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Abstract 
	  
 

Inhibiting the maladaptive migration of vascular smooth muscle cells (VSMCs) in injured 

blood vessels can help to reduce the development of intimal lesions in vascular diseases such as 

atherosclerosis and restenosis. Cyclic adenosine monophosphate (cAMP) is involved in the 

regulation of VSMC migration and can be targeted in these diseases to reduce their impact. 

cAMP signaling is ubiquitous and dynamic, and requires control through signaling termination 

mechanisms. Phosphodiesterase (PDE) enzymes catalyze the hydrolysis of cAMP and are critical 

in the control of cAMP signaling. The spatial restriction of these enzymes in cells allows for the 

generation of distinct cAMP-mediated responses. The PDE4D gene family plays a dominant role 

in cAMP hydrolysis in migratory human VSMCs. Considerable interest exists in the idea that the 

unique N-terminal domains of PDE4D isoforms promote their spatial restriction in cells through 

selective interactions with other proteins, and that this localization allows individual isoforms to 

regulate discrete cellular functions. This study extends on previous work that examined the 

targeting of individual PDE4D isoforms in human arterial SMCs (HASMCs) through the 

overexpression of GFP constructs containing the unique N-terminal domains of the PDE4D 

isoforms (NT-PDE4D/GFP). The overexpression of NT-PDE4D7/GFP was observed to affect 

the morphology of migrating cells. In this study, using these N-terminal constructs and an RNAi-

based strategy, we establish that PDE4D7 is involved in controlling rear retraction in migrating 

HASMCs. We show that altering PDE4D7 targeting and expression in these cells affects rear 

retraction largely through its ability to impact RhoA-ROCK signaling. We also report that 

PDE4D7 interacts with AKAP5, PKA and EPAC in HASMCs. Our results suggest a functional 

role for localized PDE4D7 activity in regulating cAMP-mediated rear retraction in migrating 

HASMCs, and identify PDE4D7 as a potential therapeutic target in controlling VSMC migration.  
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Chapter 1 

Introduction 

 
1.1 VSMC phenotype modulation 

Vascular smooth muscle cell (VSMC) migration is a normal, physiological process that 

occurs during vascular development in utero, and, following development, during tissue repair in 

response to vascular injury. SMC migration is also, however, a major pathological factor 

involved in atherogenesis, the formation of subintimal plaques in the lining of arteries, and in 

restenosis1. In mature blood vessels, the distinction between VSMC migration during 

physiological repair and disease is attributed to modulation of VSMC subpopulations, or 

phenotypes2. VSMCs can exist in a diverse range of phenotypes.  

The primary function of vascular smooth muscle cells in mature blood vessels is the 

regulation of blood vessel tone and blood pressure3. In these adult, normal blood vessels, the 

predominant phenotype is the quiescent or differentiated VSMC, known as the contractile 

phenotype. Contractile SMCs exhibit a low rate of migration and proliferation3,4 (Figure 1.1). 

VSMC phenotype plasticity is important during normal physiological processes, such as 

in vascular development and, in adult blood vessels, in response to changes in environmental 

stimuli4. A switch from the contractile phenotype to an activated or dedifferentiated phenotype 

(known as the synthetic phenotype) occurs in cell culture and in tissue repair in response to 

injury. This adaptive response to injury requires that the synthetic cells proliferate and migrate1. 

Synthetic VSMCs are characterized by a high migratory and proliferative index5 (Figure 1.1). 

These synthetic cells are responsible for the control of vascular repair1. 

Once the injury is resolved, local cues within the vessel return to normal and the VSMCs 

reacquire their contractile phenotype5. However, in some instances, as is the case with the 
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Figure 1.1: Phenotypic switching by VSMCs and markers of the contractile and synthetic phenotypes. 
In normal, healthy blood vessels, the predominant phenotype is the contractile phenotype (left), which 
is characterized by a low proliferative and migratory index. In response to vascular injury, VSMCs 
dedifferentiate and switch to a synthetic phenotype. These synthetic cells (right) are highly 
proliferative and migratory and they synthesize ECM components. SM-MHC2=smooth muscle 
myosin heavy chain 2. (Adapted from Milewicz et al., 2010)6 
 

development of atherosclerosis and restenosis, the synthetic VSMCs fail to switch back to the 

contractile phenotype, likely due to the presence of excessive mitogens1, and this can lead to the 

generation of intimal vascular lesions (see below)7.  

The VSMC phenotype transition from the contractile to the synthetic phenotype is 

initiated by extracellular stimuli, such as mitogens and growth factors8, which trigger pathways 

within VSMCs that stimulate migration and proliferation1. 

 
1.2 The maladaptive effects of synthetic VSMC migration in pathological disease 

Synthetic cells can also have maladaptive effects in the vasculature. Synthetic VSMCs  

that fail to transition back to the contractile phenotype following resolution of vascular injury 

•  Spindle elongated morphology 
•  Non-proliferative 
•  Non-migratory  
•  Increased contractile protein 

expression 
*****-SM-MHC2, calponin, α-actin 
•  Decreased invasion ability 
•  Decreased ECM production 

•  Rhomboid morphology 
•  High proliferative index 
•  High migratory index 
•  Decreased contractile protein 

expression 
•  Increased invasion ability 
*****-secretion of MMP-1 and MMP-3 
•  Increased ECM production 

VSMC Phenotypes 
Contractile/Quiescent Synthetic/Activated 
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play a role in the development of atherosclerotic lesions and restenosis.  

Atherosclerotic lesions (atheroma) are thickenings of the tunic intima (inner layer) of the 

arterial wall (Figure 1.2). Atherosclerosis is a chronic inflammatory response of the vessel wall 

that is initiated by vascular injury to the endothelium9. According to Statistics Canada (2011), 

cardiovascular disease continues to be the second leading cause of deaths among men and 

women. Following damage to the endothelium, leukocytes migrate between endothelial cells and 

settle in the tunica intima1, where they engulf oxidized LDL. The presence of inflammatory 

cytokines and growth factors in the environment of the developing lesion stimulate the 

activation, and therefore migration, of synthetic VSMCs to the lesion (Figure 1.2). These 

cytokines also increase the synthesis and secretion of MMPs by vascular cells, which facilities 

the remodeling of basement membranes to allow for VSMC migration10. In the lesion, VSMCs 

synthesize ECM proteins11, which, can initially help to cap the atherosclerotic plaque11.  

VSMCs play a maladaptive role in lesion development and progression, as VSMC 

migration and ECM deposition increases the number of cells in and size of the lesion4,9,12. If the 

inflammatory response persists, the artery wall will thicken, leading to a narrowing of the arterial 

lumen1 (Figure 1.2). Synthetic VSMCs present in the intima of the blood vessel can also undergo 

apoptosis following activation by inflammatory cells, which often leads to end-stage disease 

events such as plaque rupture11.  

Percutaneous coronary intervention (PCI), such as balloon angioplasty, is a common 

treatment for coronary artery disease. The major drawback of PCI, however, is restenosis, which 

is defined as the arterial healing response that involves “negative” arterial wall remodeling13. 

Restenosis affects up to 30 to 40% of coronary angioplasties3. A widely accepted way to reduce 

restenosis is through the use coronary stents, however, restenosis still represents a major 
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Figure 1.2: The development of an atherosclerotic lesion. In lesion progression, VSMCs are 
activated and switch to a synthetic phenotype. These activated cells migrate to the intimal vessel 
layer, proliferate, and accumulate in the growing lesion. Here, VSMCs synthesize and deposit 
ECM components which results in the thickening of the artery wall and a narrowing of the 
lumen. Synthetic VSMCs present in the intima can undergo apoptosis, which usually leads to 
end-stage disease events such as plaque rupture. (Adapted from Libby et al., 2011)14 
 

limitation, and can lead to the problem of in-stent restenosis (ISR)15. Stent placement can cause 

arterial stretching and endothelial damage16. Following arterial injury, growth factors are 

released that trigger VSMCs in the tunica media to undergo a switch from the contractile to the 

synthetic phenotype15. These activated VSMCs proliferate and migrate into the tunica intima of 

the artery, and subsequently contribute to the thickening of the artery wall and the formation of 

the neointimal lesion. Drug-eluting stents have decreased the incidence of ISR but do not 

completely prevent this problem17. VSMCs that form the neointima tissue remain the main target 

to reduce restenosis.  

 
1.3 Cyclic AMP signaling dynamics 

Stimuli in the extracellular environment communicate vital information to the cell by 

initiating signaling transduction pathways. A key mediator of this signaling is cyclic adenosine 

3’,5’-monophosphate (cAMP)18. cAMP is a ubiquitous second messenger molecule that regulates 

numerous events in virtually all cell types, including cells of the cardiovascular system. cAMP 
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influences and regulates a large number of key cellular processes, such as movement, growth, 

and differentiation19-21. 

cAMP is involved in regulating the contraction/relaxation of VSMCs, as well as VSMC 

migration and proliferation22-25. Thus, physiological and pharmacological agents that alter levels 

of cAMP can influence various activities in VSMCs26. Furthermore, altered cAMP signaling has 

been documented in various cardiovascular diseases, such as heart failure and stenosis27, and can 

be targeted in these diseases to reduce their impact. 

cAMP is generated by a family of effector enzymes, made up of nine isoforms18, called 

adenylyl cyclases (AC), which convert ATP to cAMP at the plasma membrane. The activity of 

AC enzymes is increased following activation of G-protein coupled receptors (GPCRs), which 

associate with and stimulate Gs proteins, specifically the stimulatory G protein α-subunit (Gsα)28. 

AC enzymes are activated upon binding of the stimulatory G protein α-subunit (Gsα). This 

process generates a cloud of cAMP at the plasma membrane (Figure 1.3A).  

cAMP exerts its cellular effects through the activation of its two major effectors: 1) 

cAMP-dependent protein kinases, for example, protein kinase A (PKA)21 (Figure 1.3B), and 2) 

cAMP guanine nucleotide exchange factors, namely exchange protein activated by cAMP 

(EPAC)29 (Figure 1.3C).  

PKA is a tetrameric holoenzyme composed of two regulatory and two catalytic subunits 

(Figure 1.3B). There are four different isoforms of the regulatory subunit: RIα, RIβ, RIIα, and 

RIIβ, and three different isoforms of the catalytic subunit: Cα, Cβ, and Cγ. The regulatory and 

catalytic subunits of PKA are able to combine to form different isozymes of PKA holoenzymes 

(reviewed in ref. Skalhegg & Tasken, 200030). In the absence of cAMP, PKA is enzymatically 

inactive, with the two catalytic subunits bound to a regulatory subunit dimer. cAMP binds to two 
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sites on each regulatory subunit. Upon cAMP binding, the two catalytic subunits dissociate, and 

are freely active (Figure 1.3B) to phosphorylate a myriad of substrates30,31, such as the β-

adrenergic receptor and the phosphodiesterase enzymes of the PDE4D gene family. PKA 

activation via cAMP regulates a large number of cellular processes including cell migration22,32, 

differentiation33, and cell proliferation23,24.  

Initially, the effects of cAMP were attributed solely to the activation of PKA and cAMP-

gated ion channels, however, the contribution of EPAC has recently become more appreciated. 

There are two isoforms of EPAC: EPAC1 and EPAC2. EPAC1 is highly abundant in most 

tissues, including blood vessels, whereas EPAC2 is more limited in tissue distribution34. Upon 

cAMP binding to the cAMP binding domain (CBD)35, EPACs activate the Ras superfamily small 

GTPases, namely the Rap GTPases Rap1 and Rap2, and R-Ras; EPACs function as guanine 

nucleotide exchange factors (GEFs) for these proteins34 (Figure 1.3C). Rap signaling via cAMP-

binding to EPAC proteins has been shown to be crucial in cell adhesion, reorganization of the 

actin cytoskeleton, and cell-cell junction formation36,37.  

cAMP signaling termination mechanisms must exist in order to maintain cell 

homeostasis. This crucial regulatory process is catalyzed by cAMP-hydrolyzing enzymes known 

as cyclic nucleotide phosphodiesterases (PDEs)19,38 (Figure 1.3D). PDEs play a major role in cell 

signaling by breaking down cAMP into 5’AMP39 (Figure 1.3D). PDE activity controls the 

magnitude and duration of cAMP-mediated events40. A cell without PDEs would be saturated 

with cAMP after activation of AC. PDEs will be discussed in detail in the following sections. 

 
1.4 Compartmentalized cAMP signaling 

Cells are constantly exposed to different environmental cues, which are integrated within 

the cell to generate distinct responses. cAMP signaling is responsible for simultaneously 
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Figure 1.3: Cyclic AMP signaling pathway. Upon agonist binding, A) G-protein coupled receptors (GPCRs) 
associate with the stimulatory G protein α-subunit (G

s
α), which then binds to and activates adenylyl cyclase 

(AC). AC generates cAMP by converting ATP to cAMP at the plasma membrane. cAMP can then activate its 
two major effector proteins, PKA and EPAC. B) cAMP binds to the regulatory (R) subunits of PKA, which 
leads to the release of the catalytic subunits. The catalytic subunits can then phosphorylate downstream 
substrates. C) cAMP binds to the cAMP binding domain of guanine nucleotide-exchange factors, known as 
EPACs. EPACs activate the GTPases Rap1 and R-Ras. D) PDE enzymes regulate cAMP signaling by 
degrading cAMP to 5`AMP. (Adapted from Baillie et al., 2005)41	  
	  

coordinating a vast number of distinct cellular processes and regulating specialized responses 

unique to specific hormones. This property of cAMP signaling raises the following question: 

how is cAMP able to regulate a multitude of complex and distinct cellular processes at once? A 

possible explanation of this is provided by the concept of compartmentalized cAMP signaling.  

A key component of cAMP-mediated signaling is the control of specificity. The idea of 

compartmentalized cAMP action was first proposed in the 1980s. Crucial work by Hayes et al. 

(1980) examined the effect of AC activation in cardiomyoctes via two different GPCRs, 

specifically β-adrenergic and prostaglandin42,43. Upon agonist binding, both receptors led to 

comparable increases in global cAMP levels and activation of PKA, however, it was shown that 

the two receptors selectively activated different pools of PKA42. Furthermore, only the activation 

of β-adrenergic receptors by isoproterenol led to the phosphorylation of downstream substrates 
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involved in regulating contractility. Prostaglandin binding of prostaglandin E1 was not found to 

be associated with changes in the phosphorylation of the contractility-regulating substrates. This 

study revealed that cells can regulate distinct cAMP-mediated responses simultaneously 

following activation by different receptors.  

