aortic VSMCs. The antagonism of PDE4D8 recruitment resulted in marked alterations in these 

actin-rich structures and significant cytoskeleton remodeling. These findings support functional 

importance of PDE4D isoforms in cell morphology and identify a potential role for disruption of 

these complexes to achieve cell-specific regulation of cAMP signaling within cells. Indeed, the 

current study allows for the continuation of this work by investigating the potential role of ‘long’ 

PDE4D isoforms in cell morphology and actin cytoskeleton dynamics and localization of PDE4D 

isoforms in cultured or ‘synthetic’ HASMCs. 
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Research Objectives and Hypothesis 

Our first main objective in this study is to develop a tool that will allow us to examine the 

effects of expressing individual PDE4D variants using an in vitro approach. Utilizing the unique 

regulatory/targeting domains of the five PDE4D variants, we will thus, engineer mammalian 

expression plasmids to allow expression of GFP/PDE4D amino-terminal (NT-PDE4D/GFP) 

constructs in 293T cells. We predict that individual NT-PDE4D/GFP chimeras (NT-

PDE4D3/GFP, NT-PDE4D5/GFP, NT-PDE4D7/GFP, NT-PDE4D8/GFP and NT-PDE4D9/GFP) 

will accumulate in distinct sub-cellular domains in 293T given their unique N-terminal targeting 

domains.  

Overexpression of individual NT-PDE4D/GFP construct serves to displace endogenous 

PDE4D isoform from their anchored site, acting as a “dominant negative” to increase cAMP 

levels and subsequently amplifying PKA activity at specific subcellular domains. As previously 

mentioned, PDE4D isoforms are known to interact with various proteins, such as PKA and 

AKAPs, where expression of NT-PDE4D/GFP constructs would additionally serve to interfere 

with potential protein-protein interactions of endogenous PDE4D isoforms. Western analysis and 

immunofluorescence microscopy will be used to characterize and visualize localization of certain 

NT-PDE4D/GFP chimera expression in transfected cells. 

Next, we seek to study the cell biological impacts associated with the overexpression of 

individual PDE4D amino-terminal variants in primary mammalian HASMCs, the relevant cell 

line in the context of restenosis and atherosclerosis. Utilizing the developed GFP-fusion plasmids, 

we will transiently transfect HASMCs with individual NT-PDE4D/GFP constructs and perform 

immunohistochemistry-based analysis to visualize and observe expression and localization of 

GFP-fusion proteins in HASMCs. Furthermore, we will investigate the role of PDE4D in cell 

morphology and migration in real time using time-lapse microscopy of microinjected HASMCs 

with individual NT-PDE4D/GFP plasmids. We hypothesize that overexpression of NT-
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PDE4D/GFP chimeras in HASMCs will impact cell biological effects such as morphology and 

migration. In addition, cAMP-elevating agents and specific PDE inhibitors will be used to study 

the cell biological effects of transfected 293T cells expressing individual NT-PDE4D/GFP 

chimeras compared to control GFP cells.  
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Chapter 2 

Materials and Methods 

2.1 Materials 

 

 

Human aortic smooth muscle cells (HASMCs), smooth muscle basal media (SMBM-2) 

and smooth muscle growth media bullet kit (SMGM-2) were purchased from Lonza 

(Walkersville,MD, USA). Lipofectamine 2000 and trypsin were purchased from Invitrogen 

(Carlsbad, CA, USA). Tissue culture flasks were obtained from Life Technologies, Inc. 

(Gaithersburg, MD, USA). GFP antibody, cilostamide, bestatin, E-64 protease inhibitor, 

leupeptin, pepstatin A, Ro-20-1724, and Forskolin were purchased from Cedarlane (Canada). 

Bicinchoninic acid (BCA) protein assay kits, BCA protein assay reagents, bovine serum albumin 

(BSA), dulbecco's modified eagle medium (DMEM), dimethyl sulfoxide (DMSO), 

ethylenediaminetetraacetic acid (EDTA), ethylene glycol tetraacetic acid (EGTA), 4-(2-

hydroxyethyl)-1- piperazineethanesulfonic acid (HEPE), magnesium chloride, sodium 

biphosphate, sodium dodecyl sulfate (SDS), sodium acetate, sodium chloride, potassium chloride, 

calcium chloride, sodium fluoride, tetramethylethylenediamine (TEMED) and Glycine were all 

from Fisher Scientific (Canada). Horse radish peroxidase (HRP) reagent was from Millipore 

(USA). HEK 293T cells were obtained from Dr. Peter Greer’s laboratory. Fibronectin and T4 

DNA ligase were from Promega (Madison, WI, USA). PolyJet in vitro DNA transfection reagent 

was purchased from SignaGen Laboratories (Ijamsville, MD, USA). QIAquick Gel Extraction 

Kit, Plasmid Mini Kit, and Plasmid Midi Kit were from QIAGEN Inc. (Valencia, CA, USA). 

Human tissue cDNA was from Zyagen Laboratories (San Diego, CA, USA). Pfu DNA 

Polymerase,  recombinant, 10X Pfu Buffer, 25 mM MgSO4, dNTP mix, FastDigest® restriction 

enzymes SalI (#FD0644) and Eco RI (#FD0274) were all from Thermo Scientific Fermentas 
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(Canada). Mammalian expression vector, pEGFP-C2 was from CLONTECH Laboratories, Inc. 

(Palo Alto, CA, USA). Glass microloader femtotips are from VWR International (Visalia, CA, 

USA). Eppendorf® micropipette transfer tips and several oligonucleotide primer sets (NT-

PDE4D3 sense- 5’- ATC TTC GAA TTC ATG ATG CAC GTG AAT AAT TTT CCC-3’, NT-

PDE4D5 sense- 5’-ATC TTC GAA TTC ATG GCT CAG CAG ACA AGC-3’, NT-PDE4D7 

sense-5’-ATC TTC GAA TTC ATG AAA AGA AAT ACC TGT G-3’, NT-PDE4D8 sense- 5’- 

ATC TTC GAA TTC ATG AGC ATT ATT ATG AAG CC-3’, NT-PDE4D9 sense- 5’- ATC TTC 

GAA TTC ATG AGC ATT ATT ATG AAG CC-3’, and NT-PDE4D common antisense- 5’-AG 

TCA GTC GAC TCA GGA GTT CCG GGA CAT AGA CTT-3’) were all ordered from Sigma-

Aldrich Canada Ltd. 

 

2.2 Cell culture 

 

 

Human aortic smooth muscle cells (HASMCs) isolated from human donors were 

maintained in smooth muscle basal media (SmBM-2) 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). HEK (human embryonic kidney) 293T 

cells were cultured in Dulbecco’s Modified Eagle Media (DMEM) supplemented with 10% FBS, 

and 1% PSF (penicillin, streptomycin, fungicide). Both types of cell lines were incubated in a 

37°C humidified chamber containing 5% CO2/95% air. Cells were cultured on tissue culture-

treated dishes. Both HASMCs and HEK 293T cells were sub-cultured using trypsin/EDTA when 

cells reached 90% confluence. When used in experiments HASMCs had been sub-cultured 

between 2 and 10 times. 
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2.3 Transient DNA transfections 

 

 

Examination of the N-terminal sequences of five long-form variants of PDE4D (NT-

PDE4D3, NT-PDE4D5, NT-PDE4D7, NT-PDE4D8, NT-PDE4D9) was done by overexpression 

of GFP-constructs fused to the unique N-terminal sequences of each long-form variant through 

the use of transient transfections. Briefly, HEK 293T cells at 90% confluence were transfected 

using Lipofectamine 2000 (0.2μg of DNA: 1 μl Lipofectamine 2000) as per manufacturer’s 

protocol. Following removal of transfection mix, and addition of DMEM with supplements, cells 

were allowed to propagate for 24h prior to use in experiments.  

Transient transfections were also performed on HASMCs expressing constructs of GFP-

fused with amino terminal domains of PDE4D splice variants using polymer-based PolyJet® 

transfection reagent (0.6μg DNA: 1μl PolyJet transfection reagent) as described by 

manufacturer’s protocol. Briefly, 35 000 cells/fibronectin-coated coverslips were plated into 24-

well culture dish, where transfected cells were allowed to propagate for 48 h. Transfection mix 

was removed after 6 h post-transfection and cells were re-supplemented with SmGM-2 and 

placed back into 5% CO2 incubator prior to use in experiment.    