Additional pivotal work that contributed to the concept of compartmentalized cAMP 

signaling showed that different GPCRs and AC isoenzymes are restricted to distinct regions of 

the plasma membrane, forming spatially and functionally distinct complexes44,45. These 

complexes allow cAMP to be generated at distinct point sources at the plasma membrane40, thus 

forming discrete “clouds” of cAMP at specific sites in the cell that selectively activate co-

localized cAMP effectors proteins46. The exact spatial arrangement of the signaling machinery 

within the cell therefore plays a key role in regulating precise cAMP-mediated events43. 

Signaling proteins are widely distributed and have several substrates. Therefore, in order 

to control cAMP-signaling specificity, PKA and EPAC must be sequestered to distinct sites in 

the cell47 where they can be locally activated by discrete pools of cAMP (Figure 1.4). 

Specifically, anchoring proteins function to sequester discrete signaling proteins, including 

cAMP effectors together with their downstream substrates. These anchoring proteins contribute 

to the compartmentalization of cAMP by assembling localized multi-protein signaling 

complexes41 (Figure 1.4). 

A common example of anchoring proteins is the A-kinase anchoring proteins (AKAPs), 

which compartmentalize PKA and other enzymes (Figure 1.4). AKAPs play a key role in 

coordinating specific cAMP-dependent events48. There are 50 structurally diverse, yet 

functionally similar, members of the AKAP family. The distinct distribution of AKAPs within 

cells allows for sub-populations of PKA to specifically respond to discrete pools of cAMP38 
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(Figure 1.4). All AKAPs contain a PKA-anchoring domain that binds to the regulatory subunits 

of PKA49,50, as well as a unique targeting domain that allows for cellular localization48. 

Interestingly, AKAPs bind with additional signaling proteins, and therefore help to generate 

multi-protein complexes21,48. AKAPs, or anchoring proteins generally, therefore, are able to 

sequester and spatially constrain sub-populations of cAMP effector proteins together with 

downstream targets. This enables AKAPs to generate distinct signaling complexes that respond 

to defined intracellular cAMP pools and synchronize specific signaling events47 (Figure 1.4). 

EPAC proteins are also spatially regulated, however, often by different anchoring 

mechanisms36. For example, a specific phosphodiesterase enzyme acts as the adaptor protein that 

recruits EPAC1 to a mAKAP-based signaling complex in cardiomyoctes51.  

Although the anchoring of cAMP effectors is important, mechanisms that restrict cAMP 

diffusion are necessary for compartmentation and the generation of specific cell responses. The 

free diffusion of cAMP is rapid (130-170 µm2sec-1), and without any way to degrade cAMP, 

following generation at the plasma membrane, the entire cell would quickly be uniformly 

saturated with cAMP40,52. The ability to generate and shape cAMP pools within the cell, 

therefore, depends on the degradation of cAMP39. 

 
1.5 Role of phosphodiesterase enzymes in compartmentalized cAMP signaling 

cAMP diffusion is impeded by the rapid break down by numerous PDE enzymes 

expressed in a cell. PDEs are distributed inside the cell at specific sites, and play a predominant 

role in the spatiotemporal dynamics of cAMP signaling47. 

Recent studies have proposed a more sophisticated model for compartmentalized cAMP 

signaling that centers on PDEs53,54. PDEs are principally responsible for sculpting discrete 

micro-/nano- domains of cAMP (Figure 1.5) surrounding specific signaling complexes in cells41. 
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PDE 

 
Figure 1.4: Compartmentalized cAMP signaling. Controlling cAMP signaling specificity is achieved 
by the exact spatial organization of signaling machinery and the assembly of multi-protein complexes. 
Particular GPCRs and AC enzymes are confined to specific domains of the cell membrane and 
generate local pools of cAMP. Anchoring proteins function to sequester certain signaling proteins to 
specific subcellular locations where they can access distinct pools of cAMP and propagate 
intracellular signals. Organelle-bound AKAPs anchor specific isozymes of PKA to respond to defined 
intracellular cAMP pools. These mechanisms serve to localize cAMP signaling to defined cellular 
compartments. PDE = phosphodiesterase enzyme (Adapted from Tasken and Aandahl, 2004)21 

 
 
This regulates the availability of cAMP to sequestered PKA and EPAC sub-populations47. In a 

cell without PDE activity, the cAMP concentration would increase rapidly throughout the cell in 

a uniform manner40, which would result in all pools of cAMP effectors having the same chance 

of being activated, and a loss of specificity of receptor action55. For example, uniform saturation 

of a cell with cAMP would negatively outweigh any benefit of having PKA tethered to specific 

targets via AKAPs. PDEs are, therefore, crucial in the regulation of the spatial diffusion of 

cAMP signals (Figure 1.5). 

PDEs are the foundation of cAMP signaling compartmentalization19. The involvement of 

PDEs in the compartmentalization of cAMP signaling was clearly characterized following the  
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Figure 1.5: Principal role of PDEs in the compartmentalization of cAMP signaling. Discrete sub-
populations of PDEs are responsible for the regulation of localized compartments by regulating cAMP 
concentration and cAMP fluxes between compartments. This specific PDE activity regulates the 
availability of cAMP to sequestered cAMP effector proteins. (Adapted from Conti et al., 2014)56 
 

development of fluorescent resonance energy transfer (FRET)-based sensors for the detection of 

cAMP in cells. This real-time imaging of cAMP using FRET sensors allows for the direct 

visualization of cAMP gradients46. Specifically, the stimulation of β-adrenergic receptors (β-

ARs) was shown to generate localized increases in cAMP levels, and these cAMP gradients were 

dissipated by treatment with 3-isobutyl-1-methylxanthine (IBMX), a PDE inhibitor46. This study 

showed that PDE activity generates restricted cAMP micro-domains and prevents the diffusion 

of cAMP in the cytosol. Thus, PDEs play a crucial role in differentially regulating cAMP 

signaling at discrete subcellular sites, allowing cells to respond to distinct stimuli simultaneously.  

 
1.6 The cyclic nucleotide phosphodiesterases family 

PDEs are ubiquitously expressed throughout mammalian tissues, and play a critical role 

in the regulation of cell signaling by hydrolyzing cAMP, as well as the other prominent cyclic 

nucleotide, cGMP. The PDE superfamily represents 11 distinct families (PDE1 to PDE11) 

(Figure 1.6), encoded by 21 different genes. The PDE families are classified based on amino acid 
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sequences, regulatory properties, and catalytic properties57,58 (Figure 1.6). The 21 genes encode 

more than 80 PDE protein variants generated by alternative splicing and/or the use of multiple 

promoters38,57-59. Certain PDEs are highly specific for the hydrolysis of cAMP (PDEs 4, 7, and 8) 

or cGMP (PDEs 5, 6 and 9), and others hydrolyze both cyclic nucleotides (PDEs 1, 2, 3, 10, and 

11) 57 (Figure 1.6). PDEs share a highly conserved catalytic domain that contains the cyclic 

nucleotide-binding site, but amino acid sequence outside this region differs markedly. PDEs 

contain a less conserved and distinguishing amino-terminal region, which is responsible for 

different regulatory properties specific to each family38,58-60 (Figure 1.6).  

Regulatory domain  
Figure 1.6: Structure and domain organization of 11 mammalian PDE families. A schematic representation of 
the different structures of PDEs. PDE families share a highly conserved catalytic domain that contains the cyclic 
nucleotide-binding site. Certain PDEs are specific for the hydrolysis of cAMP or cGMP, and others hydrolyze 
both. PDE families also contain a varying regulatory domain that is responsible for different regulatory 
properties specific to each family, as well as a divergent and distinguishing N-terminal domain. The PDE 
superfamily represents 11 gene families, encoded by 21 different genes with more than 80 PDE distinct splice 
variants. (Adapted from Maurice et al., 2014)61 
 

An abundant amount of research has identified nonredundant, functional roles for the  

multiple PDEs enzymes. The diversity of these enzymes allows specific distribution at the tissue, 

cellular and subcellular level47. Mutations in genes encoding specific PDEs have been linked to 
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ischemic stroke62, asthma63, and prostate cancer64, thus indicating the importance of these  

regulatory enzymes in cell signaling and the therapeutic potential of selective inhibitors. 

	  
1.7 Localized and tethered PDEs control cAMP signaling specificity 

Considering the large number of PDE variants raises an interesting conundrum. If there 

are only two substrates for PDEs, namely cAMP and cGMP, why do more than 80 different 

isoforms of this enzyme exist? The multiplicity of PDE proteins may, in fact, allow for specific 

intracellular targeting of PDEs47,58,60. Tethering PDEs to specific sites allows these enzymes to 

form, shape and spatially restrict cAMP gradients (Figure 1.7). 

In addition to specific tissue and cellular distribution, PDE isoforms also show different 

subcellular distribution. PDEs appear to be recruited and tethered to specific subcellular 

locations, and the numerous PDE variants suggests that different combinations of signaling 

complexes can exist within the same cell to specifically control cAMP signaling60 (Figure 1.7).  

The role of spatially restricted PDE isoforms in controlling cAMP signaling specificity 

was demonstrated in research looking at PDE4 isoforms in HEK293 cells65. This study by Terrin 

et al. (2006) showed that PDE4B and PDE4D isoforms are involved in the regulation of cAMP 

dynamics in discrete compartments: PDE4B was targeted to and regulated the sub-plasma 

membrane compartment, whereas PDE4D was localized to and regulated the cytosolic pool. 

Agonist stimulation was found to generate a higher cAMP response at the plasma membrane 

compared to in the cytosol. The linked activity of both PDE4B and PDE4D generated these 

multiple and concurrent cAMP gradients and, in particular, PDE4D sculpted cAMP gradients to 

keep levels low in the bulk cytosol65. Thus, the compartmentalization of PDEs can selectively 

generate multiple cAMP gradients simultaneously in individual subcellular domains55.  

This study by Terrin et al. (2006) also supports the notion that PDEs do not simply 



	   14	  

	  
 
Figure 1.7: Localized PDEs regulate cAMP compartmentalization. PDEs are recruited and strategically tethered 
to specific sites in the cell and to specific signalling complexes. Spatially restricted PDEs control cAMP signalling 
by generating multiple cAMP gradients in discrete subcellular domains, which therefore regulates the availability 
of cAMP to sequestered effector proteins. The localization of PDEs is achieved through their selective interaction 
with other proteins. Anchoring proteins, such as AKAPs, play a critical role in targeting PDEs to specific 
microenvironments in the cell. cAMP pools are represented as red-shaded ovals. C =catalytic subunit of PKA; 
R=regulatory subunit of PKA; β-AR=β-adrenergic receptor. (Stangherlin & Zaccolo, 2012)60 
	  

provide a barrier to the free diffusion of cAMP. This work provides evidence for spatially 

restricted populations of tethered PDEs that generate “sinks” that locally drain cAMP as it is 

degraded to 5’AMP40,65. 

The strategic anchoring of PDEs throughout the cell is achieved through their association 

with other proteins. PDEs are sequestered in cellular signaling complexes through selective 

interactions with other proteins, and, due to the numerous PDE isoforms, many different protein 

complexes can be formed38,66 (Figure 1.7). A specific example of a spatially restricted signaling 

complex involves the scaffold protein β-arrestin binding to PDE4D5. Stimulation of β-adrenergic 

receptors causes a rapid but transient rise in cAMP19. One key way in which β-arrestin mediates 

this transient signaling involves sequestering PDE4D5 at the plasma membrane and delivering 
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this cAMP-degrading enzyme to the site of cAMP generation67. Recruited PDE4D5 specifically 

decreases the sub-plasma membrane concentration of cAMP (Figure 1.7). 

AKAPs specifically can play a critical role in targeting PDEs to specific cellular 

microenvironments (Figure 1.7). AKAPs cleverly create signaling networks that bring enzymes 

that are activated by cAMP together with enzymes that degrade cAMP48. A key example of such 

an association is the complex in cardiomyoctes that contains muscle-specific mAKAP and 

PDE4D353 (Figure 1.7). mAKAP organizes a multiprotein complex that sequesters PDE4D3 

together with PKA and EPAC. 

Therefore, spatially restricted PDE subpopulations allow multiple, localized gradients of 

cAMP to be generated in cells (Figure 1.7).  

The importance of PDE isoforms in controlling cAMP signaling specificity has 

designated these enzymes as important therapeutic targets26,38,41. Selective PDE inhibitors have 

been developed and are used to treat clinical depression, asthma and erectile dysfunction58. 

The current knowledge of the mechanisms that define the role of PDEs in regulating 

compartmentalization of cAMP signaling have largely come from studies on the widely 

important cAMP-specific PDE4 family. 

 
1.8 PDE4 family and isoforms 

The PDE4 family of enzymes represents the most extensively studied of the 11 PDE 

families. PDE4 enzymes specifically hydrolyze cAMP, and isoforms of PDE4 account for most 

of the cAMP-hydrolyzing activity of a cell. The differential expression of PDE4 isoforms is 

essential for many physiological processes38. PDE4 enzymes have also been implicated in a 

number of diseases and constitute useful candidates as therapeutic targets. PDE4D has been 

associated with ischemic stroke68, asthma63, and prostate cancer64. PDE4-selective inhibitors 
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have been developed for use in the treatment of immune and inflammatory conditions69 such as 

chronic obstructive pulmonary disease, asthma, and rheumatoid arthritis70.  

The PDE4 family is encoded by 4 genes: PDE4A, PDE4B, PDE4C, and PDE4D that 

generate no fewer than 20 different isoforms expressed in mammalian cells. These isoforms 

result from the use of distinct promoters and extensive splicing of PDE4 mRNAs38,40,71. 

Structurally, these variants are composed of a highly conserved catalytic unit flanked by regions 

with regulatory functions72 (Figure 1.8). Unique to the PDE4 family are the highly conserved 

regulatory regions upstream conserved region 1 (UCR1) and upstream conserved region 2 

(UCR2)73. PDE4 isoforms can be divided into 3 groups based on their UCR1/UCR2 complement 

(Figure 1.8). UCR1 and UCR2 interact in PDE4 long isoforms to form a regulatory unit that 

controls the conformation and functional enzymatic outcome of phosphorylation by PKA and by 

extracellular signal-regulated kinase (ERK)74,75. PKA, for example, phosphorylates UCR1 

(Figure 1.8), thereby activating PDE4 long forms and implicating these long isoforms in the 

cellular cAMP desensitization process40,54,71,76. 

Finally, in regards to the structure of PDE4 isoforms, a unique, variant-specific domain of 

notable significance at the amino-terminal end of the enzyme (N-terminal domain) characterizes 

each PDE4 variant26,38,40,66,71 (Figure 1.8). It is currently hypothesized that these unique regions 

contain the information to direct and compartmentalize each PDE4 isoform to specific cellular 

regions38,41. The current knowledge regarding this potential role of the unique N-terminal domain 

came from studies on the brain-specific isoform, PDE4A177. Shakur et al. (1993) were the first to 

show that the information for PDE4A1 targeting to cellular membranes is contained in its unique 

N-terminal region77. It is currently believed that each PDE4 variant serves a specific 

physiological function, and that the expression of localized subpopulations of a particular PDE4 
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Figure 1.8: PDE4 family structure and isoforms. The PDE4 family is encoded by 4 genes: 
PDE4A-D, that generate approximately 20 different variants. The variants are composed of a 
highly conserved catalytic unit surrounded by regulatory regions. The regulatory UCR1 and 
UCR2 regions are unique to the PDE4 family. The three groups of PDE4 isoforms are shown, 
defined by their UCR1/UCR2 complement. The sites for phosphorylation by PKA and ERK are 
indicated. PDE4 variants are defined by a unique and characteristic N-terminal domain. 
(Adapted from Houslay et al., 2005)70 
 

variant allows a cell to carry out a discrete response78. More evidence, however, is needed to 

support this idea. 

A key feature of individual PDE4 isoforms is their ability to be targeted to specific sites 

or signaling complexes within cells. PDE4 isoforms bind scaffold proteins such as mAKAP53, β-

arrestin67, and receptor for activated protein kinase C (RACK1)79. For example, mAKAP binds 

the long PDE4D3 isoform at a specific binding site within the PDE4D3 N-terminal region, 

forming a multi-protein complex in cardiomyoctes40,53. This interaction acts to direct and 

segregate PDE4D3 to the perinuclear region and modulate PKA signaling through a negative 

feedback system47. Thus, targeting of PDE4 isoforms to discrete intracellular sites results in the 

specific control of cAMP signaling in cells. 

An extensive amount of research has focused on the targeting, structure, and functions of 

particular PDE4 isoforms, specifically the PDE4D gene family. The PDE4D gene family has 
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been shown to represent the dominant PDE4 activity in VSMCs40,80. Specifically, it was shown 

that increases in intracellular cAMP caused a PKA-mediated upregulation of PDE4D variants in 

cultured rat VSMCs80. The PDE4D gene family consists of nine isoforms or splice variants 

(PDE4D1-PDE4D9) (Figure 1.9). The long PDE4D isoforms include PDE4D3, PDE4D4, 

PDE4D5, PDE4D7, PDE4D8 and PDE4D9, and are distinguished from the short isoforms, 

PDE4D1 and PDE4D2, and the super-short isoform, PDE4D6, by the complete or partial 

presence of the UCR1/2 module, respectively78. PDE4D isoforms contain a unique and 

characteristic N-terminal region (Figure 1.9).  

  

 

 

 

 

 

 

 

 

 

Figure 1.9: PDE4D protein variants. The PDE4D gene family consists of nine isoforms or 
splice variants, shown here. The long PDE4D isoforms include PDE4D3, PDE4D4, PDE4D5, 
PDE4D7, PDE4D8 and PDE4D9, and are distinguished from the short and super-short isoforms 
by the complete or partial presence of the UCR1/2 module, respectively. The unique N-terminal 
regions of the PDE4D isoforms are variant-specific and are thought to contain the information 
for the intracellular targeting of these enzymes. (Adapted from Ritcher et al, 2005)78 

 

1.9 Role of PDE4 in synthetic VSMCs 

An extensive amount of research has provided evidence that supports important roles for  
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PDE3 and PDE4 in the regulation of cAMP-mediated effects in VSMCs40,80,81. Both contractile 

and synthetic VSMCs use PDE3 and PDE4 to degrade cAMP, however, the individual gene 

family variants expressed in these cells and the relative proportions of these PDE families differ. 

cAMP hydrolysis by PDE3 is dominant in human aortic contractile VSMCs, whereas PDE4 

activity surpasses PDE3 activity in synthetic VSMCs76,82,83 (Figure 1.10). The VSMC phenotypic 

switch involves a change in the PDE3/PDE4 activity ratio, rendering synthetic VSMCs more 

dependent on PDE4-mediated regulation of cAMP signaling40 (Figure 1.10).  

The altered PDE3/PDE4 activity ratio between contractile and synthetic VSMCs has been 

shown to be physiologically and therapeutically important. Both PDE3 and PDE4 inhibitors have 

 

Figure 1.10: Differential expression of PDE3 and PDE4 in VSMCs. PDE3 and PDE4 play 
important roles in the regulation of cAMP-mediated effects in VSMCs. Both contractile and 
synthetic VSMCs use PDE3 and PDE4 to hydrolyze cAMP, however, the relative proportions of 
these PDE families differ in these cell phenotypes. cAMP hydrolysis by PDE3 is dominant in 
human aortic contractile VSMCs, whereas PDE4 activity surpasses PDE3 activity in synthetic 
VSMCs. The VSMC phenotypic switch involves a change in the PDE3/PDE4 activity ratio, 
rendering synthetic VSMCs more dependent on PDE4. (Adapted from Houslay et al., 2007)40 

 
pharmacological effects in VSMCs. For example, PDE3 inhibitors have vasorelaxant properties  

and are more effective at relaxing contractile VSMCs than PDE4 inhibitors84. As previously  
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described, a hallmark of certain vascular pathologies is the activation of VSMCs followed by the 

inappropriate migration of the synthetic cells that leads to vessel wall thickening. The greater 

dependence of synthetic VSMCs on PDE4 may allow for more selective regulation of cAMP-

mediated migration events in treating these vascular pathologies through the use of PDE4-

selective inhibitors. Compared to PDE3 inhibitors, PDE4 inhibitors are poor vasodilators and 

have been found to have only minimal effects on the blood pressure, as PDE4 activity is inferior 

to PDE3 activity in contractile VSMCs, and could thus function as an effective therapy. The 

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

may allow PDE4 inhibitors to selectively target synthetic VSMC functions40. 

In the past, in an effort to develop effective treatment for these vascular pathologies, a 

number of investigations have shown that increasing global cellular cAMP levels in synthetic 

VSMCs can significantly inhibit their migration and proliferation22,81,85. These studies used 

cAMP-elevating agents to demonstrate that an increase in cAMP positively correlates with an 

inhibition of VSMC migration86,87 and a marked inhibition of neointima formation in rats after 

balloon injury23. However, a number of factors limit the effectiveness of cAMP-elevating agents 

as therapeutic agents. Notably, agents that increase VSMC cAMP are also potent vasorelaxants, 

and can cause systemic hypotension84. cAMP-elevating agents such as forskolin (an activator of 

AC) saturate cells with cAMP, resulting in non-specific and multiple cellular responses.  

More recent therapeutic efforts have, therefore, switched focus from increasing global 

cAMP levels to inhibiting specific PDE activity. Due to the role of PDEs in compartmentalized 

cAMP signaling and their differential expression in cells, it has been proposed that targeting 

particular PDE isoforms would allow for more precise control of their cAMP-mediated 

functions. For example, PDE4 inhibition specifically was shown to significantly hinder PGDF-
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induced rat aortic VSMC migration, and to a greater extent than PDE3 inhibition81, consistent 

with the relative contribution of PDE3 and PDE4 activities in cultured/synthetic VSMCs. 

Indeed, recent findings suggest that VSMCs may use distinct PDE4, specifically PDE4D, 

variants to regulate selected cAMP-dependent functions. It was recently shown that targeting and 

silencing PDE4D expression in cultured rat VSMCs significantly inhibited the migration and 

proliferation of these cells, and the inhibition was not found to be associated with global 

intracellular cAMP levels88. Furthermore, PDE4D8 was shown to be enriched in the leading edge 

structures of rat aortic VSMCs and to regulate actin cytoskeletal dynamics in these protrusions. 

Therefore, it would appear to be therapeutically important to identify the specific effects of 

distinct PDE4D isoforms on cAMP-mediated synthetic VSMC functions such as migration. 

Thus, differences in the magnitude in PDE4 activity in contractile and synthetic VSMCs 

is consistent with the idea that synthetic VSMCs are more dependent on increased PDE4D 

activity. Although more work is needed in primary human VSMCs to confirm this connection, it 

follows that PDE4D-selective inhibitors would have a significant and specific effect on synthetic 

VSMCs in vascular pathologies40. 

 
1.10 Overview of cell migration 

Cell migration plays a crucial role in many biological and pathological processes. 

Understanding the mechanisms that regulate cell migration is important not only from a 

physiological perspective, but also with respect to therapeutic developments. Cell migration is 

central in processes such as embryogenesis, tumor cell metastasis, wound healing and the 

inflammatory response89.  

Smooth muscle cell migration, specifically, occurs during vascular development, in 

response to vascular injury, and during atherogenesis90. The role of cell migration as a crucial 
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process in vessel wall remodeling has led to a lot of interest in VSMC migration90. The 

molecular mechanisms of VSMC migration have been studied extensively to gain a greater 

understanding of the properties that contribute to this dynamic process.  

Cell migration is a complex, multistep process that requires the integration of many cell-

signaling systems. Generally, directed cell movement on a 2-D substrate consists of cycles of 

four distinctive processes: membrane extension at the leading edge, cell-substratum attachment 

formation, translocation of the cell body, and release of the trailing edge89,91. 

Reorganization of the actin cytoskeleton is a primary mechanism of cell migration by 

providing the driving force for cell motility. The actin cytoskeleton is composed of actin 

filaments and specialized binding proteins, and is organized into a number of distinct bundles 

designed to carry out specific roles92. Actin reorganization is regulated by the Rho family of 

small GTPases, specifically Rho, Rac, and Cdc4293. These GTPases are critical regulators in the 

signaling pathways that promote cell migration. 

Cell migration starts with the stimulation of cell surface receptors from signals in the 

external environment. There are numerous environmental cues that can promote cell motility, 

including peptide growth factors94, cytokines, and chemoattractant ligands in the ECM95. 

Following stimulation, cells undergo molecular rearrangements that can involve redistribution of 

certain plasma membrane and cytoskeleton proteins89. This spatial asymmetry leads to the 

development of a polarized cell phenotype with a distinct cell front and rear89. 

An important consequence of cell polarization is the generation and extension of 

membrane protrusions, specifically lamellipodia and filopodia, at the leading edge in the 

direction of an external migratory stimulus90 (Figure 1.11a). The extension of lamellipodia and 

filopodia is driven by actin polymerization, which provides the required protrusive force89 
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(Figure 1.11a); actin polymerization in these membrane protrusions is regulated by two key 

members of the Rho family of small GTPases, Rac and Cdc42, respectively96. 

For migration to occur, the lamellipodia and filopodia must make initial contact with the 

ECM96, an event that is mediated by the integrin family of adhesion receptors90,97. Upon initial 

contact, a group of signaling, cytoskeletal and adhesive proteins are recruited to these sites of 

contact to form small adhesion structures called nascent adhesion complexes89,98 (Figure 1.11b). 

These complexes are regulated by focal adhesion molecules and the GTPase Rac92.  

Just behind the leading edge, these adhesions either disassemble or mature into more 

complex adhesions (Figure 1.11b). Mature focal adhesions serve as traction points over which 

cells move (Figure 1.11b), and as regulatory signal transduction centers89. Focal adhesion 

formation and maturation are processes mediated primarily by the GTPase Rho92 and involve 

actin and myosin II interactions98 and contractile forces99.  

Cellular contractile forces, specifically the contractility of actin stress fibers, are 

necessary to drive the cell body forward (Figure 1.11c). Stress fibers are highly ordered 

cytoskeletal structures composed of contractile actomyosin bundles that are anchored by focal 

adhesions. Rho stimulates stress fiber formation and the contractility of these structures92,99. 

Contraction forces are transmitted through focal adhesions to the ECM and are generated by the 

activation of myosin II90 (Figure 1.12). Activated myosin II is thus ultimately responsible for the 

dynamic regulation of the actin cytoskeleton that drives cell migration89. 

Activation of the myosin II motors is mediated by the phosphorylation of regulatory 

myosin light chains (MLCs)89,90 (Figure 1.12). This phosphorylation of MLCs is mediated by the 

activation of myosin light chain kinase (MLCK)90 and by the Rho-ROCK pathway100 (Figure 

1.12). ROCK, the effector kinase of Rho, increases MLC activity by reducing the activity of  
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MLC phosphatase99,100, and also by directly phosphorylating MLCs101 (Figure 1.12).  

Lastly, cell migration requires the efficient release of the dorsal cell-ECM adhesions and 

retraction of the cell rear89 (Figure 1.11d). Actomyosin contraction is necessary for this crucial 

retraction event (Figure 1.12). Extensive studies on the role of Rho and ROCK in cell migration 

have shown that this pathway plays a key role in the contraction-based focal adhesion release 

and successful rear retraction100,102,103. It has also been shown that microtubules contribute to 

focal adhesion disassembly, which allows for retraction of the cell tail104.  

 
1.11 Role of RhoA-ROCK pathway in cell migration 

The mammalian Rho family comprises the three highly related proteins RhoA, RhoB, and 

RhoC93; however, the described functions of Rho are based on studies of the isoform RhoA. Rho 

is a GTP-binding protein and functions as a molecular switch, cycling between a GDP-bound 

inactive state (GDP-Rho) and a GTP-bound active state (GTP-Rho)105. In resting cells, Rho GDP 

dissociation inhibitor (Rho GDI) binds to GDP-Rho and inhibits GTPase activity. When cells are 

stimulated, guanine nucleotide exchange factors (GEFs) convert GDP-Rho to GTP-Rho100 

(Figure 1.12). GTP-Rho is active and able to interact with specific targets. GTPase activating 

proteins (GAPs) act as negative regulators of Rho and stimulate the conversion to the inactive 

GDP-Rho-bound state100,106. 

Activation of Rho occurs in response to agonist binding to, and thus stimulation, of 

specific GPCRs and associated heterotrimeric G proteins. Rho-activating agonists include 

endothelin, thrombin, and lysophosphatidic acid (LPA)107. Gα12/13 specifically is involved in the 

activation of Rho by binding to and stimulating RhoGEFs (Figure 1.12).  