 

2.4 Generation of expression constructs and PCR-based amplification  

 

 

 Oligonucleotide primer sets designed for the selective amplification of the unique amino-

terminal sequences of the individual PDE4D splice variants expressed in human vascular smooth 

muscle cells, namely PDE4D3, PDE4D8, PDE4D9, PDE4D5, or PDE4D7 (Table 2.1), were used 

to amplify by polymerase chain reaction (PCR) these sequences from human brain cDNA. PCR 

products of these reactions were sequenced and shown to be correct (Table 2.2). PCR products 

were ran on 1% agarose gel electrophoresis to separate correct band size of mRNA , which was  
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Oligonucleotides Primer Sequence 

NT-PDE4D3 sense 5’- ATCTTCGAATTCATGATGCACGTGAATAATTTTCCC-3’ 

NT-PDE4D8 sense 5’- ATCTTCGAATTCATGGCTTTTGTTTGGGATC-3’ 

NT-PDE4D9 sense 5’- ATCTTCGAATTCATGAGCATTATTATGAAGCC-3’ 

NT-PDE4D5 sense 5’-ATCTTCGAATTCATGGCTCAGCAGACAAGC-3’ 

NT-PDE4D7 sense 5’-ATCTTCGAATTCATGAAAAGAAATACCTGTG-3’ 

NT-PDE4D (common) 

antisense 

5’-AGTCAGTCGAC TCAGGAGTTCCGGGACATAGACTT-3’ 

 

Table 2.1: Oligonucleotides used for PCR-based amplification of oligo-dT primed cDNAs. 

Sense primers are unique to each PDE4D isoform due to the different N-terminal region 

sequence. Antisense primer is the same for all PDE4D ‘long’ isoform. Restriction sites are 

italicized; Eco RI (5‘-GAATTC-3’), SalI (5’-GTCGAC-3’).  

 

Chimeric Protein Protein Sequence  

NT-PDE4D3/GFP 
(74 residuals)  

MMHVNNFPFR RHSWICFDVD NGTSAGRSPL DPMTSPGSGL 
ILQANFVHSQ RRESFLYRSD SDYDLSPKSM SRNS  

NT-PDE4D9/GFP 
(80 residuals) 

MSIIMKPRSR STSSLRTAEA VCFDVDNGTS AGRSPLDPMT 

SPGSGLILQA NFVHSQRRES FLYRSDSDYD LSPKSMSRNS 
 NT-PDE4D8/GFP 

(88 residuals) 
 

MAFVWDPLGA TVPGPSTRAK SRLRFSKSYS FDVDNGTSAG 

RSPLDPMTSP GSGLILQANF VHSQRRESFL YRSDSDYDLS 

PKSMSRNS   
 NT-PDE4D5/GFP 

(147 residuals) 
MAQQTSPDTL TVPEVDNPHC PNPWLNEDLV KSLRENLLQH 

EKSKTARKSV SPKLSPVISP RNSPRLLRRM LLSSNIPKQR 

RFTVAHTCFD VDNGTSAGRS PLDPMTSPGS GLILQANFVH 

SQRRESFLYR SDSDYDLSP KSMSRNS   

 
NT-PDE4D7/GFP 
(149 residuals) 

MKRNTCDLLS RSKSASEETL HSSNEEEDPF RGMEPYLVRR 

LSCRNIQLPP LAFRQLEQAD LKSESENIQR PTSLPLKILP 

LIAITSAESS GFDVDNGTSA GRSPLDPMTS PGSGLILQAN 

FVHSQRRESF LYRSDSDYDL SPKSMSRNS 

 

Table 2.2: Protein sequence of certain NT-PDE4D/GFP chimeras. Amino acid sequence of 

PCR-amplified amino-terminal fragments of long PDE4D isoforms (NT-PDE4D3, NT-PDE4D5, 

NT-PDE4D7, NT-PDE4D8 and NT-PDE4D9). DNA sequencing of individual NT-PDE4D/GFP 

chimeric protein samples confirmed correct expression of each PDE4D isoform.  

 

then extracted and purified using QIAquick Gel Extraction Kit (QIAGEN Inc., Valencia, CA, 

USA). Amino-terminal domains of individual PDE4D splice variants (NT-PDE4D3, NT-

PDE4D8, NT-PDE4D9, NT-PDE4D5, and NT-PDE4D7) were purified and subsequently ligated 
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between the EcoRI and SalI restriction sites of a mammalian expression vector, pEGFP-C2. This 

cloning positioned the unique PDE4D sequences such that they are in frame with GFP allowing 

for the generation of the following GFP-fusion constructs: NT-PDE4D3/GFP, NT-PDE4D8/GFP, 

NT-PDE4D9/GFP, NT-PDE4D5/GFP, and NT-PDE4D7/GFP (Figure 2.1). Purification of 

plasmid DNA from E. coli bacteria liquid culture was done using Plasmid Mini and Midi Kits 

(QIAGEN Inc., Valencia, CA, USA). Eluted DNA concentrations were measured using 

NanoDrop 2000 spectrophotometer prior to transfections.   

 

                                    

Figure 2.1: Schematic representation of certain NT-PDE4D/GFP constructs.  Green 

fluorescent protein (GFP) expression constructs encoding only the unique amino-terminal regions 

of ‘long’ PDE4D isoforms and a common upstream conserved region 1 (UCR1) linker sequence 

(NT-PDE4D3, NT-PDE4D5, NT-PDE4D7, NT-PDE4D8 and NT-PDE4D9).     

 

 

2.5 Western blotting and immunofluorescence microscopy 

 

 

Identification of individual NT-PDE4D variant protein expression in transfected HEK 

293T cell was examined by BCA protein assay and western blotting. HEK 293T cell lysates were 

generated by homogenization of confluent monolayers of transfected HEK 293T cells in a Tris 

(50 mM, pH 7.4)-based buffer supplemented with 5 mM magnesium chloride, 5 mM 
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benzamidine, 1% Triton X-100, 150 mM sodium chloride, 5 mM sodium pyrophosphate, 10 mM 

sodium β-glycerophosphate, 1 μg/ml pepstatin A, 2 μg/ml E-64, 100 μg/ml phenylmethylsulfonyl 

fluoride (PMSF), 2 μg/ml leupeptin and 0.1 mM dithiothreitol (DTT), followed by centrifugation 

of this homogenate at 10000 ×g. Proteins isolated from transfections of NT-PDE4D/GFP 

constructs were resolved by SDS PAGE, transferred to nitrocellulose membranes and 

immunoblotted for the proteins of interest using anti-GFP antisera (1:1000). 

For immunofluorescence staining and imaging, transfected cells of individual NT-

PDE4D/GFP constructs were fixed with 4% paraformaldehyde and stained for GFP (anti-GFP 

antisera; 1:1000), nuclei (DAPI; 1:1000) and F-actin (TRITC-phalloidin; 1:1000).  Cells were 

subsequently mounted onto glass slides, visualized using a Zeiss Axiovert S100 microscope with 

fluorescence capability and imaged (Slidebook 5.0 software, 3I, Denver, CO).  

 

2.6 PDE4 inhibition and/or cAMP-elevating drugs impact on cell morphology and 

dynamics 

 

 

Control GFP or NT-PDE4D7/GFP expressing 293T cells were incubated with the PDE4 

family-selective inhibitor Ro 20-1724 (10µM) or with both Ro-20-1724 and Fsk (10µM). 

Specifically, 15 000 cells were plated onto fibronectin-coated 35 mm culture dish 24 h prior to 

experiment. Cells were labelled with Cell Tracker (Orange; 1:3000 dilutions in DMEM Basal 

media) for 25 min. Time lapse microscopy imaged control, non-treated cells for an initial 5 min at 

30 sec intervals. Family specific PDE4 inhibitor, Ro 20-1724 (10µM; 100µl) was added to cells 

at 5 min time point and effect of Ro-treated cells was captured for a subsequent 10 min period. At 

the 15 min time point, Fsk (10µM; 100µl) was then added to Ro-treated cells. Time lapse analysis 

imaged effect of Ro 20-1724 + Fsk- treated cells for a final 15 min, where the last experimental 

image was captured at 30 min. Time frames were then converted to a video recording of time 
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lapse images at 0.5 sec/frame to allow for further time lapse microscopy-based analysis 

(Slidebook 5.0 software, 3I, Denver, CO). 