Activated Rho (GTP-Rho) interacts with and activates its downstream effector kinase, 

ROCK (Figure 1.12). ROCK has been identified as a Ser/Thr protein kinase108. Two isoforms of 
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Figure 1.11: Schematic illustration of cell migration. Directed cell migration on a 2-D substrate consists of 
cycles of four distinctive processes. a) Protrusion: environmental stimuli lead to the development of a 
polarized cell phenotype, which results in the generation and extension of membrane protrusions at the 
leading edge. b) Membrane protrusions make contact with the substrate and form cell-substrate adhesions. 
Newly formed adhesion complexes are stabilized and mature into focal adhesions. c) Translocation: the 
nucleus and cell body are translocated through actomyosin-based contraction forces. d) Retraction: cell-
substrate adhesions at the trailing edge of the cell are disassembled and released. Contraction forces are 
necessary for cell rear retraction and propulsion. (Adapted from Mattila & Lappalainen, 2008)109 
 

 
ROCK have been described: ROCKII/ROKα and ROCK1/ROKβ110. Although these two 

isoforms show striking sequence similarity, they differ in regards to tissue distribution, with 

ROCKII being most abundant in muscle111. The activation of ROCK involves the binding of 

GTP-Rho to the Rho-binding domain of ROCK, which disrupts the negative regulatory  

mechanism and results in the activation of the kinase.  

ROCK regulates the phosphorylation of MLC, and thus the activation of myosin II, in  

two different ways. Primarily, ROCK inhibits MLC phosphatase activity, however, it has also  
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been established that ROCK can directly phosphorylate MLC101 (Figure 1.12). MLC phosphatase 

contains a myosin-binding domain called myosin phosphatase target subunit (MYPT)112. MLC 

phosphatase binds to MLC via the MBS and dephosphorylates it (Figure 1.12). MBS is also a 

substrate of ROCK, and activated ROCK phosphorylates MBS and thereby inhibits the 

phosphatase activity113 leading to an increase in MLC phosphorylation (Figure 1.12). 

The Rho-ROCK pathway thus plays a pivotal role in dynamically regulating actin 

cytoskeleton-mediated contraction and cell rear retraction through the regulation of myosin II 

activation (Figure 1.12). Indeed, numerous studies have shown that the Rho-ROCK pathway is 

necessary for cell migration. For example, RhoA was shown to be required for tail retraction of 

prostate cancer cells through the activity of ROCK114, and it was similarly observed in 

monocytes that ROCK was necessary for RhoA-mediated tail retraction and adhesion release103.  

 
1.12 Effect of cAMP signaling on Rho and ROCK activity in cell migration 

cAMP signaling has been shown to mediate the downregulation of active RhoA115. 

Indeed, Dong et al. (1998) found that RhoA is specifically phosphorylated at Ser-188 by the 

cAMP effector PKA116,117, which negatively regulates RhoA activity and decreases the binding 

of RhoA to ROCK. This phosphorylation by PKA was shown to prevent actin stress fiber 

formation in cells. Further evidence demonstrated that phosphorylation by PKA increased the 

interaction of RhoA with Rho GDI and thus stabilized the inactive form of RhoA117,118. A study 

of cAMP mediated RhoA activity showed that a cAMP derivative abolished the Rho-mediated 

motility of lymphocytes via PKA phosphorylation119. 

Additionally, recent studies report a new cAMP-mediated signaling mechanism whereby 

activation of EPAC results in the downregulation of active RhoA through a Rap1-activated 

RhoGAP120. An EPAC selective analog was shown to significantly reduce contractile forces and 
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Figure 1.12: Model for the activation of Rho-ROCK-myosinII pathway in VSMC migration-related 
contraction. Agonist binding leads to the coupling of receptors to G12/13 and activation of RhoGEFs. 
Activated Rho (GTP-Rho) interacts with and activates its effector kinase ROCK. ROCK regulates the 
phosphorylation of MLC, and thus the activation of myosin II, in two different ways. ROCK phosphorylates 
the myosin-binding subunit (MBS) of myosin phosphatase (which dephosphorylates MLC) and inhibits the 
myosin phosphatase activity. ROCK also phosphorylates MLC directly. The increased phosphorylation of 
MLC causes an increase in actomyosin-based contraction and cell movement. cat=catalytic subunit of myosin 
phosphatase; GEFs=guanine nucleotide exchange factors. (Adapted from Fukata et al., 2001)100 

 

ROCK-mediated MLC phosphatase phosphorylation in SMCs, independently of PKA.  

Thus, increases in levels of cAMP can potentially regulate cell migration is by 

antagonizing the Rho-ROCK pathway and inhibiting Rho-dependent effects on cell adhesions, 

actomyosin dynamics and cell rear retraction through PKA and EPAC activation. 
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Research Rationale 

 
The human genome contains four PDE4 genes, identified as PDE4A, PDE4B, PDE4C 

and PDE4D, and enzymes derived from these four genes have been reported to impact numerous 

distinct cAMP-regulated cellular processes38,60. The dominant PDE4 expressed in arterial smooth 

muscle cells is PDE4D40,80 and seven distinct PDE4D variants detected in these cells. Individual 

PDE4D variants are composed of highly conserved catalytic and regulatory units, but are 

characterized by a unique domain at the amino-terminal end of the enzyme that is specific to 

each variant38,71,78. Since enzymes derived from individual PDE4 genes are largely identical, 

their ability to regulate unique cellular functions is largely thought to arise from the ability of 

cells to tether, or anchor, these enzymes, together with their binding partners, to unique 

intracellular domains. In this context, there is currently a great deal of interest surrounding the 

unique N-terminal domains of individual PDE4D variants, specifically their role in the 

subcellular localization of these enzymes and the ability of these enzymes to engage in protein-

protein interactions. For example, one PDE4D variant, PDE4D3, was reported to interact with 

the PKA-kinase anchoring protein (mAKAP) through its N-terminal domain, forming a multi-

protein complex that acts to direct and segregate PDE4D3 in cells40,53. Only a modest amount of 

data, however, supports the idea that the discrete targeting and anchoring of specific PDE4D 

isoforms via these N-terminal domains can govern particular cAMP-regulated cellular processes. 

We seek to support these previous findings and further test the idea that specific cAMP 

signaling-mediated responses are governed by the subcellular targeting of PDE4D isoforms to 

specific anchored complexes.  

To date, most studies have focused on PDE4D5 and PDE4D3 variants in selected cell 

types, specifically cardiomyocytes53,67. Previous work in our laboratory has extended these 
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studies to investigate specific PDE4D isoform activity in synthetic/cultured arterial SMCs, and 

identified the expression of multiple long form PDE4D-gene variants in these cells61,80,121. The 

investigation of the roles of sub-populations of different PDE4D isoforms in synthetic arterial 

SMCs, which can be involved in development of vascular wall lesions, may offer insight into the 

regulation of clinically relevant cAMP-regulated processes in these cells, such as migration and 

proliferation.  

Previously, our laboratory reported that PDE4D8 is recruited to PKA-based complexes in 

leading edge structures of migrating rat aortic smooth muscle cells, and that antagonizing the 

recruitment of PDE4D8 caused significant disassembly of these actin-based structures and 

impaired cell migration122. These findings support the idea of the functional importance of 

targeted PDE4D isoforms in VSMCs, and identify a potential role for the disruption of PDE4D 

variant-based complexes in regulating cAMP signaling within cells. Furthermore, a previous 

student in our laboratory, Ms. Tammy Truong (Pathology & Molecular Medicine, MSc, 2014) 

generated a series of plasmids encoding amino-terminally (NT) truncated PDE4D long form 

variants as fusion proteins with GFP (NT-PDE4D/GFP constructs) in order to investigate 

whether these variants localize to distinct subcellular locations in 293 cells and human arterial 

SMCs (Truong, MSc Thesis 2014). Briefly, Ms. Truong was unable to distinguish selective 

targeting of the constructs, but she did note that cells over-expressing NT-PDE4D7/GFP, but not 

the other PDE4D long form variant fusion proteins, exhibited an extended tail during migration 

and appeared to migrate more slowly (Truong, Msc Thesis 2014). The current study involves the 

continuation of this critical work by investigating the functional role of localized PDE4D7 

activity in the regulation of actin cytoskeletal dynamics in migrating human arterial SMCs.  
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Research Objectives and Hypothesis 

 
We hypothesize that a) PDE4D7 regulates the dynamics of rear retraction in migrating 

human arterial smooth muscle cells (HASMCs), b) PDE4D7 is able to regulate rear retraction 

because it is localized within a discrete subcellular location in HASMCs, c) selective PDE4D7 

localization is coordinated through the association of this PDE4D variant with an AKAP-based 

cAMP signaling complex, and, lastly, d) the “pool” of cAMP regulated by PDE4D7 governs the 

dynamics of rear retraction in migrating HASMCs by impacting RhoA-ROCK signaling and 

actin cytoskeletal dynamics, potentially through PKA and/or EPAC (Figure 1.13). We suggest 

that targeting PDE4D7 activity in HASMCs would allow for a highly specific mechanism by 

which to regulate smooth muscle cell migration.    

Our main objective in this study is to investigate the impact of altering PDE4D7 targeting 

or expression on HASMC morphology and migration. Specifically, we will use the 

overexpression of an NT-PDE4D7/GFP construct as a tool to displace endogenous PDE4D7 

from its anchored subcellular site. Similarly, we will use an RNAi-based approach to knockdown 

PDE4D7 expression in HASMCs. We will couple these approaches that involve antagonizing 

“normal” PDE4D7 signaling in HASMCs with immunohistochemistry-based analysis and time-

lapse-based migration experiments to examine the effects of altering PDE4D7 targeting and 

expression on actin cytoskeletal dynamics and migration-related rear retraction. The involvement 

of PDE4D7 in regulating RhoA-ROCK signaling during cell migration will be assessed in order 

to link PDE4D7 signaling and actin cytoskeletal dynamics. Lastly, a biochemical approach will 

be employed in order to identify PDE4D7-interacting proteins in HASMCs. 
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Figure 1.13: Proposed mechanism by which PDE4D7 impacts retraction dynamics and migration of 
HASMCs. 
We propose that PDE4D7, associated with an AKAP-based cAMP-signaling complex, controls rear 
retraction in migrating HASMCs largely by impacting RhoA-ROCK signaling and actomyosin-
based contractility through actions mediated by PKA and/or EPAC. In this model, PDE4D7 controls 
cAMP levels in the site surrounding the PDE4D7-based complex and the activation of anchored 
effector proteins.  
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Chapter 2 

Materials and Methods 

 
2.1 Materials 

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

endothelial cell basal media (EBM) without phenol red, and smooth muscle growth media bullet 

kit (SMGM-2) were purchased from Lonza Group Ltd. X-tremeGene HP DNA Transfection 

Reagent and Fibronectin (pure) were purchased Roche Diagnostics. BioLite tissue culture flasks 

and BioLite Multidishes were obtained from Thermo Scientific (Fischer), and ΔT glass bottom 

culture dishes were purchased from Bioptechs (Bulter, Pa). Bovine Serum albumin (BSA) was 

received from Calbiochem. Alexa Fluor 568 phalloidin (TRITC), the anti-GFP IgG fraction 

antibody, and the goat anti-rabbit (GAR) secondary antibody 488 were purchased from 

Molecular Probes® by Life Technologies. Anti-PDE4D7 antibody was a generous gift from Dr. 

George S. Baillie (University of Glasgow, Glasgow, UK). Anti-PDE4D antibody was generously 

provided by ICOS Corporation (Bothell, WA, USA). Anti-AKAP12 antibody was purchased 

from Abcam (Cambridge, MA), anti-AKAP5 antibody was purchased from Upstate Cell 

Signaling Solutions (Lake Placid, NY), and anti-PKA RIIβ antibody was purchased from 

Transduction Laboratories (Lexington, KY). Anti-PKA RIIα antibody, the Protein A/G 

sepharose beads and the normal sheep IgG were all purchased from Santa Cruz Biotechnology, 

Inc. Anti-EPAC1 253 R2 antibody was a generous gift from Michele P. Kelly (Wyeth Research, 

NJ). Anti-phospho-MLC2 (Thr18/Ser19) and anti-MLC2 antibodies were from Cell Signaling 

Technology. Lipofectamine 2000, Trypsin 0.5% EDTA 10x, CellTracker™ Orange CMRA, 

siRNA targeting PDE4D (5’-GAC AAG CAC AAU GCU UCC GUG GAA A-3’) and Stealth 

RNAi™ medium GC content universal negative control siRNA were all purchased from 
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Invitrogen™ by Life Technologies. siRNA targeting PDE4D7 (5’ -AGA CUU UCA UGU CGC 

AAU Att- 3’), referred to as PDE4D7 siRNA #1, and (5’ -GAA ACA CUA CAU UCC AGU 

Att- 3’), referred to as PDE4D7 siRNA #2, were purchased from Ambion® by Life Technologies. 

4’,6’-diamidino-2-phenylindole (DAPI), Y-27632 dihydrochloride, Anti-FLAG M2, and the 

PGK, GAPDH, PDE4D7 and PDE4D primers were all ordered and purchased from Sigma-

Aldrich. The Rho inhibitor 1 exoenzyme C3-transferase was purchased from Cytoskeleton, Inc. 

(Denver, CO). Endothelin-1 (from Sigma-Aldrich) was a generous gift from Dr. Brian M. 

Bennett (Queen’s University, Kingston, Ontario). The 4-20% acrylamide Tris-Glycine gradient 

precast gels were purchased from Jule Inc. Biotechnology Division (Milford, CT). The Flag-

EPAC1 DNA was a generous gift from Xiaodong Cheng (Galveston, TX). The mammalian 

green fluorescent protein (GFP) expression vectors (pEGFP-C2) encoding only the unique N-

terminal region of the PDE4D long form isoforms PDE4D3, PDE4D5, and PDE4D7 and a 

common upstream conserved region 1 (UCR1) linker sequence (NT-PDE4D3, NT-PDE4D5, 

NT-PDE4D7) were generated by Ms. Tammy Truong and Dr. Silja I. Freitag from the laboratory 

(Figure 2.1) (Truong, MSc Thesis 2014).  

 
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), and 1% hEGF (human Epidermal Growth Factor), insulin, hFGF-B (human Fibroblast 

Growth Factor-B), and GA-1000 (Gentamicin, Amphotericin B) (SMGM-2). The HASMCs were 

incubated in a 37°C humidified chamber containing 5% CO2/95% air. Cells were cultured on 

BioLite tissue culture-treated flasks. HASMCs were sub-cultured using Trypsin 0.5% EDTA 
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Figure 2.1: Schematic representation of NT-PDE4D/GFP constructs. Green 
fluorescent protein (GFP) expression constructs encoding only the unique 
amino-terminal domains of PDE4D long form isoforms and a common 
upstream conserved region 1 (UCR1) linker sequence (NT-PDE4D3, NT-
PDE4D5, NT-PDE4D7, NT-PDE4D8, NT-PDE4D9). Constructs generated 
by Ms. Tammy Truong and Dr. Silja I. Freitag (Truong, MSc Thesis 2014). 