 

2.7 Single cell microinjection and time lapse microscopy-based analysis  

 

 

Overexpression of certain NT-PDE4D/GFP constructs impact on cell migration and 

morphology was done through the use of single cell microinjection. Briefly, 15 000 cells were 

plated onto fibronectin-coated 35 mm culture dish 24 h prior to microinjection experiment. Using 

a FemtoJet® Microinjector (Laboratory of Dr. Allen Mak, Queen’s University, Kingston, 

Canada), plasmid DNA (0.224 µg/µl) of either GFP or NT-PDE4D7/GFP were microinjected into 

HASMCs as described in Zhang, 2007
80

. Microinjected cells were allowed to express for 24 h in 

a 37°C humidified chamber containing 5% CO2/95% air until time lapse microscopy of cells. For 

these studies, either GFP or NT-PDE4D7/GFP expressing HASMCs were imaged for X amount 

of time at 30 min intervals in migration vessels at constant temperature (37°C). Time lapse 

images of migrating cells were captured under FITC-fluorescence using a Zeiss Axiovert S100 

microscope, which were then converted to video recordings at 0.5 sec/frame. Quantitative 

analysis of random migration of cells using time-lapse video microscopy was analyzed by 

Particle Tracking Protocol (Slidebook 4.2 software, Denver, CO, USA). Average speed 

(microns/sec) of individually selected cells was calculated for control non-injected cells, GFP 

expressing cells and NT-PDE4D7/GFP expressing cells. All experiments were repeated at least 4 

times. Statistical differences were determined by two-tailed, equal variance Student’s t-test with 

significance considered at p < 0.05.  
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Chapter 3 

Results 

 

3.1 Construction and validation of mammalian expression vectors allowing 

expression of human PDE4D splice variant specific amino-terminal sequences fused 

with GFP 

 

 

 Oligonucleotide primer sets designed for the selective amplification of the unique amino-

terminal sequences of the individual PDE4D splice variants expressed in human vascular smooth 

muscle cells, namely PDE4D3, PDE4D8, PDE4D9, PDE4D5 or PDE4D7 (Table 2.1), were used 

to amplify by polymerase chain reaction (PCR) these sequences from human brain cDNA. 

Products of these reactions were sequenced and shown to be correct (Table 2.2). Amino-terminal 

domains of individual PDE4D splice variants were purified and subsequently ligated between the 

EcoRI and SalI s i t e s  o f  a  mammalian expression vector, pEGFP-C2. This cloning positioned 

the unique PDE4D sequences such that they were in frame with GFP. E xpression of t h e  

c o n s t ru c t s  was  t e s t ed  b y  t r a n s i e n t  t r a n s f e c t i on  i n  293T cells. Immunoblot 

analysis using an anti-GFP antibody showed that transfected cells expressed GFP-chimera of the 

expected sizes (Table 3.1 and Figure 3.1). As observed in the representative immunoblot, levels 

of expression were similar for PDE4D3, PDE4D8 and PDE4D9. In contrast, levels of 

expression of PDE4D5 and PDE4D7 were lower than those obtained for the shorter constructs 

(Figure 3.1 and Appendix Figure I). While transfection of 293T cells with the NT-

PDE4D/GFP expression plasmid allowed expression of mostly full-length NT-PDE4D7/GFP 

(~43 kDa), evidence that the other constructs were each partially cleaved in 293T cells  was 

obviously based on the presence of anti-GFP immunoreactive products with molecular masses 
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close to that of GFP (~27 kDa). As a percentage this effect was most marked when cells were 

made to express NT-PDE4D5/GFP. 

 

Chimeric protein Expected Molecular Weight 

NT-PDE4D3/GFP 
(7sidua;s  
reresid 

35.35 kDa 

NT-PDE4D9/GFP 35.7 kDa 

NT-PDE4D8/GFP 36.59 kDa 

NT-PDE4D5/GFP 43.4 kDa 

NT-PDE4D7/GFP 43.55 kDa 

 

Table 3.1: Anticipated sizes of NT-PDE4D-GFP chimera. 

 

 

Figure 3.1: Western analysis of NT-PDE4D/GFP constructs in HEK 293T cells. NT-

PDE4D/GFP chimera expressing 293T cell lysates were run on an SDS/PAGE gel, and detected 

by Western blotting using anti-GFP antiserum, and compared to molecular weight marker 

indicated at the left. Lysate of non- transfected cells was loaded as negative control. The 

expected molecular weight size of approx. 27 kDa for GFP, approx. 35 kDa for NT-

PDE4D3/8/9, and approx. 43 kDa for NT-PDE4D5/7 are indicated on the left. 
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3.2 Expression of certain NT-PDE4D/GFP fusions impact 293T cell morphology 
 

 

 Overexpression of GFP or of the 5 distinct NT-PDE4D/GFP chimeric proteins described 

above in 293T cells for 48 h did not provide marked evidence of their accumulation in distinct 

subcellular regions in these cells. Expression of GFP and all GFP-tagged chimeric proteins were 

largely pan-cellular (Figure 3.2-Figure 3.7); however, distinct perinuclear subcellular localization 

of NT-PDE4D8/GFP chimeric protein was also observed in NT-PDE4D8/GFP expressing 293T 

cells (Figure 3.5). Interestingly, expression of certain of these proteins for 48 h in 293T cells did 

significantly alter their morphology. Thus, while expression of GFP (Figure 3.2), NT-

PDE4D3/GFP (Figure 3.3), NT-PDE4D8/GFP (Figure 3.5) or NT-PDE4D9/GFP (Figure 3.6) in 

293T cells did not markedly alter the appearance of these cells, expression of NT-PDE4D5/GFP 

(Figure 3.4) or NT-PDE4D7/GFP (Figure 3.7) did. Indeed, while cells expressing either GFP, or 

one of the three shorter NT-PDE4D/GFP chimeric proteins were largely similar in appearance, 

those expressing NT-PDE4D5/GFP or NT-PDE4D7/GFP had significantly differed in 

appearance. Indeed, cells expressing NT-PDE4D5/GFP had more prominent extensions which 

were marked with significant accumulations in cortical actin (Figure 3.4). Even more marked 

was the impact of NT-PDE4D7/GFP expression on the appearance in 293T cells. Indeed, cells 

expressing NT-PDE4D7/GFP exhibited a highly elongated cell shape with further evidence of 

long inter-cellular adhesive structures (Figure 3.7). Further observations showed a small 

percentage of NT-PDE4D7/GFP expressing cells displayed an irregular cellular shape where 

highly elongated “tails” were visualized (Figure 3.8). In certain NT-PDE4D7/GFP expressing 

293T cells the “tail-like” structures could reach between 150-200 microns in length.  
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Figure 3.2: Effect of expression of GFP on 293T cell morphology. 293T cells transiently 

transfected with a mammalian expression plasmid encoding GFP were fixed and stained for GFP 

(anti-GFP antiserum, green), F-actin (TRITC-phalloidin, red) and nuclei (DAPI, blue). Images of 

cells were acquired using a Zeiss Axiovert S100 microscope and processed as described in 

Materials & Methods. Images are representative of cells transfected with the plasmid in 4 

separate experiments and are shown at 20X (left) and 40X (right), respectively. 
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Figure 3.3: Effect of expression of NT-PDE4D3/GFP on 293T cell morphology. 293T cells 

transiently transfected with a mammalian expression plasmid encoding NT-

PDE4D3/GFP were fixed and stained for GFP (anti-GFP antiserum, green), F-actin (TRITC-

phalloidin, red) and nuclei (DAPI, blue). Images of cells were acquired using a Zeiss Axiovert 

S100 microscope and processed as described in Materials & Methods. Images are representative 

of cells transfected with the plasmid in 4 separate experiments and are shown at 20X (left) and 

40X (right), respectively. 
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Figure 3.4: Effect of in vitro transient transfection of NT-PDE4D5/GFP construct in 293T 

cells on cell morphology. NT-PDE4D5/GFP expressing cells exhibited a more dynamic 

phenotype in comparison to control GFP, with distinct actin accumulations at peripheral, leading 

edge structures (right panel). Transfected cells were visualized following staining for GFP (anti-

GFP antiserum) (green), F-actin (TRITC-phalloidin) (red) and nuclei (DAPI) (blue). Fluorescent 

images were acquired using a Zeiss Axiovert S100 microscope and processed as described in 

Materials & Methods. Images are representative of 4 individual experiments; 20x and 40x 

magnification, respectively. 
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Figure 3.5: Effect of expression of NT-PDE4D8/GFP on 293T cell morphology. 293T cells 

transiently transfected with a mammalian expression plasmid encoding NT-

PDE4D8/GFP were fixed and stained for GFP (anti-GFP antiserum, green), F-actin (TRITC-

phalloidin, red) and nuclei (DAPI, blue). Images of cells were acquired using a Zeiss Axiovert 

S100 microscope and processed as described in Materials & Methods. Images are representative 

of cells transfected with the plasmid in 4 separate experiments and are shown at 20X (left) and 

40X (right), respectively. 
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Figure 3.6: Effect of expression of NT-PDE4D9/GFP on 293T cell morphology. 293T cells 

transiently transfected with a mammalian expression plasmid encoding NT-

PDE4D9/GFP were fixed and stained for GFP (anti-GFP antiserum, green), F-actin (TRITC-

phalloidin, red) and nuclei (DAPI, blue). Images of cells were acquired using a Zeiss Axiovert 

S100 microscope and processed as described in Materials & Methods. Images are representative 

of cells transfected with the plasmid in 4 separate experiments and are shown at 20X (left) and 

40X (right), respectively. 
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Figure 3.7: Effect of in vitro transient transfection of NT-PDE4D7/GFP construct on cell 

morphology in 293T cells. Overexpression  of  NT-PDE4D7/GFP  constructs  resulted  in  

marked  impact  on  cell morphology  in  comparison  to  control  GFP  cells.  NT-

PDE4D7/GFP expressing cells exhibited an elongated cell body with multiple cellular 

extensions (a-b) and co-localization with actin structures (c). Transfected with a mammalian 

expression plasmid encoding NT-PDE4D7/GFP were fixed and stained for GFP (anti-

GFP antiserum, green), F-actin (TRITC-phalloidin, red) and nuclei (DAPI, blue). Images o f  

c e l l s  were acquired using a Zeiss Axiovert S100 microscope and processed as described in 

Materials & Methods. Images are representative of cells transfected the plasmid in 4 individual 

experiments; 20X (a-b) and 40X (c-d), respectively. 