 

when cells reached ~80% confluency. When used in experiments, HASMCs had been sub-

cultured between 2 and 8 times. 

 
2.3 RNAi-based knockdowns 

HASMCs were plated in a 25 cm2 tissue culture-treated flask, onto a fibronectin-coated 

ΔT dish or onto fibronectin-coated glass coverslips in a 24-well culture dish. These plated cells 

were cultured in SMGM-2 until they reached ~80% confluency, at which time they were 

transfected. HASMCs were transfected using lipofectamine 2000 and either PDE4D7, PDE4D or 

negative control siRNA, as per manufacturer’s directions. Immediately prior to transfection, 

growth media was replaced with basal media. For transfections using the negative control and 

PDE4D siRNA, a 1:1 siRNA-lipofectamine 2000 transfection complex was formed over a 20min 

period of incubation. For the PDE4D7-based knockdowns, a combination of the two unique 

PDE4D7 siRNAs (PDE4D7 siRNA #1 and #2) was used, and only half of the total siRNA 
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volume of each was added, resulting in a 0.5:0.5:1 siRNA-siRNA-lipofectamine 2000 

transfection complex. The transfection complex was applied to cultured HASMC monolayers. 

Following a 5hr, 37°C incubation period, SMBM-2 was replaced with SMGM-2. In all 

experiments, the HASMCs were transfected twice, 24 h apart, and the impact of RNAi in the 

cells was assessed 48 h following the first transfection. 

 
2.4 RNA isolation, reverse transcription and quantitative RT PCR: 

mRNA expression levels were examined using quantitative PCR (qPCR). 48hr following 

the first siRNA transfection, HASMC RNA was isolated and purified from HASMCs 

monolayers using the Qiagen RNeasy® Mini Kit according to manufacturer’s instructions. cDNA 

was generated from purified RNA using oligo(dT)18 (Sigma-Aldrich) and the Qiagen 

Omniscript RT kit, as per the manufacturer’s instructions. RNA purity and concentration were 

measured using a NanoDrop 1000 (Thermo Scientific). qPCR reactions were carried out using 

Bio-Rad iTaq™ Universal SYBR® Green Supermix with 10ng of cDNA template and the 

following primers: PGK (Fwd - 5’- CTGTGGGGGTATTTGAATGG-3’, Rev - 5’-

CTTCCAGGAGCTCCAAACTG-3’), GAPDH (Fwd – 5’-GGGCATGAACCATGAGAAGT-3’, 

Rev – 5’-AAGCAGGGATGATGTTCTGG-3’), PDE4D7 (Fwd – 5’-

TGCCTCTGAGGAAACACTAC-3’, Rev – 5’-GCTGAATATTGCGACATGAAAG-3’), and 

PDE4D (Fwd - 5’-ACGTGGCATGGAGATAAGCC-3’, Rev - 5’-

GTGCTCTGGTACCATTCACGA-3’). Thermocycler settings: initial denaturation step: 95°C 

for 30s, followed by 40 cycles of 95°C for 5s, annealing temperature (Ta) for 30s (PGK Ta=60°C, 

GAPDH Ta=60°C, PDE4D7 Ta=55.5°C, PDE4D Ta=64°C), and then 72°C for 30s.  
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2.5 Immunoprecipitation and immunoblotting 

Lysates were generated by homogenization of confluent HASMC monolayers. The cells 

were lysed in a Tris (50mM, pH 7.4)- based lysis buffer supplemented with 1% Igepal CA-630, 

150mM sodium chloride, 10mM sodium pyrophosphate, 10mM sodium β-glycerophosphate, 

10mM sodium fluoride, 1µg/ml pepstatin A, 1µg/ml E-64, 5ug/ml bestatin, 0.1mg/ml 

phenylmethylsulfonyl fluoride (PMSF), 1 µg/ml aprotinin, 1 µg/ml leupeptin, 5mM 

benzamidine, and 10mM sodium orthovanadate. The homogenate was then centrifuged at 10 000 

rpm for 5min, which permitted collection of the detergent-soluble fraction. Protein 

concentrations were determined using a bicinchoninic acid (BCA) protein assay normalized to a 

standard curve using a pre-diluted bovine serum albumin (BSA) set (Thermo Scientific).  

For the immunoprecipitations (IP) experiments, a sample of the lysate detergent-soluble 

fraction was kept for analysis of “Total Lysate”. 500 µg protein lysate was incubated with 40 µl 

Protein A/G sepharose beads and 1.25 µg normal sheep IgG on a rotating platform for 3hr at 4°C 

to remove insoluble and non-specific binding proteins. Following centrifugation (6000rpm for 

5min) to remove the precipitated protein A/G beads, “cleared” homogenates were incubated with 

40µl Protein A/G sepharose and 1.25µl of the PDE4D7 antibody on a rotating platform at 4°C 

overnight. The next day, antibody-conjugated A/G beads were isolated by centrifugation at 

6000rpm for 2min, and the remaining cleared lysate was kept for analysis of “Unbound” cell 

lysate proteins. The antibody-conjugated A/G beads were then washed 3X with lysis buffer. 

Specifically adsorbed proteins were eluted in 2X laemmli at room temperature for 30min, and 

the eluted proteins were kept for analysis of “IP Elution” by immunoblot analysis. 

Protein immunoprecipitates and protein lysates were supplemented with (2x or 9x) SDS-

PAGE running buffer prior to resolution by SDS-PAGE (7.5% acrylamide, or 4-20% acrylamide 
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gradient). Resolved lysates were transferred to PVDF membranes, blocked with 5% Tris-

buffered saline with Tween 20 (TBST) buffer (Fisher Scientific) for 1hr, and immunoblotted 

with target-specific antibodies. The following antisera were used: anti-PDE4D (1:4000), anti-

AKAP5 (1:5000), anti-AKAP12 (1:1000), anti-PKA RIIβ (1:1000), anti-PKA RIIα (1:250), anti-

EPAC1 253 R2 (1:2000), anti-FLAG M2 (1:10000), anti-pMLC2 (Thr18/Ser19) (1:1000), anti-

MLC2 (1:1000). To visualize immunoreactive bands, specific binding of primary antibodies was 

detected by chemiluminescence with horseradish peroxidase conjugated secondary antisera for 

1hr. 

 
2.6 Transient transfections with NT-PDE4D/GFP, GFP, and Flag-EPAC1 plasmid DNA: 

Transient transfections of HASMCs were performed with NT-PDE4D3/GFP, NT-

PDE4D5/GFP, NT-PDE4D7/GFP, native GFP, or Flag-EPAC1 plasmid DNA in the appropriate 

experiments using X-tremeGene HP DNA Transfection Reagent in solution (1µL DNA: 4µl X-

tremeGene reagent). The plasmid DNA, the X-tremeGene reagent and HBSS were incubated 

together for 15min. Following the incubation time, HASMCs suspended in antibiotic-free 

SMGM-2 were added to and rotated with the DNA, X-tremeGene reagent and HBSS mixture on 

a rotating platform for 4hr. The HASMCs were then resuspended in SMGM-2 and plated onto a 

fibronectin-coated ΔT dish, in a tissue culture flask or onto a fibronectin-coated glass coverslip 

in a 24-well culture dish. In the time-lapse migration, immunofluorescent microscopy and IP-

immunoblot experiments, 0.1µg of plasmid DNA was used in the transfection of every 10 000 

HASMCs. Transfected cells were placed back into 5% CO2 incubator and allowed to propagate 

for 36hr prior to use in experiments. 
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2.7 Immunofluorescence microscopy: 

Following the transient transfections of HASMCs with the NT-PDE4D/GFP constructs 

(36hr after) (see 2.6 Materials and Methods) or with the siRNA (48hr after the first transfection 

treatment) (see 2.3 Materials and Methods), transfected cells plated on fibronectin-coated 

coverslips were washed and incubated with SMBM-2 for 5hr. In the appropriate experiments, 

endothelin-1 (0.1µM) was added to the SMBM-2 for 5min at the end of the 5hr incubation. 

Following the 5hr incubation, 10% FBS was added to the SMBM-2 to stimulate migration, and 

the cells were incubated overnight.  

The HASMCs were then fixed with 4% paraformaldehyde for 20min, permeabilized with 

0.2% Triton X-100 in HBSS for 5min and blocked with 0.1% BSA in HBSS for 1 hr. Cells were 

stained with DAPI (1:1000) and Alexa Fluor 568 phalloidin (TRITC;1:1000) for 1hr. In the 

appropriate experiments, cells were incubated with anti-GFP IgG primary antibody (1:1000) for 

1hr, and then incubated with goat anti-rabbit (GAR) antibody 488 (1:1000) for 1hr. Cells were 

mounted on glass slides with Mowiol 4-88 mounting media (Sigma-Aldrich), and fluorescent 

images were acquired using a Zeiss Axiovert S100 microscope (Carl Zeiss, Inc., Thornwood, 

NY) with fluorescence capability equipped with a Plan-Neofluor 40x objective (Zeiss Inc.) and a 

Cooke SensiCam. Image analysis was performed using Slidebook 5.0 image analysis software, 

3I (Denver, CO). 

 
2.8 Time-lapse-based random migration assay 

Following the transient transfection of HASMCs with the NT-PDE4D/GFP constructs or 

the RNAi-based knockdown of HASMCs, transfected cells plated on fibronectin-coated ΔT 

dishes were labeled with a cell-permanent fluorescent dye molecule, CellTracker Orange CMRA 

(1:2000 dilution in SMBM-2) for 25min to allow visualization of the cells during the experiment. 
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Cells were then washed and incubated with phenol-free basal media supplemented with HEPEs 

buffer for 5hr. In the appropriate time-lapse experiments, the Rho inhibitor 1 exoenzyme C3-

transferase (1ug/mL) (as per manufacturer’s directions) was also added to the HASMCs in the 

phenol-free basal media for the 5hr incubation prior to the start of the time-lapse movie. In the 

appropriate time-lapse experiments, Y-27632 dihydrochloride compound (10µM)123 was added 

to the phenol-free basal media for 30min123 prior to the start of the time-lapse movie. In all time-

lapse experiments, following the 5hr incubation, 10% FBS was added to the phenol-free basal 

media to stimulate migration. The ΔT dishes containing the treated HASMCs were then placed 

on a Bioptechs ΔTC3 micro-observation temperature control system (Bioptechs, USA) mounted 

on the Zeiss Axiovert S100 microscope to maintain an assay temperature of 37°C. Fluorescent 

images of migrating HASMCs were captured using the Plan-Neofluor 10x objective every 20min 

for 11hr and 20min (34 timepoints).  

Slidebook 5.0 image analysis software was used to analyze the time-lapse migration 

movies. The paths of individual migrating HASMCs were manually tracked for the 11hr and 

20min period using the Manual Particle Tracking Tool. The software’s Particle Tracking 

Protocol Tool was then used to compute the total path length (timepoints), the total displacement 

(µm) and the average cellular speed (µm/sec) of the migrating, tracked HASMCs. Between 2 and 

18 cells were tracked per time-lapse experiment, and 3-6 time-lapse experiments were conducted 

for each condition group. 

 
2.9 Wound/scratch migration assay 

Following the transfection of HASMCs (see 2.3 Materials and Methods) with the 

PDE4D7 or negative control siRNA, cells were washed and incubated with phenol-free basal 

media supplemented with HEPE buffer for 5hr. Confluent HASMC monolayers were then 
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“wounded” or “scratched” along the midline of the coverslip using a 200µl micropipet to create a 

wound into which motile cells could migrate. Brightfield images of the wound at the top and the 

bottom of each coverslip were captured with the 5x objective (Zeiss Inc.), and were designated 

time=0hr. The cell medium was then changed to SMBM-2 with 10% FBS. HASMCs were left in 

the incubator for 9hr to migrate into the scratch. After the 9hr incubation, the cells on the 

coverslips were fixed and stained with the DAPI and Alexa Fluor 568 phalloidin (TRITC) 

antibodies (see 2.7 Materials and Methods). Mounted coverslips were then visualized using the 

Zeiss Axiovert S100 microscope, and images were captured using the Slidebook 5.0 software, at 

the same top and bottom location of each coverslip. HASMC motilities were quantified and 

compared using ImageJ (Image Processing and Analysis in Java) software by measuring the area 

of the initial wound (T=0hr) occupied or invaded with cells after 9hr.  

 
2.10 Statistical analysis 

Statistical differences were determined by one-way analysis of variance (ANOVA) 

followed by Student-Newman-Keuls post-hoc test when appropriate. Statistical comparisons 

between two samples was performed with an unpaired Student’s t-test and presented as mean ± 

S.E.M. A value of p<0.05 was considered significant. Representative immunoblots reflect 

similar results obtained in at least 2-3 separate experiments. 
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Chapter 3 

Results 

 
3.1 Basal and regulated expression of PDE4D7 in HASMCs 
 

Expression of PDE4D7 in human arterial smooth muscle cells (HASMCs) was confirmed 

at the mRNA level by quantitative RT-PCR, using primers designed to amplify target sequences 

within the unique 5’ region of the PDE4D7 mRNA (Figure 3.1a), and at the protein level by 

immunoprecipitation (IP) and immunoblotting, using a combination of a pan-PDE4D antibody 

and a PDE4D7-specific antibody (Figure 3.1b). The essential information concerning the care of 

and identity of these reagents are available in Chapter 2, Materials and Methods.  

We found that levels of PDE4D7 expressed in human HASMCs can be knocked down 

using an RNAi-based strategy. In our studies, a marked RNAi-based knockdown of PDE4D7 in 

HASMCs was accomplished using a combination of two siRNAs, each designed to interact with 

unique PDE4D7 5’sequences (PDE4D7 siRNA #1 and #2, see Chapter 2). While transfection of 

HASMCs with either of these PDE4D7-specific siRNA duplexes alone did significantly reduce 

HASMC PDE4D7 mRNA levels (~50% compared to control; data not shown), when used in 

combination, these tools reduced PDE4D7 mRNA levels by 82.5% ±7.3%, as determined by 

quantitative RT-PCR (Figure 3.1a). An identical amount of a control siRNA, which was used as 

a control in these studies, had no effect on HASMC PDE4D7 levels (Figure 3.1a).  Moreover, the 

siRNA treatments did not alter mRNA levels of the “housekeeping” genes glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) or phosphoglycerate kinase (PGK) (data not shown).  

We next investigated the level of PDE4D7 protein present in various lysates of HASMCs 

and how the level of this protein was altered in cells transfected with the siRNA described above. 

Since the avidity of the anti-PDE4D7 sheep-derived antibody available for our studies was too 
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low to allow direct immunoblot detection of this protein from 40µg of HASMC lysate, levels of 

PDE4D7 were first investigated by immunoprecipitating PDE4D7 from ~1mg of HASMC lysate 

using the anti-PDE4D7 antibody. The immunoprecipitated PDE4D7 was subsequently detected 

by immunoblot analysis using an anti-pan-PDE4D mouse monoclonal antibody.  

Direct immunoblot analysis of HASMC lysates using the anti-pan-PDE4D antibody 

identified multiple bands between 90-100-kDa (Figure 3.1b), consistent with previous reports by 

our laboratory and others identifying the dominant expression of the PDE4D variants PDE4D3, 

PDE4D5, PDE4D7, PDE4D8 and PDE4D9 in arterial SMCs61,80,121. When lysates derived from 

HASMCs transfected with the PDE4D7-specific siRNAs were similarly analyzed, a significant 

reduction in the dominant immunoreactive species in this lysate, namely that seen at ~99-kDa, 

was observed (Figure 3.1bA). Anti-PDE4D reactive proteins of molecular weight ~99-kDa are 

known to represent the PDE4D5 and PDE4D7 splice variants78. The lower abundance, smaller 

sized anti-PDE4D immunoreactive species are known to represent a mixture of three other 

PDE4D variants, namely PDE4D3, PDE4D8 and PDE4D978,122. Immunoblot analysis of the anti-

PDE4D reactive species present following immunoprecipitation with the anti-PDE4D7 antibody 

yielded findings consistent with the identification of a significant fraction of the ~99-kDa protein 

as PDE4D7 (Figure 3.1bB). Indeed, an abundant ~99-kDa anti-PDE4D species was isolated from 

HASMC lysates by immunoprecipitation, and the amount of this species was markedly reduced 

in lysates derived from HASMCs transfected with the PDE4D7-specific siRNAs (Figure 3.1bB).   
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*** 

***= p<0.001 
**n= 4  
s

 
Figure 3.1a): PDE4D7 mRNA levels in HASMCs transfected with either a control siRNA or a 
combination of two PDE4D7-specific siRNAs. 
Quantitative PCR performed using cDNA generated from RNA isolated from HASMCs which had 
been transfected with either a control siRNA or an equivalent amount of a combination of two 
PDE4D7 siRNAs (siRNA #1 and #2) targeted at PDE4D7. The level of PDE4D7 mRNA in 
HASMCs transfected with the PDE4D7 siRNAs is shown relative to that detected in cells 
transfected with the control siRNA. Data were quantified using the Bio-Rad CFX Manager software, 
and values were normalized to levels of the two housekeeping genes studied in our experiments, 
GAPDH and PGK (n=4; p<0.001).  
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Figure 3.1b): Identification of anti-PDE4D immunoreactive proteins in HASMC lysates and evidence 
of reduced expression of a 99-kDa variant in cells transfected with PDE4D7-specific siRNAs. (A) 
Lysates or (B) anti-PDE4D7 immunoprecipitates of HASMCs transfected with either control siRNA 
or PDE4D7 siRNAs were immunoblotted with an anti-pan-PDE4D antibody. Data are representative 
of findings from 2 independent experiments. 
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3.2 Expression of the NT-PDE4D7/GFP construct impacts HASMC morphology and 

migration 

Previously in the laboratory, Truong (MSc, 2014) investigated the effects of the 

overexpression of amino-terminally (NT) truncated PDE4D long form variants as fusion proteins 

with GFP (NT-PDE4D/GFP) in 293 cells and HASMCs (Truong, Msc Thesis 2014). Briefly, Ms. 

Truong noted that cells overexpressing NT-PDE4D7/GFP, but not the other PDE4D long form 

variant fusion proteins, exhibited an extended tail during migration. To further investigate the 

effects of NT-PDE4D7/GFP expression on HASMC morphology and migration, we compared 

here the migration and morphology of HASMCs expressing GFP, NT-PDE4D3/GFP or NT-

PDE4D5/GFP (as controls), and NT-PDE4D7/GFP. In these studies, I confirmed that HASMCs 

expressing NT-PDE4D7/GFP had a significantly different overall morphology compared to any 

of the controls (GFP or NT-PDE4D3/GFP). The most notable morphological effect of the NT-

PDE4D7/GFP constructs was the presence of a highly elongated cell tail or rear (Figure 3.2a). 

Indeed, the elongated tails displayed by some of these cells spanned over 200µm in length. 

Consistent with Truong (MSc, 2014), we noted that the elongated tail phenotype observed in 

cells expressing the NT-PDE4D7/GFP protein was unique to the PDE4D7 splice variant, and we 

did not observe this phenotype in cells expressing the NT-PDE4D3/GFP chimera or the native 

GFP (Figure 3.2b).  
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Figure 3.2a: Overexpression of NT-PDE4D7/GFP in HASMCs markedly altered cell morphology.  
Representative images of HASMCs expressing the NT-PDE4D7/GFP chimera. Cells expressing the NT-
PDE4D7/GFP construct exhibited highly elongated cell tails. Transfected HASMCs were plated on to 
fibronectin-coated glass coverslips, incubated with 10% FBS to stimulate migration, and then fixed 36hr 
following transfection. HASMCs were stained for GFP (anti-GFP antibody, green) and the nuclei (DAPI, blue). 
Images were acquired and analyzed using a Zeiss Axiovert S100 microscope and Slidebook 5.0 image analysis 
software (see 2.7 Materials and Methods). Images are representative of cells transfected with the plasmids and 
are shown at 40X.  
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Figure 3.2b: Overexpression of native GFP or NT-PDE4D3/GFP constructs in HASMCs does not 
impact cell morphology.  
Representative images of A) HASMCs expressing native GFP, and B) HASMCs expressing the NT-
PDE4D3/GFP chimera. Transfected HASMCs were plated on to fibronectin-coated glass coverslips, 
incubated with 10% FBS to stimulate migration, and then fixed 36hr following transfection. HASMCs 
were stained for GFP (anti-GFP antibody, green) and the nuclei (DAPI, blue). Images were acquired 
and analyzed using a Zeiss Axiovert S100 microscope and Slidebook 5.0 image analysis software (see 
2.7 Materials and Methods). Images are representative of cells transfected with the plasmids and are 
shown at 40X.  
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Next, to investigate the physiological relevance of the elongated tail phenotype, we tested 

the effect of NT-PDE4D7/GFP expression on HASMC migration. We conducted a series of 

time-lapse-based migration studies in which the rate and total distance of FBS-stimulated 

random cell migration was measured over a period of hours. Images of the migrating HASMCs 

transfected with either the NT-PDE4D7/GFP or NT-PDE4D5/GFP plasmids were captured every 

20min over an 11hr and 20min period (see 2.8 Materials and Methods). Analysis of the time-

lapse videos showed that the HASMCs expressing the NT-PDE4D7/GFP chimera displayed 

highly elongated cell tails compared to their non-transfected neighbors. As they were allowed to 

migrate, NT-PDE4D7/GFP-expressing HASMCs accumulated very long tails (Figure 3.2dA) 

that they appeared to be unable to properly retract. We concluded that these cells were anchored 

to the underlying substrate and were delayed from progressing forward (Video I, see Appendix). 

Some of the anchored cells extended multiple leading edge protrusions (Figure 3.2c). We also 

observed the eventual cleavage of the tails in some NT-PDE4D7/GFP-expressing cells, leaving 

behind small fragments of adherent plasma membrane and cytoplasm containing NT-

PDE4D7/GFP (Figure 3.2dB). In marked contrast, HASMCs expressing NT-PDE4D5/GFP, 

adopted a polarized phenotype similar to that of non-transfected, control HASMCs. As the NT-

PDE4D5/GFP-expressing HASMCs moved on the dish, they were able to retract their rear and 

move in an unhindered manner (Video II, see Appendix). The movement of the HASMCs 

expressing NT-PDE4D5/GFP was comparable to that of the non-transfected control cells. 
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Figure 3.2c: Migrating HASMCs expressing NT-PDE4D7/GFP can extend multiple leading 
structures 
Images of migrating HASMCs transfected with the NT-PDE4D7/GFP DNA were captured every 
20min over an 11hr and 20min period. Image is from a representative time-lapse experiment. 
White arrows indicate leading edge protrusions. Time-lapse videos were taken at 10X (green = 
GFP). 
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Figure 3.2d: Migrating HASMCs expressing NT-PDE4D7/GFP extend elongated tails that they are 
unable to properly retract 
Images shown are from a representative time-lapse experiment, at A) T= 6hr 20min, and B) T= 7hr. 
A) Images show HASMC with elongated tail, that is eventually B) cleaved and detached from the 
cell body, leaving behind adherent fragments (indicated by white arrows). Time-lapse videos were 
taken at 10X (green = GFP). 
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Analysis of the time-lapse migration videos (see 2.8 Materials and Methods) revealed 

that the expression of NT-PDE4D7/GFP in HASMCs was associated with a significant reduction 

in their average cellular migration speed (9.99nm/sec ±1.27) when compared to that exhibited by 

the non-expressing cells (17.19nm/sec ±1.98) (p<0.001) (Table 3.2a); a reduction of 41.90% 

±7.40% compared to controls (Figure 3.2e). In contrast, expression of NT-PDE4D5/GFP did not 

significantly reduce average cellular migration speed of HASMCs compared to that exhibited by 

the controls (p>0.05) (Table 3.2a and Figure 3.2e). Furthermore, the average cellular migration 

speed of HASMCs expressing the NT-PDE4D7/GFP construct was significantly decreased 

compared to that of the HASMCs expressing the NT-PDE4D5/GFP construct (p<0.001) (Figure 

3.2e). Additional analysis of the time-lapse studies showed that the length of the paths traveled 

by the migrating HASMCs expressing the NT-PDE4D7/GFP construct was markedly decreased 

compared to that of the non-expressing cells, and compared to the cells expressing NT-

PDE4D5/GFP (Figure 3.2f). 

 

 

 

 

 

 

 

 

 

 



	   50	  

Condition (Cell Treatment) Average migration speed (nm/sec) 
Control 17.19±1.98 *** 

NT-PDE4D7/GFP 9.99±1.27 *** 
NT-PDE4D5/GFP 15.13±0.73 NS* 

 
Table 3.2a: Overall average migration speed of NT-PDE4D7/GFP-transfected cells compared to control and NT-
PDE4D5/GFP-transfected cells. 
Average migration speeds were analyzed using Slidebook 5.0 image analysis software (see 2.8 Materials and 
Methods). 2-18 cells were tracked in each experiment, and 4-5 experiments were conducted for each condition 
group. Values of the overall average migration speeds of all the tracked cells (nm/sec) for the three conditions are 
shown here (*** indicates a significant difference between treatment and control (p<0.001); NS indicates a non-
significant difference between treatment and control (p>0.05)). 
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Figure 3.2e: Impact of NT-PDE4D7/GFP on average HASMC migration speed.  
Average cellular migration speeds are shown here as percentages of control cells ± S.E.M. Expression of 
NT-PDE4D7/GFP in the HASMCs was associated with a significant reduction in average cellular 
migration speed compared to control non-transfected cells and compared to cells expressing NT-
PDE4D5/GFP. Average speed data collected from 4-5 experiments, where 2-18 cells are tracked per 
experiment. (*** = p<0.001). 
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Figure 3.2f: Impact of NT-PDE4D7/GFP on length of paths traveled by HASMCs.  
The paths traveled by the migrating HASMCs were analyzed using Slidebook 5.0 image analysis software. The 
paths of individual migrating cells were manually traced, and the tracings were used to generate the tracking 
diagrams. Representative experiment is shown for each condition group. n=4-5 experiments, and 2-18 cells were 
tracked per experiment.  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  



	   52	  

3.3 RNAi-based knockdown of PDE4D7 impacts HASMC morphology and migration 

We hypothesize that expression of the NT-PDE4D7/GFP impacts the morphology of 

migrating HASMCs due to the ability of this protein to displace endogenous PDE4D7 from its 

tethered sites in cells. Following this hypothesis, we reasoned that PDE4D7-selective 

knockdown might result in a similar migration phenotype. To test this, HASMCs were 

transfected with a control siRNA, a pan-PDE4D siRNA, or the PDE4D7 siRNAs described 

above (see 2.3 Materials and Methods) and morphology and migration were assessed. 

Transfection of HASMCs with PDE4D7 siRNA was assosicated with a significantly altered 

HASMC cellular morphology compared to the morphology observed in either the cells 

transfected with the control or the pan-PDE4D siRNA (Figure 3.3a and 3.3b). As with NT-

PDE4D7/GFP-expressing cells, cells in which PDE4D7 was knocked down exhibited highly 

elongated cell tails (Figure 3.3a). 

We also used a pan-PDE4D siRNA in order to examine the cellular impact of pan-

PDE4D-knockdown compared to PDE4D7-specific knockdown.  Transfection of HASMCs with 

the pan-PDE4D siRNA was associated with reduced pan-PDE4D mRNA levels by 83%±7.0% 

(n=3) compared to control (p<0.005), as determined by quantitative PCR (see Appendix Figure 

I). Similarly, we found that transfection of HASMCs with the PDE4D7-selective siRNA was 

associated with reduced PDE4D7 mRNA levels by 82.5%±7.3% (see 3.1 Results). This data 

shows that both pan-PDE4D and PDE4D7-selective siRNA reduce PDE4D7 mRNA levels in 

HASMCs by an equivalent amount. However, interestingly, and consistent with a selective effect 

of PDE4D7 on rear retraction dynamics, cells transfected with the pan-PDE4D siRNA did not 

display the altered tails that were seen in cells in which only PDE4D7 was knocked down 

(Figure 3.3bB).   
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Figure 3.3a: Transfection of HASMCs with PDE4D7 siRNA markedly altered overall cell morphology.  
Representative images of PDE4D7-knockdown HASMCs. Cells transfected with the PDE4D7 siRNA exhibited 
highly elongated cell tails. HASMCs were transfected after being plated on to fibronectin-coated glass coverslips, 
incubated with 10% FBS to stimulate migration and then fixed 48hr following the first transfection. HASMCs were 
stained for actin (TRITC phalloidin, red) and the nuclei (DAPI, blue). Images were acquired and analyzed using a 
Zeiss Axiovert S100 microscope and Slidebook 5.0 image analysis software (see 2.7 Materials and Methods). 
Images are representative of cells transfected with the siRNA and are shown at 20X.  
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Figure 3.3b: Transfection of HASMCs with negative control or PDE4D siRNA does not impact overall cell 
morphology.  
Representative images of A) HASMCs transfected with negative control siRNA, and B) HASMCs 
transfected with PDE4D siRNA. The PDE4D siRNA transfected cells did not display a markedly altered 
appearance compared to cells transfected with the negative control siRNA. HASMCs were transfected after 
being plated on to fibronectin-coated glass coverslips, incubated with 10% FBS to stimulate migration and 
then fixed 48hr following the first transfection. HASMCs were stained for actin (TRITC phalloidin, red) 
and the nuclei (DAPI, blue). Images were acquired and analyzed using a Zeiss Axiovert S100 microscope 
and Slidebook 5.0 image analysis software. Images are representative of cells transfected with the siRNA 
and are shown at 20X.  
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In order to further compare the phenotype of PDE4D7 knockdown to that observed upon 

NT-PDE4D7/GFP expression, we tested the effect of PDE4D7 siRNA on HASMC migration in 

our time-lapse-based studies (see 2.8 Materials and Methods). Analysis of the time-lapse 

migration videos revealed that knockdown of PDE4D7 was associated with a significant 

reduction in average cellular migration speed (8.96nm/sec ±0.50) compared to the control cells 

(17.25nm/sec ±1.78) (p<0.001) (Table 3.3a). This effect represented a decrease in migration of 

48.07% ±2.87% by PDE4D7 siRNA transfected cells compared to controls (Figure 3.3c). Cells 

transfected with the pan-PDE4D siRNA also migrated significant more slowly than controls 

(13.62nm/sec ±0.56 vs. 17.25nm/sec ±1.78, respectively) (p<0.05) (Table 3.3a). Our data 

indicate that pan-PDE4D-knockdown reduced HASMC migration by 21.02% ±3.27% compared 

to controls, while PDE4D7-specific knockdown decreased migration by 48.07% ±2.87% (Figure 

3.3c); these differences were highly significant (p<0.001).  