 

  

a b 

c d 



 

46 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8: Overexpression of NT-PDE4D7 in 293T cells result in elongated tail 

morphology. Representative images of NT-PDE4D7/GFP expressing cells exhibiting “tail-like” 

structures (left and right). Transfected cells were fixed and stained for GFP (anti-GFP 

antiserum, green) and nuclei (DAPI, blue). White arrow indicates distinct accumulations of NT-

PDE4D7 in elongated tail of rear end of transfected cell (left). Images of cells were acquired 

using a Zeiss Axiovert S100 microscope and processed as described in Materials & Methods. 

Images are representative of cells transfected with the plasmid in 4 separate experiments and are 

shown at 40X.  
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3.3 Effect of PDE4 inhibition and/or cAMP-elevating drugs on 293T cells 

expressing NT-PDE4D7/GFP 

 

 

 

 GFP or NT-PDE4D7/GFP expressing 293T cells, labeled with Cell Tracker (Orange) 

were incubated  wi th  t he  PDE4 family-selective inhibitor Ro 20-1724 (10µM) or with both 

Ro and Fsk (10µM). In comparison to the effects of these treatments on control GFP expressing 

cells (Figure 3.9a-d), a marked impact on cell morphology upon addition of these agents 

was noted in NT-PDE4D7/GFP-expressing cells (Figure 3.10a-d), where rapid contraction of 

cellular projection was observed after treatment with Ro 20-1724 (10 µM) (Figure 3.10b). 

Furthermore, addition of Fsk (10µM) to Ro-treated cells potentiated effect of Ro- inhibition, 

where we observe further retraction of cellular extensions (Figure 3.10c). Indeed, continued 

treatment of both Ro 20-1724 and Fsk resulted in a cellular remodeling of NT-PDE4D7 

expressing cell (Figure 3.10d). 
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Figure 3.9: Effect of PDE4 inhibition and cAMP-elevating drug-treatment on control GFP 

cells on cell morphology. Transfected cells expressing GFP on fibronectin-coated coverslips 

were treated with cell tracker (TRITC) (red) prior to drug treatments experiment. 

Representative fluorescent images of time lapse analysis of control GFP cells (FITC) (green) 

were acquired using a Zeiss Axiovert S100 microscope and processed as described in Materials 

& Methods. Inhibition of PDE4 with Ro 20-1724 (10µM) (b) did not impact cell morphology 

compared to non-treated, control GFP cells (panel i). No significant change in cell morphology 

when AC activator, Fsk (10µM) was added to Ro-treated cells (c), where images were captured 

for a final additional 15 minutes (d). (20X) 

  

 

 

 

a. 0 min (Control- No Treatment) b.   5 min (10µM Ro 20-1724) 

c.   15 min (10µM Ro 20-1724 + 10µM Fsk) d.   30 min (10µM Ro 20-1724 + 10µM Fsk) 
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Figure 3.10: Effect  of  PDE4  inhibition  and  cAMP-elevating  drug-treatment  on  NT-

PDE4D7/GFP expressing cells on cell morphology. Transfected cells expressing GFP on 

fibronectin-coated coverslips were treated with cell tracker (TRITC) (red) prior to drug 

treatments experiment. Representative fluorescent images of time lapse analysis of control GFP 

cells (FITC) (green) were acquired using a Zeiss Axiovert S100 microscope and processed as 

described in Materials & Methods. Inhibition of PDE4 with Ro 20-1724 (10µM) (b) markedly 

impacted cell morphology compared to non-treated, control cells (a). Furthermore, addition of 

AC activator, Fsk (10µM) to Ro-treated cells potentiated effect of Ro-inhibition (c). Effects on 

addition of Fsk to Ro- treated cells were captured for a final additional 15 minutes (d). (20X) 

 

 

 

 

 

 

a. 0 min (Control- No Treatment) b.   5 min (10µM Ro 20-1724) 

 

c.   15 min (10µM Ro 20-1724 + 10µM Fsk) 

 

d.   30 min (10µM Ro 20-1724 + 10µM Fsk) 
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3.4 Expression of certain NT-PDE4D/GFP fusions impact HASMC cell morphology 
 

 To test whether expression of the NT-PDE4D/GFP proteins could similarly impact the 

morphology of human arterial smooth muscle cells (HASMCs), we next assessed the impact of 

expressing the NT-PDE4D/GFP variants in these cells. Overall, expression of these variants in 

HASMCs largely recapitulated the effects observed in 293T cells (see above). Thus, expression 

of native GFP in HASMCs did not alter the overall appearance of these cells when compared to 

control non-transfected HASMCs (Figure 3.11). Similarly, NT-PDE4D3/GFP, NT-

PDE4D8/GFP or NT-PDE4D9/GFP expressing HASMCs also displayed overall morphologies 

similar to those expressed by the GFP expressing and the control non-transfected HASMCs 

(Figure 3.12a, c, and d). In contrast to what was observed in 293T cells expressing NT-

PDE4D5/GFP, expression of NT-PDE4D5/GFP in HASMCs did not markedly a l t e r  t h e  

overall morphology of these cells (Figure 3.12b). 
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Figure 3.11: Effect of overexpression of native GFP in HASMCs does not impact their 

overall morphology. Representative image of control GFP cells in HASMCs, where transfected 

cells were fixed and stained for GFP (anti-GFP antiserum, green) and nuclei (DAPI, blue).  

Images were acquired using a Zeiss Axiovert S100 microscope and processed as described in 

Materials & Methods. Images are representative of cells transfected with the plasmid in at least 4 

individual experiments and are shown in 40X. 
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Figure 3.12: Overexpression of several NT-PDE4D/GFP variants impact on cell morphology 

in HASMCs. Representative images of NT-PDE4D/GFP expressing cells in HASMCs: a) NT-

PDE4D3/GFP-, b) NT- PDE4D5-, c) NT-PDE4D8-, d) NT-PDE4D9- expressing HASMCs. 

Transfected cells were fixed and stained for GFP (anti-GFP antiserum, green) and nuclei (DAPI, 

blue).  Images were acquired using a Zeiss Axiovert S100 microscope and processed as 

described in Materials & Methods. Images are representative of cells transfected with the 

plasmid in at least 4 individual experiments and are shown in 40X. 
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Interestingly, expression of NT-PDE4D7/GFP in HASMCs caused these cells to display 

a markedly different morphology than that seen in cells expressing the other NT-PDE4D/GFP 

proteins or native GFP. Indeed, these cells were observed to have a dynamic cellular phenotype 

marked by multiple leading edge structures (Figure 3.13a-b) and with highly elongated tails 

(Figure 3.13c-d). Moreover, elongated “tails” displayed by some of these cells spanned over 200 

microns in length, surpassing those seen in NT- PDE4D7/GFP expressing 293T cells (Figure 

3.8). In fact, in several of the experiments in which the impact of NT-PDE4D7/GFP was tested in 

HASMCs the “tails” were often t o o  l o n g  t o  a l l o w v i s u a l i z a t i o n  i n  o n e  c o n t i gu o u s  

f i e l d  o f  view (Figure 3.13c). While NT-PDE4D7/GFP was readily visualized throughout these 

cells, in many cells the level of expression of this protein in these “tails” was higher than in the 

bulk cell body (Figure 3.13d). These observations, which are consistent with our earlier findings 

using the 293T cell model (Figure 3.7 and Figure 3.8), suggest that the impact of this protein on 

the morphology of these cells is common.  
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Figure 3.13: Over-expression of GFP-NT-PDE4D7 markedly altered HASMCs overall 

morphology. NT- PDE4D7 cells exhibited highly elongated tails (a-b) and multiple leading edge 

structures (c-d). Transfected cells were fixed and stained for GFP (anti-GFP antiserum, green) and 

nuclei (DAPI, blue).  Images were acquired using a Zeiss Axiovert S100 microscope and 

processed as described in Materials & Methods. Images are representative of cells transfected 

with the plasmid in at least 4 individual experiments and are shown in 40X. 
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3.5 Time lapse analysis of the migration of NT-PDE47/GFP expressing HASMCs 
 
 
 

 We next tested whether the morphology exhibited by HASMCs expressing NT-

PDE4D7/GFP resulted from an effect of NT-PDE4D/GFP expression on HASMC migration. In 

order to assess this possibility, we carried out a series on time-lapse studies in which the rate and 

direction of HASMCs were measured for a period of hours. For these studies, cultured HASMCs 

were microinjected with either GFP or NT-PDE4D7/GFP constructs. Given the low transfection 

efficiency in HASMCs, we were able to increase efficiency rate and cell viability through a 

single-cell microinjection-based approach. Indeed, both GFP and NT-PDE4D7/GFP expressing 

cells were healthier post-injection compared to transfected cells, as well as a decrease in cell 

mortality. 

 After 24h post-injection, NT-PDE4D7/GFP, or GFP expressing HASMCs were then 

labeled with Cell Tracker (Orange) and imaged over a period of hours in migration vessels at 

constant temperature. As predicted based on our previous findings, HASMCs expressing GFP 

exhibited typical HASMC cell morphology and migrated in a manner indistinguishable from that 

seen of their non-GFP expressing neighbour’s (Appendix Video I ). I n  c o n t r a s t ,  NT-

PDE4D7/GFP expressing cells displayed highly elongated “tails” compared to the non NT-

PDE4D/GFP expressing neighbours (Figure 3.14a). When this was measured, NT-PDE4D7/GFP-

expressing HASMCs migrated more slowly than their non-NT-PDE4D7/GFP expressing 

neighbours (Appendix Video II). Indeed, analysis of time-lapse videos indicated that NT-

PDE4D7/GFP-expressing cells migrated at a slower rate and that this effect was related to the 

inability of these cells to retract their “tails”. Indeed,  i n  one  v ideo  a nalysis captured the 

eventual cleavage of the elongated tail (Figure 3.14c and Appendix Video II). Interestingly, our 

analysis of these videos indicated that following tail detachment the NT-PDE4D7/GFP-expressing 

HASMCs could migrate at an increased rate and a rate that was comparable to that displayed by 
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the non-NT-PDE4D7/GFP expressing cells. Indeed, when average migratory velocities of 

migrating HASMCs were measured it was found that NT-PDE4D7/GFP-expressing cells were 

reduced by approximately 40% w h e n  c o m p a r e d  t o  t h a t  o f  c e l l s  e x p r e s s i n g  

G F P  (Table 3.1 and Figure 3.15). The marked reduction in average speed of NT-PDE4D7 

expressing cells indicates a potential role of PDE4D7 in the regulation of cell retraction 

dynamics at the rear end of migrating HASMCs. 
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Figure 3.14: Time  lapse  analysis  of  effect  of  overexpression  of  NT-PDE4D7/GFP  in  

HASMCs  on  cell morphology and migration. NT-PDE4D7 expressing cells exhibit elongated 

tail and decrease in cell migration compared to non-injected control cells. HASMCs were 

microinjected with NT-PDE4D7/GFP construct. Particle tracking of NT-PDE4D7 cells (cell 

body/nucleus indicated by yellow asterisk) showed cleaving and full detachment of elongated tail 

(indicated by white arrows). Representative images of micoinjected NT-PDE4D7 cells were 

taken 24 h post-injection overnight at 30min intervals using a Zeiss Axiovert S100 microscope 

and processed as described in Materials & Methods. (10X) 
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Condition  Average migration velocity  (microns/hr) 

Non-injected cells 46.39 +/- 0.00 

GFP control cells 52.55 +/- 0.001 
 

NT-PDE4D7/GFP cells 26.54 +/- 0.00* 
 

 

Table 3.2: Average speed of microinjected NT-PDE4D7 cells compared to non-injected and 

GFP control cells. Migration velocities calculated using Slidebook® Particle Tracking tool and 

time lapse analysis. Average migration velocity values are representative data of four individual 

experiments (n=4). * indicates a significant difference between treatment and control (p<0.05). 

 

 

 

 

Figure 3.15:  Overexpression of NT-PDE4D7/GFP constructs results in decreased migration 

of HASMCs. Average speed of microinjected NT-PDE4D7 cells as percentages of control ± 
S.E.M. Representative data of four individual experiments (n=4), where * indicates a significant 

difference between treatment and control (p<0.05). 
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 Furthermore, time lapse microscopy-based analysis captured some fundamental 

processes involved in cell migration of NT-PDE4D7 expressing cells. Indeed, the effect of 

overexpression of NT- PDE4D7/GFP construct impact on key events of normal cell migration 

was studied. During normal cell migration processes, cells travel across a surface by extending 

their leading edge and adhering to a surface, while the attached edge must pull the remainder of 

the cell forward
10,81

. These critical cellular processes involved in normal cell migration were 

observed in NT-PDE4D7 expressing cells, however, the final step of cell rear retraction was 

impacted in these cells. Elongated tails of NT-PDE4D7 were unable to properly retract into the 

body of the cell as it moved in the direction of cell movement (Figure 3.16a). The sudden break 

of the rear end (32h post- injection) and the retraction of the remaining attached end into the cell 

body, left behind small fragments of adherent plasma membrane and cytoplasm (Figure 3.16b). 

Moreover, these remaining fragments expressed NT-PDE4D7/GFP, indicating presence of 

PDE4D7 activity in cell retraction processes of migrating HASMCs. Thus, time lapse analysis of 

NT-PDE4D7 expressing cells crawling along the surface of a tissue-culture dish provided 

insight into the potential biochemical machinery that is involved in HASMC migration. 
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Figure 3.16: Effect of overexpression of NT-PDE4D7/GFP construct impact on cellular 

retraction of rear end in HASMCs. Time lapse microscopy images of NT-PDE4D7 expressing 

cell with multiple elongated tails (a) and detachment of rear end from cell body, where remaining 

fragments of adherent plasma membrane and cytoplasm are indicated by white arrows (b). 

Fluorescent FITC-images (green) were acquired using a Zeiss Axiovert S100 microscope and 

processed as described in Materials & Methods. (10X) 
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Chapter 4  

Discussion 

4.1 Summary of Findings 

 

 

 PDE4 isoforms have been shown to play key roles in several cAMP-mediated signaling 

complexes in various types of cells and tissues, however, only recently have the functional 

consequences of similarly tethering PDEs in cells begun to be analyzed systemically
48

. Previous 

studies have reported on specific long splice variants of PDE4D isoforms, largely PDE4D3, 

PDE4D5, and PDE4D8, however, a comprehensive study is necessary for the further 

understanding of selective PDE4D-based signaling dynamics. In this study, we extend on earlier 

work using cultured rat vascular myocytes to comprehensively approach these issues in human 

vascular myocytes. Indeed, we investigated the possibility that individual “long” PDE4D 

isoforms in 293T and in HASMC might be differentially targeted. To accomplish this, we 

developed and overexpressed GFP constructs encoding unique N-terminals of PDE4D variants 

(NT-PDE4D/GFP), which would act as a “dominant negative”, competing with endogenous 

PDE4D isoforms and interfering with its binding partners within subcellular compartments.  