Additional analysis of the time-lapse videos showed that the length of the paths traveled 

by the migrating PDE4D7-knockdown HASMCs was markedly decreased compared to the 

control cells, and compared to the PDE4D-knockdown cells. The length of the paths traveled by 

the PDE4D-knockdown cells was also decreased compared to the control cells, but to a lesser 

extent than that by the PDE4D7-sepcific knockdown cells (Figure 3.3d). 

 

Condition Average migration speed (nm/sec) 
Control 17.25±1.78 *** 

PDE4D7 siRNA 8.96±0.50 *** 
PDE4D siRNA 13.62±0.56 *** 

 
Table 3.3a: Overall average migration speed of PDE4D7-knockdown HASMCs compared to control and PDE4D-
knockdown cells. 
Average migration speeds were analyzed using Slidebook 5.0 image analysis software (see 2.8 Materials and 
Methods). 2-18 cells were tracked in each experiment, and 3-6 experiments were conducted for each condition 
group. Values of the overall average migration speeds of all the tracked cells (nm/sec) for the three conditions are 
shown here (*** indicates a significant difference between treatment and control (p<0.001); * indicates a significant 
difference between treatment and control (p<0.05)). 
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Figure 3.3c: Impact of PDE4D7 siRNA on average HASMC migration speed. 
Average cellular migration speeds are shown here as percentages of control cells ± S.E.M. Transfection 
of HASMCs with PDE4D7 siRNA was associated with a significant reduction in average cellular 
migration speed compared to control cells and compared to cells transfected with PDE4D siRNA. PDE4D 
siRNA-transfected HASMCs was associated with a smaller, yet still significant, reduction in average 
cellular migration speed compared to control cells. Average speed data collected from 3-6 experiments, 
where 2-18 cells are tracked per experiment. (*** = p<0.001; * = p<0.05)  

 
 
 

We also utilized a fixed-cell wound assay in order to corroborate the migration data 

obtained from the time-lapse-based migration studies (see 2.9 Materials and Methods). We show 

here that PDE4D7-knockdown HASMCs migrated significantly less in a wound healing-type 

migration assay when compared to cells that had been transfected with the control siRNA 

(Figure 3.3e).  Specifically, HASMCs in which PDE4D7 had been knocked down filled the 

wound by 27.37% ±5.46% less than control cells (Figure 3.3e).  
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Figure 3.3d: Impact of PDE4D7 siRNA on length of paths traveled by HASMCs 
The paths traveled by the migrating HASMCs were analyzed using Slidebook 5.0 image analysis software. The 
paths of individual migrating cells were manually traced, and the tracings were used to generate the tracking 
diagrams. Representative experiment is shown for each condition group. n=3-6 experiments, and 2-18 cells were 
tracked per experiment.  
	  
	  
	  
	  
	  
 

 
 
Figure 3.3e: Impact of PDE4D7 knockdown on HASMC migration into open wound.  
Knockdown of PDE4D7 was associated with a significant reduction in growth serum-induced HASMC 
wound closure when compared to treatment with negative control siRNA. HASMC migration was 
quantified as the percent of the area of the initial wound occupied with cells after 9hr. Migration data 
shown is presented as a percentage of negative control siRNA-treated HASMCs in means ± S.E.M (n=3; 
p<0.005). 
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3.4 Addition of a Rho inactivator or ROCK inhibitor to HASMCs expressing the NT-

PDE4D7/GFP constructs does not potentiate the impact on migration 

We next attempted to identify the cellular mechanism through which PDE4D7 affects 

VSMC migration and retraction dynamics. Since the observed extended tail phenotype was 

reminiscent of previous findings from studies in which the activities of RhoA or ROCK were 

antagonized102,103,114, we first considered the RhoA-ROCK signaling pathway. 

A series of time-lapse migration experiments were conducted in which we compared the 

impact of RhoA inactivation or ROCK inhibition on HASMCs to the morphological changes and 

impaired migration that occurred in HASMCs expressing the NT-PDE4D7/GFP constructs.  

Firstly, we investigated the effect of Rho inactivation on HASMC migration using a Rho 

inhibitor 1 exoenzyme C3-transferase (see 2.8 Materials and Methods). Analysis of the time-

lapse videos revealed that treatment of the HASMCs with the C3-transferase resulted in a 

significant reduction in average cellular migration speed (9.46nm/sec ±0.81) compared to that of 

the control cells (17.19nm/sec ±1.98) (p<0.001) (Table 3.4a). The migration of HASMCs treated 

with the C3-transferase was decreased by 44.96% ±4.70% relative to the control cells (Figure 

3.4a). The treatment of the HASMCs with just the C3-transferase and the treatment of HASMCs 

with just NT-PDE4D7/GFP resulted in an approximately equal reduction in the rate of HASMC 

migration relative to the control cells (44.96% ±4.70% compared to 41.90% ±7.40%) (Figure 

3.4a). We also combined these treatments, and added the C3-transferase to HASMCs expressing 

the NT-PDE4D7 chimera. Interestingly, the combined treatment was associated with a slightly 

decreased, although overall similar rate of HASMC migration (8.24nm/sec ±1.65) compared to 

the HASMCs treated with just the C3-transferase or just NT-PDE4D7/GFP (Table 3.4a), as well 

as a consistent reduction in the rate of migration (52.06% ±9.63%; p<0.001) (Figure 3.4a).  
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Condition Average migration speed (nm/sec) 
Control 17.19±1.98 *** 

NT-PDE4D7/GFP 9.99±1.27 *** 
C3-transferase 9.46±0.81 *** 

NT-PDE4D7/GFP + C3-transferase 8.24±1.65 *** 
 
Table 3.4a: Overall average migration speed of cells treated with combination Rho inactivator and NT-
PDE4D7/GFP compared to cells treated with either just the Rho inactivator or the NT-PDE4D7/GFP.  
Average migration speeds were analyzed using Slidebook 5.0 image analysis software (see 2.8 Materials and 
Methods). 2-18 cells were tracked in each experiment, and 3-5 experiments were conducted for each condition 
group. Values of the overall average migration speeds of all the tracked cells (nm/sec) for the three conditions are 
shown here (*** indicates a significant difference between treatment and control (p<0.001)). 
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Figure 3.4a: Combined impact of Rho inactivation and NT-PDE4D7/GFP expression on average 
HASMC migration speed.  
Average cellular migration speeds are shown here as percentages of control cells ± S.E.M. 
Treatment of HASMCs with the C3-transferase alone, the NT-PDE4D7/GFP alone, and the 
combination of the C3-transferase and the NT-PDE4D7/GFP resulted in consistent reductions in 
the rate of migration of HASMCs relative to the control cells. Average speed data collected from 
3-5 experiments, where 2-18 cells are tracked per experiment. (*** = p<0.001). 
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We next investigated the effect of ROCK inhibition on HASMC migration using the 

ROCK inhibitor Y-27632 (see 2.8 Materials and Methods). Analysis of the time-lapse videos 

revealed results similar to those from the studies using the C3-transferase. The treatment of the 

HASMCs with just the Y-27632 compound and the treatment of HASMCs with just NT-

PDE4D7/GFP were associated with an approximately equal reduction in the rate of HASMC 

migration relative to the control cells (43.95% ±2.27% compared to 41.90% ±7.40%, 

respectively) (Figure 3.4b). We then also combined the ROCK inhibitor and the NT-

PDE4D7/GFP treatments. As observed with the C3-transferase-treated cells, the combined 

treatment was associated with a slightly decreased, yet overall consistent rate of HASMC 

migration (8.35nm/sec ±0.26) compared to the HASMCs treated with just the Y-27632 

compound (9.63nm/sec ±0.39) or just NT-PDE4D7/GFP (9.99nm/sec ±1.27) (Table 3.4b), as 

well as a similar reduction in the rate of migration (51.42% ±1.48%; p<0.001) (Figure 3.4b).  

 

 

Condition Average migration speed (nm/sec) 
Control 17.19±1.98 *** 

NT-PDE4D7/GFP 9.99±1.27 *** 
Y-27632 9.63±0.26 *** 

NT-PDE4D7/GFP + Y-27632 8.35±0.26 *** 
 
Table 3.4b: Overall average migration speed of cells treated with combination ROCK inhibitor and NT-
PDE4D7/GFP compared to cells treated with either just the ROCK inhibitor or the NT-PDE4D7/GFP.  
Average migration speeds were analyzed using Slidebook 5.0 image analysis software (see 2.8 Materials and 
Methods). 2-18 cells were tracked in each experiment, and 3-5 experiments were conducted for each condition 
group. Values of the overall average migration speeds of all the tracked cells (nm/sec) for the three conditions are 
shown here (*** indicates a significant difference between treatment and control (p<0.001). 
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Figure 3.4b: Combined impact of ROCK inhibition and NT-PDE4D7/GFP expression on average 
HASMC migration speed.  
Average cellular migration speeds are shown here as percentages of control cells ± S.E.M. 
Treatment of HASMCs with the Y-27632 compound alone, the NT-PDE4D7/GFP alone, and the 
combination of the Y-27632 compound and the NT-PDE4D7/GFP resulted in consistent reductions 
in the rate of migration of HASMCs relative to the control cells. Average speed data collected from 
3-5 experiments, where 2-18 cells are tracked per experiment. (*** = p<0.001). 

 

 

Additional analysis of the time-lapse videos showed that the length of the paths traveled by  

the migrating HASMCs supported the results of the average cellular migration data for HASMCs 

treated with the C3-transferase alone, the C3-transferase combined with the NT-PDE4D7, the Y-

27632 compound alone, and the Y-27632 compound combined with the NT-PDE4D7/GFP, 

compared to cells expressing NT-PDE4D7/GFP but not otherwise treated (Figure 3.4c).  
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Figure 3.4c: Combined impact of Rho inactivation and NT-PDE4D7/GFP expression, and of ROCK 
inhibition and NT-PDE4D7/GFP expression on length of paths traveled by HASMCs.  
The paths traveled by the migrating HASMCs were analyzed using Slidebook 5.0 image analysis software. 
The paths of individual migrating cells were manually traced, and the tracings were used to generate the 
tracking diagrams. Representative experiment is shown for each condition group. n=3-5 experiments, and 
2-18 cells were tracked per experiment.  
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3.5 RNAi-based knockdown of PDE4D7 impacts stress fiber formation and 

phosphorylation of MLC2 

 
We next wanted to further investigate the potential cellular mechanism through which 

PDE4D7 affects VSMC migration by assessing the impact of PDE4D7 knockdown on stress 

fiber formation and phosphorylation of myosin light chains (MLCs). Stress fiber formation and 

phosphorylation of MLCs are both necessary for contraction-driven cell motility and are 

regulated by RhoA92,100. While cells treated with negative control siRNA exhibited long bundles 

of actin fibers, indicating typical stress fiber arrangement124, knockdown of PDE4D7 was 

associated with markedly altered the appearance of the contractile actin bundles in the cell tails 

and bodies and resulted in a loss of actin stress fibers (Figure 3.5a). Additionally, most of the 

HASMCs transfected with the PDE4D7 siRNA contained large actin-stained foci in the cell tail 

and in the cell body. Interestingly, cells transfected with the pan-PDE4D siRNA also exhibited 

some degree of stress fiber disarrangement and some punctate actin (Figure 3.5a). However, the 

depolymerization of actin stress fibers appeared to be markedly greater in the PDE4D7-

knockdown cells when compared to that in the pan-PDE4D-knockdown cells. Future studies are 

necessary in order to quantify these observed differences in actin stress fiber formation.   
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Figure 3.5a: Effect of PDE4D7 knockdown on HASMC stress fiber formation 
Representative images of HASMCs transfected with A) negative control siRNA, B) PDE4D siRNA or 
C) PDE4D7 siRNA. PDE4D7 knockdown was associated with a disruption in the formation of actin 
stress fibers in the HASMCs. Actin bundle formation and organization were visualized following 
staining for actin (TRITC-phalloidin) (red) and nuclei (DAPI) (blue). White triangles indicate an actin 
stress fiber; white arrows indicate actin-stained foci. Images were acquired and analyzed using a Zeiss 
Axiovert S100 microscope and Slidebook 5.0 image analysis software (see 2.7 Materials and Methods). 
Images are shown at 40X.  