These constructs were shown to be useful as effective molecular tools, allowing for the 

investigation of individual NT-PDE4D/GFP expression using both transient transfection- and 

single cell microinjection-based experiments. Contrary to what was expected, expression of each 

individual NT-PDE4D/GFP chimera in both 293T and HASMCs, resulted in their largely pan-

cellular expression throughout these cells. Although distinct localization of individual NT-

PDE4D/GFP constructs was not detected in these studies, overexpression of certain individual 

NT-PDE4D/GFP constructs did markedly impact cellular morphologies in both 293T cells and 

HASMCs. For instance, in NT-PDE4D7/GFP expressing HASMCs, a marked phenotype was 
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observed that was characterized by the appearance of an elongated tail compared to the bulk cell 

body. Although our studies showed that each NT-PDE4D5/GFP and NT-PDE4D7/GFP 

expressing cells exhibited an elongated cell morphology, this effect was much more marked in 

cells overexpressing NT-PDE4D7/GFP. Moreover, these cells formed multiple leading edge 

structures in conjunction with these highly elongated “tails”, providing evidence of a distinct 

overexpression phenotype in NT-PDE4D7/GFP expressing cells. In contrast to what was 

observed in cells expressing either NT-PDE4D5/GFP or NT-PDE4D7/GFP constructs, 

overexpression of NT-PDE4D3/GFP, NT-PDE4D8/GFP, and NT-PDE4D9/GFP constructs did 

not markedly impact cell morphology in either the 293T cells or the HASMCs. Overall, we 

believe that our data identify a potential role for PDE4D7 targeting in the regulation of cell 

polarity and migration. Indeed, the bulk of our data are consistent with the novel idea that 

PDE4D7, rather than the four other long PDE4D isoforms (PDE4D3, PDE4D5, PDE4D8, or 

PDE4D9), represents the dominant PDE4D variant involved in controlling cAMP-mediated 

effects on cell tail retraction dynamics. More globally, our data support the emerging hypothesis 

that distinct PDE4D variants integrate into PKA-based complexes in vascular myocytes and 

identify a potentially important role for disruption of these complexes to achieve cell-specific 

regulation of cAMP signaling in cells of the cardiovascular system
48

. 

 

4.2 Overexpression and targeting of unique N-terminal domains of PDE4D splice 

variants  
 

 In recent years, evidence that N-terminal domains of PDE4D isoforms contain 

information that confers intracellular targeting has grown and the idea that compartmentalization 

can be achieved through interactions of these unique N-terminal domains with various scaffolding 

proteins has become more widely accepted. By adopting a dominant negative, isoenzyme-specific 

displacement strategy, as initially used by Houslay and colleagues
82

, transient overexpression of 



 

63 

 

NT-PDE4D/GFP constructs serves to compete with targeting of specific PDE4D isoforms from 

their anchored sites in cells. The use of dominant negatives potentially provides mechanistic 

insight into the unique N-terminal regions of several similarly sized long PDE4D isoforms. In this 

way, isoform-specific NT-PDE4D/GFP constructs antagonizes tethering of endogenous PDE4D 

enzymes and presumably reduces the ability of the otherwise tethered enzyme to spatially 

regulate cellular function
48,83

. Previously we showed that PKA in leading edge structures in 

migrating mural cells was in a cAMP-signaling complex also populated by one (PDE4D8) of the 

five PDE4D variants in these cells. Displacing PDE4D8 from these structures activated PKA, 

inhibited actin assembly and inhibited migration
48

. These findings support the idea that PDE4D 

isoforms are selectively targeted to subcellular compartments, regulating localized cAMP 

gradients within macromolecular protein complexes.  

 Results of the present study showed that of the NT-PDE4D/GFP species investigated, 

NT-PDE4D7/GFP uniquely impacted 293T and HASMC morphology and migration, where a 

distinct overexpression phenotype was observed. Interestingly, although not rigorously addressed, 

our data are consistent with the idea that this protein was concentrated in elongated tails of NT-

PDE4D7/GFP expressing cells. Thus, we were able to provide evidence for subcellular 

localization of NT-PDE4D7 in a “pool” within these elongated tails of NT-PDE4D7/GFP species 

in both 293T and HASMCs. The data are consistent with several studies which have reported that 

activities of PDE4 enzymes are not only detected in the cytosol of cells but also within 

membrane, nuclear and cytoskeleton compartments, and which provide evidence that PDE4D 

isoenzymes are compartmentalized
25,41

. 

Although previous work established that PDE4D8 was concentrated within leading edge 

structures (i.e. pseudopodia) of migrating rat aortic SMCs
48

, expression of a similar NT-

PDE4D8/GFP construct in human cells, which one would a priori hypothesize would be found to 

localize in leading edge structures, was found throughout the cell but with no obvious 
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compartmentalization. Similarly, NT-PDE4D3 and NT-PDE4D9 constructs were expressed 

throughout the cells and were not concentrated at any obvious intracellular sites. A potential 

explanation for the largely pan-cellular expression of NT-PDE4D/GFP chimeras in both 293T 

and HASMCs expressing cells may be due to the over production of these recombinant proteins 

as a result of transient overexpression. Further studies utilizing stable cell lines or retroviral-based 

expression of NT-PDE4D/GFP constructs may provide an alternative approach to expressing a 

more subtle level of chimeric protein in both 293T and HASMCs.       

Although one might propose that our findings were dependent on levels of expression of 

the various constructs, immunoblot analysis indicated that levels of expression for NT-PDE4D3, 

NT-PDE4D8 and NT-PDE4D9 in our experiments were similar. In contrast, we found that levels 

of expression of NT-PDE4D5 and NT-PDE4D7 were significantly lower than those for the other 

three proteins-fusions investigated. These findings are interesting given the impact on cell 

morphology that overexpression of NT-PDE4D5 and NT-PDE4D7 had on cells in 293T and 

HASMC. Notably, PDE4D5 expression in rat cardiac myocytes has been found to be five-fold 

lower than that of PDE4D3, despite the fact that PDE4D5 is preferentially associated with β-

arrestin and selectively recruited to the β2AR upon prolonged agonist challenge
69,75,84

. These 

findings are consistent with our proposal that understanding the functional roles of the individual 

N-terminal domains of these PDE4D isoforms is required to fully understand how these proteins 

impact cell functions, and suggest that expression levels do not necessarily correlate with 

functional significance. Notably, while transfection of 293T cells with the NT-PDE4D/GFP 

expression plasmids did allow expression of largely full-length NT-PDE4D7/GFP (~44kDa); this 

was not always the case. Indeed, a significant percentage of the expressed NT-PDE4D5/GFP was 

proteolyzed in our experiments, as determined by the presence of significant amounts of cleaved 

products in immunoblots, including species with masses consistent with accumulation of “free” 
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GFP (~27kDa). The significance of proteolysis on our findings will need to be assessed in future 

studies. 

 There is a growing appreciation that PDE4D enzymes are compartmentalized through 

subcellular targeting by means of their unique N-terminal domain and sequences within their 

common regulatory domains (UCR1 and UCR2). In addition, evidence indicates that post-

translational modifications of unique residues in these sequences also participate in this effect. 

Thus, activation of the PDE4D isoforms by cAMP/PKA is achieved through phosphorylation of a 

single serine residue within the conserved PKA consensus (RRESF), present in the extreme N-

terminal of UCR1 contained within each of the PDE4D variants examined here
68,85

. Results of the 

present study showed that cells expressing either N-terminal domains of PDE4D5 or PDE4D7 

displayed cellular phenotypes different from other long PDE4D isoforms, with distinct 

subcellular localization pattern observed in NT-PDE4D7/GFP expressing cells. Although the 

involvement of such events was not studied in our experiments, it should be noted that  “extra” 

putative PKA sites are present in the unique N-terminal sequences of PDE4D5 (RRFT) and 

PDE4D7 (RRLS)
69

, supporting a potential role of differential phosphorylation of these species in 

our studies. Since PKA-based complexes have been shown to directly interact with PDE4D 

enzymes and that these are known to control some aspects of compartmentalized effects of these 

enzymes, one could speculate that the additional PKA site in the N-terminal sequence of PDE4D7 

allows for a unique interaction with the protein kinase to elicit some of the cellular response 

observed in NT-PDE4D7/GFP expressing cells. Several studies have reported that a PDE4D3-

PKA-mAKAP (AKAP450) complex is located at the centrosome, where PKA-phosphorylation of 

PDE4D3 on Ser-13 (RRHS) in the N-terminal increases the isoform’s affinity to mAKAP
47,48,51,64

. 

Moreover, while we previously identified that PDE4D8 integrates into a PKA-based complex at 

the leading edge of pseudopodia in migrating rat aortic smooth muscle cells
48

, we provide 

evidence of endogenous PDE4D7 expression within elongated tails of cellular extensions in both 
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293T cells and human aortic smooth muscle cells. Together, these findings support the idea of 

selective transduction of PDE4D isoforms in smooth muscle cells and compartmentalized activity 

of these isoforms. 

 

 

4.3 Selective PDE4D isoforms impact on cell morphology and actin cytoskeleton 

dynamics 
 

 

 As previously reported by our laboratory, recruitment of NT-PDE4D8/GFP to 

pseudopodia in migrating rat VSMC caused disassembly of pseudopodial actin-based structures
48

. 

Extending previous observations of selective PDE4D isoform involvement in actin cytoskeleton 

dynamics
48

, we report here that overexpression of NT-PDE4D7/GFP had a marked impact on cell 

structure/function and support a role for PDE4D7 in the control of cell morphology and 

dynamics. Indeed, cells expressing NT-PDE4D7/GFP exhibited a highly elongated cell shape 

with further evidence of long inter-cellular adhesive structures. Several experiments herein 

identify a novel PDE4D7 cell morphology phenotype and provide evidence for a role in cell 

retraction dynamics and cell migration. Firstly, transient transfection of NT-PDE4D7/GFP 

constructs in 293T cells markedly altered cell morphology compared to the effects of GFP 

expression, or that which was caused by expression of the other NT-PDE4D constructs.  

Observations of an elongated cell morphology in NT-PDE4D7/GFP expressing 293T cells 

suggested a potential role in actin cytoskeleton dynamics involved in cell morphology and 

remodeling. Indeed, we report that NT-PDE4D7/GFP expressing cells displayed an irregular 

cellular shape with highly elongated “tails” in 293T cells. Cell staining of actin structures in NT-

PDE4D7/GFP expressing cells displayed accumulations of cortical actin within cellular 

extensions, with evidence of co-localization between NT-PDE4D7/GFP and actin (Figure 3.7c). 

The effect of inhibition with the PDE4 family-selective inhibitor Ro 20-1724 (10μM) or with 
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both Ro 20-1724 and forskolin (10μM) were internally consistent with our previous findings, 

where an elongated cell morphology was observed in NT-PDE4D7 cells and where more marked 

cellular extensions were visible compared to control GFP expressing cells. In comparison to the 

effects of these treatments on control GFP expressing cells (Figure 3.9), a marked impact on cell 

morphology upon addition of these agents was also noted in NT-PDE4D7/GFP expressing cells. 

Specifically, addition of Ro 20-1724 to NT-PDE4D7/GFP expressing cells resulted in rapid 

contraction of cellular extensions (Figure 3.10b). Furthermore, addition of Fsk (10μM) to Ro-

treated cells potentiated effects of Ro-mediated inhibition (Figure 3.10c). Indeed, continued 

treatment of both Ro 20-1724 and Fsk resulted in significant cellular remodeling of NT-PDE4D7 

expressing cell (Figure 3.10d). Consistently, treatment with rolipram
66

 has been previously 

demonstrated to impact cell morphology and impair cell migration in REF cells
13

. Indeed, 

Fleming et al. (2004) reported on PDE4 inhibition impaired cell locomotion that requires dynamic 

protrusion and retraction of peripheral spike structures.
13

 The authors utilized a dominant negative 

approach with catalytically inactive PDE4D constructs. However, the authors could not reproduce 

the effects of rolipram by overexpressing various DN-PDE4s (dominant negative-PDE4 

isoenzymes), which included PDE4D3 and PDE4D5, but not PDE4D7
13

. As discussed in the 

paper, the ‘correct’ PDE4 isoform that regulates micro-spike formation may have not been 

identified
13

, leaving room for a potential role for PDE4D7 in cell migration dynamics.  

 Largely extending our observations in 293T cells, we saw a much greater impact on cell 

morphology in NT-PDE4D7/GFP expressing cells with an irregular cell shape with highly 

elongated “tails” in HASMC. Trailing tails of NT-PDE4D7/GFP-expressing HASMC support the 

idea that compartmentalized activity of distinct PDE4D isoforms in HASMCs and provide further 

insight into the potential functional significance of these enzymes in the cardiovascular system. 

Indeed, the bulk of our data are consistent with the idea that PDE4D7, rather than other long 

PDE4D isoforms (PDE4D3, PDE4D5, PDE4D8, or PDE4D9) represents the dominant PDE4D 
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isoform within trailing ends of migrating human aortic VSMCs. Furthermore, these data are 

consistent with the idea that PDE4D7 is required for proper actin cytoskeleton dynamics involved 

in the final step of cell migration, tail retraction. Although several mechanism are likely at play in 

bringing about this effect on cell morphology, our data are consistent with the idea that PDE4D7 

enrichment in elongated tails of HASMCs regulates cellular levels of cAMP at the rear of 

migrating cells and that this effect may regulate PKA activation within those structures. While 

future studies using cAMP biosensors will be needed to formally test this hypothesis, our 

observations that expression of NT-PDE4D7/GFP reduced migration of HASMCs through 

anchoring of an elongated tail are consistent with this hypothesis.   

 

4.4 Role for PDE4D7 in back retraction and cell migration dynamics   
 

 

 Time lapse analysis of NT-PDE4D7/GFP expressing cells allowed for some fundamental 

processes of cell migration to be captured in these studies. During normal cell migration 

processes, cells travel across a surface by extending their leading edge and adhering to a surface, 

while the attached edge must pull the remainder of the cell forward
11,17,81,86

. These critical cellular 

processes involved in normal cell migration were observed in NT-PDE4D7/GFP expressing cells, 

however, the final step of cell rear retraction was impacted in these cells. Elongated tails of NT-

PDE4D7/GFP cells were unable to properly retract into the body of the cell as it moved in the 

direction of cell movement. The sudden break of the rear end and the retraction of the remaining 

attached end into the cell body left behind small fragments of adherent plasma membrane and 

cytoplasm (Figure 3.16). Supporting a role for PDE4D7 in cell migration dynamics, these 

remaining fragments expressed NT-PDE4D7/GFP, indicating that native PDE4D7 may be present 

in these structures and involved in the process of cell retraction during migration. Collectively, 

these findings are consistent with the idea that overexpression of NT-PDE4D7/GFP inhibited cell 
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migration by mal-adaptively tethering the cell during migration through its elongated tail. Indeed, 

when cell migration was measured in NT-PDE4D7/GFP cells compared to GFP-expressing cells, 

there was a ~40% reduction in cell migration rates compared to control cells. Consistent with our 

results, we previously reported in our laboratory that incubation of cultured VSMCs with Ro 20-

1724 markedly potentiated both the anti-migratory effect and the increase in cAMP caused by 

forskolin
87

. Furthermore, cilostamide, a PDE3-selective compound, did not affect either the anti-

migratory activity of forskolin or its ability to increase cAMP
87,88

, supporting the importance of 

PDE4 activity in VSMCs and the role of PDE4D in cell migration. Thus, time lapse analysis of 

NT-PDE4D7/GFP expressing cells crawling provided further support into the potential 

biochemical machinery that is involved in HASMC migration.  

 The delayed but eventual cleavage of elongated tails in NT-PDE4D7/GFP expressing 

cells suggests an apparent tail retraction defect in these migrating human vascular myocytes. 

Although the molecular basis of NT-PDE4D7/GFP effect on cell retraction and migration is 

unknown, several reports of similar elongated phenotypes in fibroblast and neutrophils may 

provide some insight. Liu et al. (2010) previously reported that cells with altered levels of 

adenylyl cyclase-9 (AC9) exhibited specific and severe tail retraction defects that were mediated 

through effects on RhoA signaling
89

. Several studies have reported on back retraction by the 

small GTP-binding protein RhoA, which is through activating its serine/threonine kinase effector, 

ROCK (Rho-kinase)
13,17,89–92

. Indeed, at the cell periphery, ROCK phosphorylates the myosin 

binding subunit (MBS) at two phosphorylation sites of myosin light chain phosphatase (MLCP) 

and inhibits the phosphatase activity
93,94

. This inhibition enhances the phosphorylation of myosin 

light chain (MLC) of the motor protein, myosin II (MyoII) at the MLC kinase (MLCK) 

phosphorylation site, Ser19
13,94

. Indeed, RhoA/ROCK signaling pathway mediates VSMC 

contraction in response to vasoconstrictors through inhibition of MLCP activity and increasing 

MLC phosphorylation
93

.  Moreover, RhoA activity dynamics have been shown to be inversely 
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correlated with cAMP dynamics, supporting the idea that increases in intracellular cAMP levels 

regulate RhoA-dependent back retraction
89

. Indeed,  RhoA has been reported to play a pivotal 

role in regulating cell shape and movement, such as regulating back retraction through activating 

ROCK in other cell types, including motile monocytes
13,90,95

. Interestingly, PKA has been 

demonstrated to phosphorylate RhoA at Ser-188 and inhibit its activity, inducing morphological 

changes in several cell types
91,92,95–99

. Moreover, tethering of PKA by AKAP has been reported to 

be necessary for PKA to exert its inhibitory effect on RhoA activation, as well as RhoA-

dependent biological activities
100

. Several studies have reported that inactive Rho results in an 

elongated tail phenotype
13,92,98

 and provides evidence of localized Rho activity within the rear of 

migrating cells. Given that RhoA and Rac activity are antagonistically regulated, where activation 

of one consequently inhibits activity of the other, a balance between the two GTPases is essential 

for proper maintenance of actin cytoskeleton and migration dynamics
90

. Consistently, Rac has 

been previously reported to promote microtubule elongation, a critical component of the actin 

cytoskeleton, through p65PAK-dependent phosphorylation and inactivation of the microtubule 

destabilizing protein, stathmin
86

. Indeed, time-lapse video microscopy-based analysis has 

demonstrated that the microtubule network is required for advancement of the cell body and the 

subsequent retraction of the tail, providing a role for microtubules in cell migration, cell adhesion 

modulation and tail retraction
101

. This supports the proposed hypothesis that displacement of 

endogenous PDE4D7 from its anchored site acts as a dominant negative, inhibiting localized 

PDE4D7 activity and subsequently increasing PKA levels, allowing for the protein kinase to 

phosphorylate its downstream substrates. As shown in Figure 4.1, it is possible that inhibition of 

RhoA would result in tail elongation by preventing MyoII (myosin II)-regulated back retraction. 

Clearly, this proposed signaling pathway may not be this simple, but allows for an initial 

landscape for the underlying molecular basis of the potential role PDE4D7 in tail retraction and 

actin cytoskeleton dynamics. 
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Figure 4.1: Schematic diagram depicting how chemoattractant-mediated increases in 

intracellular cAMP levels regulate back retraction in HASMCs. cAMP “pool” or 

compartment is depicted by blue circle. AC, adenylyl cyclase; PKA, protein kinase A; PDE4D7, 

phosphodiesterase 4D7 isoform; ROCK, Rho-associated, coiled-coil-containing protein kinase; 

MLCK, myosin light chain kinase; MLC, myosin light chain, MyoII, myosin II. (Adopted from 

Liu et al., 2010) 
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4.5 Future Studies 

 

 

A. Identify protein interaction partners of PDE4D7 in human vascular 

myocytes 

 

 

Since NT-PDE4D7/GFP was efficiently expressed in our studies, it should be possible to 

use this recombinant protein to identify interacting “partners”. Also, since the construct encodes a 

protein with many relevant phosphorylation sites, including a putative PKA site (RRLS)
69

 it 

should also be possible to investigate how phosphorylation impacts the phenotype observed in 

cells expressing this construct. For instance, it should be possible to determine if PDE4D7 

integrates into a PKA-based complex via an AKAP. As previously reported by our laboratory, 

PKA-containing complexes were isolated from cultured aortic VSMCs and found to contain a 

115-kDa PDE4D species, which corresponds to either full length PDE4D5 or PDE4D7
48

. 

Moreover, unpublished immunoblot analysis by our laboratory has shown that a PDE4D variant 

is contained in a PKA-based complex in human aortic VSMC. However, due to the lack of  

PDE4D5- or PDE4D7-selective antisera, the identity of this PDE4D variant was not confirmed in 

both cases
48

. Immunoprecipitation and mass spectrometry-based analysis using our developed 

NT-PDE4D7/GFP expression plasmids in HASMC will allow for identification of PDE4D7 

protein interaction partners using an alternative approach using an anti-GFP antibody rather than 

PDE4D7-selective antiserum. SPOT peptide array analysis
27

 will identify the site of interaction 

and confirm our expected putative PKA site in the N-terminal sequence.  

 Indeed, there are other potential PDE4D isoform protein-protein interactions given the 

wide tissue distribution of these enzymes and their differential functional and regulatory 

properties. Recent studies in our laboratory using combination immunoprecipitation and mass-

spectrometry-based analysis shows selective PDE4D isoforms interacts with microfilament 
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protein, vimentin in smooth muscle cells. Indeed, vimentin was recently identified as a NT-

PDE4D8 binding partner in HASMCs (unpublished data). Moreover, results from immunoblot 

analysis probing with anti-vimentin antisera showed amino-terminal regions of PDE4D3, 

PDE34D8, PDE4D9 was shown to interact with the microfilament protein in HASMCs 

(unpublished data). Interestingly, amino-terminal regions of PDE4D5 and PDE4D7 did not seem 

to interact with vimentin with the same respect, suggesting isoenzyme-specific protein interaction 

between PDE4D isoforms and vimentin (unpublished data). Increased expression of vimentin has 

been previously reported in several tumour cell lines and tissues including breast cancer, prostate 

cancer, CNS tumours, endometrial cancer and malignant melanoma
102

. Thus, these results call for 

further studies given the potential therapeutic relevance of vimentin, as well as a greater 

understanding of the role PDE4D isoforms play in spatially regulating cellular functions with its 

protein binding partners. As described earlier, PDE isoforms vary widely, yet their conservation 

over evolutionary time suggests important non-redundant roles in distinct cellular processes
25,103

. 

As such, PDEs are excellent targets for therapeutic drugs as they are highly specialized
9,104,105

. 

 

 

B. Further investigate role for PDE4D7 in the regulation of tail retraction 

dynamics 
 

 

 The studies herein present ample evidence suggesting a role for PDE4D7 in proper tail 

retraction dynamics of human vascular myocytes, however molecular evidence has yet to be 

provided. To do so, identification of the actin cytoskeleton proteins involved in cell retraction of 

migrating vascular myocytes may further characterize PDE4D7-based protein interactions within 

elongated tails of HASMCs. As described earlier, similar tail retraction defects have been 

observed in inactive RhoA expressing cells
13,89,91

. By investigating the impact of RhoA inhibition 

in cultured human aortic myocytes, using C3, an inhibitor of RhoA
90

, we can determine whether 
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RhoA is required for tail retraction in vascular myocytes. We would expect that treatment with 

C3 would impact cell morphology in a similar manner as NT-PDE4D7/GFP cells. In contrast, 

treatment with lysophosphatidic acid (LPA), a serum constituent that activates RhoA, has been 

shown to rescue the effects of rolipram inhibition
13

. Thus, LPA treatment of NT-PDE4D7/GFP 

expressing HASMCs would be expected to rescue the cell retraction “defect”, such that cells 

would no longer or exhibit a reduced elongated tail morphology. Time-lapse video microscopy of 

C3-loaded and/or LPA-treated HASMCs expressing either GFP or NT-PDE4D7/GFP constructs 

will allow for immunofluoresent-based analysis of cell migration dynamics, as reported by 

Worthylake et al. (2001) and as similarly done in the present study.  

 

C. Explore potential adaptive effect of NT/PDE4D7-GFP in human vascular 

myocytes 
 

 As described previously, during the development of atherosclerosis, several processes 

similar to those that occur during the development or during restenosis promote a dedifferentiated 

or synthetic VSMC phenotype
1,2

. Interestingly, higher levels of PDE4D7 variant expression in 

synthetic VSMCs compared to contractile VSMCs were previously reported in our laboratory
48

. 

These findings are consistent with the marked effect of NT-PDE4D7/GFP expression in sub-

cultured HASMC in the present study, supporting altered PDE4D7 levels during the phenotypic 

switch from contractile to synthetic VSMCs. Although expression of several other long PDE4D 

isoforms were previously identified in synthetic VSMCs
48

, only NT-PDE4D7/GFP markedly 

impacted cell morphology and migration dynamics in the present study. Indeed, the anti-

migratory effect observed upon NT-PDE4D7/GFP expression in HASMC demands further 

investigation. During the development of atherosclerosis, contractile VSMC change to cells 

capable of migrating and proliferating to mediate repair
106

, where the responses may be adaptive 

or mal-adaptive in effect
2,106

. The possible adaptive, anti-migratory effect of NT-PDE4D7/GFP 
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may serve to be an effective therapeutic agent in inhibiting cell migration of vascular myocytes in 

humans. Although the current effects on cell migration are not as dramatic as those seen in 

treatment with rapamycin or heparin
107,108

, there is much room for continued development. In 

comparison to inhibition of PDE4 by rolipram, which has been demonstrated to reduce and 

inhibit cell migration, there are limitations using the family-specific inhibitor due to potential off-

target effects
36,48,105,109

. As such, there is a great future for the use of small molecules in 

therapeutics due to the specificity of protein targeting these small molecules provide in 

comparison to family-specific inhibitors and siRNA knockdowns, which have non-localized and 

often counterintuitive effects in the cardiovascular system
48,110

.   
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Appendix 

 

 
 

Figure I: Western analysis of NT-PDE4D/GFP constructs in HEK 293T cells. NT-

PDE4D/GFP chimera expressing 293T cell lysates were run on an SDS/PAGE gel, and detected 

by Western blotting using anti-GFP antiserum, and compared to molecular weight marker 

indicated at the left. Lysate of non- transfected cells was loaded as negative control. The 

expected molecular weight size of approx. 27 kDa for GFP, approx. 35 kDa for NT-

PDE4D3/8/9, and approx. 43 kDa for NT-PDE4D5/7 are indicated on the left. 

 

 

 

 