 
 



	   65	  

We also assessed the effect of PDE4D7 knockdown on MLC phosphorylation in control 

cells and in cells challenged with endothlin-1 (ET-1), a potent vasoconstrictor and Rho-

activating agonist107. HASMCs were transfected with either the control siRNA or PDE4D7 

siRNA, and these transfected cells were then either subjected to treatment with ET-1 or no 

additional treatment (i.e. control). Lysates of these HASMCs were resolved by SDS-PAGE and 

immunoblotted for phosphorylated MLC. Analysis of phosphorylated MLC in cells transfected 

with control siRNA or PDE4D7 siRNA indicated that phosphorylated MLC protein was 

detected, and that levels of phosphorylated MLC were slightly lower in the PDE4D7-knockdown 

cells (Figure 3.5bA). Treatment of the control or PDE4D7-knockdown cells with ET-1 

augmented the differences in phosphorylated MLC detected. Thus, while ET-1 treatment 

promoted a significant increase in phosphorylated MLC in cells transfected with control siRNA, 

this effect was blunted in cells transfected with PDE4D7 siRNA (Figure 3.5bB).  
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Figure 3.5b: Effect of PDE4D7 knockdown on MLC phosphorylation  
A) Lysates of HASMCs transfected with negative control or PDE4D7 siRNA, with no stimulation. B) 
Lysates of HASMCs transfected with negative control or PDE4D7 siRNA, and stimulated with ET-1. 
48hr following the first siRNA transfection, these cells were incubated in serum-free media for 5hr, 
and 0.1µM ET-1 was then added these cells for 5min. 300µg of whole lysate protein of HASMCs 
treated with negative control siRNA or PDE4D7 siRNA, and treated with or without ET-1, were 
resolved by SDS- PAGE. pMLC protein levels are visualized by western blot using affinity purified 
pMLC-specific antibody. MLC is visualized as a western blot loading control.  
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3.6 Addition of a Rho-activating agonist partially rescues stress fiber disruption in 

PDE4D7-knockdown HASMCs 

We next wanted to investigate the effect of stimulating PDE4D7-knockdown HASMCs 

with ET-1 on overall cellular morphology. Firstly, consistent with other published studies125, we 

observed that addition of ET-1 to control cells increased stress fiber formation when compared to 

control cells without this treatment (Figure 3.6a). Interestingly, this ET-1 challenge of PDE4D7-

knockdown cells (see 2.7 Materials and Methods) was observed to partially rescue the effect of 

PDE4D7 knockdown on stress fiber formation (Figure 3.6a). Indeed, knockdown of PDE4D7 in 

HASMCs (no ET-1) was associated with the depolymerization of actin stress fibers, however, in 

the PDE4D7-knockdown cells treated with ET-1, long actin bundles were observed in the cell 

bodies (Figure 3.6a). Future studies are necessary in order to quantify these observed differences 

in actin stress fiber formation.   
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Figure 3.6a: Effect of endothelin-1 on stress fiber formation in PDE4D7-knockdown HASMCs 
Representative images of HASMCs treated with A) negative control siRNA, B) negative control siRNA + 
ET-1, C) PDE4D7 siRNA, or D) PDE4D7 siRNA + ET-1. The treatment of the PDE4D7-knockdown cells 
with 0.1µM ET-1 (see 2.7 Materials and Methods) was associated with a partial recovery of stress fiber 
formation. Actin bundle organization and formation were visualized following staining for actin (TRITC-
phalloidin) (red) and nuclei (DAPI) (blue). White triangles indicate actin stress fibers; white arrows indicate 
actin-stained foci. Images were acquired and analyzed using a Zeiss Axiovert S100 microscope and 
Slidebook image analysis software (see 2.7 Materials and Methods). Images are shown at 40X. 
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3.7 PDE4D7 selectively binds to other proteins involved in cAMP signaling 
 

Much of the literature relating to PDE-regulated cAMP signaling in cells over the last 

decade has stressed the importance of the actions of these enzymes within signaling complexes. 

To begin to assess the importance of PDE4D7-based complexes in the actions described above, 

we carried out experiments aimed at identifying potential AKAPs and cAMP effectors that might 

interact and sequester PDE4D7 in HASMCs. To do this, an immunoprecipitation-based approach 

was utilized. Immunoblot analysis of PDE4D7 immunoprecipitates identified a 79-kDa anti-

AKAP5-, a 53-kDa anti-PKA RIIα-, and a 95-kDa anti-EPAC1-immunoreactive protein (Figure 

3.7a). In contrast, no evidence for the interaction of PDE4D7 with AKAP12 in HASMCs was 

observed (Figure 3.7a). Interestingly, our data also shows that PDE4D7 may compartmentalize 

into distinct complexes containing either PKA or EPAC, or one complex containing both these 

cAMP effectors. Notably, of the two PKA RII subunits known to be expressed in HASMCs, 

PDE4D7 immunoprecipitates only contained the 53-kDa anti-PKA RIIα-, and not the 53-kDa 

anti-PKA RIIβ protein (Figure 3.7a). To support our findings that EPAC1 interacts with 

PDE4D7 in HASMCs, additional immunoblot analysis of PDE4D7 immunoprecipitates from 

cells transfected with Flag-EPAC1 DNA isolated an ~105-kDa anti-Flag protein (Figure 3.7a). 

Thus, we were able to isolate a PDE4D7-based complex containing AKAP5, PKA RIIα, and 

EPAC1. 
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Figure 3.7a: PDE4D7 immunoprecipitates identifying a PDE4D7-based macromolecular complex 
containing AKAP5, PKA RIIα, and EPAC1, but not AKAP12 or PKA RIIβ. Lysates of A) control HASMCs, 
and of B) HASMCs transfected with Flag-EPAC1 DNA (see 2.6 Materials and Methods) were 
immunoprecipitated using an anti-PDE4D7 antibody. Immunoprecipitates were resolved by SDS-PAGE and 
immunoblot analysis of aliquots of the input (Total Lysate), and of the PDE4D7-bound proteins (IP Elution) 
was conducted using anti-AKAP5-, anti-AKAP12-, anti-PKA RIIα-, anti-PKA RIIβ-, anti-EPAC1-, and anti-
Flag-selective antibodies, respectively. Data are representative of findings from 2-3 independent experiments. 
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Chapter 4 

Discussion 

 
4.1 Summary of Findings 

Recent literature reviews have highlighted the considerable interest that exists in the idea 

that the unique N-terminal domains of PDEs promote their spatial sequestration in cells, and that 

this sequestration allows individual isoforms to regulate discrete cellular functions40,61,65,77,126. 

Few studies, however, have examined this issue directly or assessed its functional impact in 

cells. In this context, my studies have addressed these ideas in relation to the enzymes encoded 

by the PDE4D gene. My findings provide compelling evidence consistent with the notion that 

the N-terminal domain of PDE4D7 can promote its selective involvement in regulating functions 

of physiological and therapeutic importance in HASMCs.  

In this study, I extend on the earlier work of Ms. Tammy Truong, a past MSc student in 

the Maurice laboratory, who had begun to investigate the concept that the unique N-terminal 

sequences of the various long-form PDE4D variants allow for the selective targeting of these 

enzymes in cells (Truong, MSc Thesis 2014). Ms. Truong (MSc, 2014) expressed GFP-tagged 

constructs of the unique N-terminal domains of several long-form PDE4D variants in HEK cells 

and in human arterial SMCs (HASMCs) and studied the cellular impact of their expression. 

Truong (MSc, 2014) noted that expression of a construct encoding a GFP-fusion of the N-

terminal of PDE4D7, but not those encoding the equivalent domains of the other PDE4D long-

form variants, produced a marked tail-retraction phenotype in migrating cells.  

In my studies, the constructs initially generated by Ms. Truong, an optimized RNAi-

based strategy that I developed, and a PDE4D7-specific antiserum were used to confirm the 

previously observed tail-retraction phenotype. Moreover, using cell biological, pharmacological 
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and biochemical approaches, I established that PDE4D7 was responsible for controlling rear 

retraction in migrating HASMCs, largely through its ability to impact RhoA-ROCK signaling 

and potentially through actions mediated by PKA, EPAC, or both these cAMP-effectors. Our 

findings also show that, with respect to the issue of selective targeting, PDE4D7 forms part of a 

cAMP-signaling complex that is composed of AKAP5, PKA and EPAC.  

Based on this work, we can conclude that PDE4D7 specifically plays a role in VSMC 

migration, namely, in the regulation of tail retraction dynamics and rear adhesion release. These 

findings contribute to confirming the hypothesis that specific PDE4D variants can be localized to 

discrete complexes in cells and can regulate selected cAMP-mediated cellular processes, 

including migration-associated tail retraction40,47. 

 
4.2 Functional impact of overexpression and targeting of the N-terminal domain of 

PDE4D7 on HASMC rear retraction and migration dynamics 

The idea that compartmentalization of specific isoforms can be achieved through protein-

protein interactions between PDEs and various tethers has become more widely accepted, and 

evidence is slowly accumulating that, under some circumstances, the N-terminal domains of 

some PDEs contain the motifs that achieve these interactions. In the work by Truong (MSc, 

2014), HEK293 cells or HASMCs were transfected with constructs encoding GFP-fusion 

proteins containing N-terminal domains of each of the long-form PDE4D variants. These studies 

were conducted in an attempt to determine whether specific PDE4D isoforms could be 

differentially targeted to distinct locales in cells, and also to investigate whether the N-terminal 

region could direct this localization. Consistent with work by Truong (MSc, 2014), we were not 

able to detect selective localization of the NT-PDE4D/GFP constructs (NT-PDE4D3/GFP, NT-

PDE4D5/GFP, and NT-PDE4D7/GFP), as the transfected HASMCs appeared uniformly green. 
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A potential explanation for this largely pan-cellular expression of the NT-PDE4D/GFP may be 

the over-production of these proteins as a result of transient overexpression. However, we 

believe that the observed impact of NT-PDE4D7/GFP on HASMC morphology and migration 

and the identified PDE4D7-integrated cAMP signaling complex provide specific evidence for 

the localization of PDE4D isoforms, specifically PDE4D7, directed by the N-terminal region. 

The PDE4D7-specific results support the idea that NT-PDE4D7 is targeted to and concentrated 

in the elongated tails of NT-PDE4D7/GFP-expressing HASMCs, or in another discrete 

subcellular area involved in the regulation of retraction dynamics.  

In the earlier work of Ms. Truong (MSc, 2014), and in the work presented here, the 

transient overexpression of NT-PDE4D/GFP constructs was used in a dominant negative, 

isoenzyme-specific approach adopted from Houslay and colleagues127,128. It is our hypothesis 

that the specific NT-PDE4D/GFP constructs, directed by the unique N-terminal region, would 

compete with and displace the respective endogenous PDE4D enzymes from their anchored sites 

in HASMCs, and that this would provide insights into the potential subcellular localization and 

functional role of the specific PDE4D isoforms. Previously, our laboratory used this approach to 

show that displacing PDE4D8 from PKA-based signaling complexes in the leading edge 

structures of migrating rat aortic SMCs activated PKA, inhibited actin assembly and inhibited 

migration121. Similarly, we suggest that our data are consistent with the idea that NT-

PDE4D7/GFP displaces endogenous, catalytically active PDE4D7 from its specific tethered 

complexes (Figure 1.13). We also suggest that this displacement reduces the ability of the full-

length enzyme to hydrolyze cAMP and regulate signaling in that discrete area47, specifically, at 

the rear of migrating cells. This increase in cAMP-signaling would activate cAMP-effectors 

within this(ese) domain(s), thus affecting the specific cellular function under the control of 
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PDE4D7 (Figure 4.1a). The dominant negative approach is especially informative in these 

studies because it both reveals the phenotype associated with the PDE4D7 isoform, and it also 

links a particular scaffolded, sub-population of the PDE4D7 isoform, involved in protein-protein 

partnerships, with a specific cell function47. In our findings, the observed elongated tail 

phenotype and impaired migratory ability indicate that PDE4D7, and the PDE4D7-based 

complex, are involved in regulating the retraction process of migration, and, therefore, are likely 

localized to either the HASMC tail, or to a particular subcellular region involved in retraction 

dynamics. Indeed, several studies have detected certain PDE4 enzymes within membrane, 

nuclear and cytoskeleton compartments47,127. 

The observed tail and migratory phenotype were shown to be unique to PDE4D7. Indeed, 

Ms. Truong (MSc, 2014) found that the elongated tail was only observed in HASMCs expressing 

the NT-PDE4D7/GFP construct; the other NT-PDE4D/GFP long form isoforms did not replicate 

this effect. We found similar results when comparing the phenotypes of HASMCs expressing 

either NT-PDE4D3/GFP or NT-PDE4D7/GFP. We also observed from the time-lapse-based 

migration studies that only NT-PDE4D7/GFP-expressing cells demonstrated a significant 

decrease in average migration speed relative to control cells (~42%). This impaired migration 

was not observed in cells expressing NT-PDE4D5/GFP. These results support a role for the 

unique N-terminal domains of the PDE4D isoforms in compartmentalization and in the localized 

regulation of specific cAMP-mediated cell processes.  

These time-lapse movies also provided information regarding the migratory process of 

the NT-PDE4D7/GFP-expressing cells compared to the relevant control cells. The non-

transfected control cells had normal PDE4D7 activity and were able to retract their tails and 

propel forward. The time-lapse movies of the NT-PDE4D7/GFP-expressing cells showed that the 
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cell bodies appeared to be anchored by tails that the cells were unable to retract. Instead, the tails 

became elongated, and the progression of cell movement forward was impaired. The break of the 

tail end in several of these NT-PDE4D7/GFP-expressing cells left behind small adherent cell 

fragments. These fragments expressed NT-PDE4D7/GFP, which provides evidence that native 

PDE4D7 may be present in these tail structures. These time-lapse movies showed that the 

overexpression of NT-PDE4D7/GFP impaired cell migration by tethering the cell through its 

elongated tail, indicating that a mechanism involved in retraction may be affected. These events 

may be explained by the localization of the N-terminal construct to the PDE4D7-based complex 

and the altered cAMP signaling due to the displacement of the endogenous, active enzyme.  

 
4.3 Functional impact of PDE4D7 isoform-selective knockdown on HASMC rear retraction 

and migration dynamics 

To support the findings obtained using the dominant negative strategy, we also 

transfected HASMCs with PDE4D7-specific siRNAs in a PDE4D isoform-selective knockdown 

approach adopted from Houslay and colleagues129. This allowed us to achieve the highly 

effective knockdown of PDE4D7 without affecting the expression of the other PDE4D isoforms. 

Interestingly, PDE4D7-selective knockdown yielded similar results in the HASMCs as was 

observed in cells expressing NT-PDE4D7/GFP. Indeed, HASMCs transfected with the PDE4D7-

specific siRNA exhibited abnormal, highly elongated and anchored tails, and demonstrated a 

significant decrease in average migration speed relative to the controls (~48%). Silencing 

PDE4D7 in the HASMCs essentially removes endogenous PDE4D7 enzyme available to interact 

with the specific PDE4D7-integrated cAMP-signaling complex (Figure 4.1b). The absence of 

catalytically active PDE4D7 disrupts and increases cAMP signaling at the defined subcellular 

site of this complex (Figure 4.1b). Our findings using the PDE4D7-specific siRNA therefore 
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further support the role of PDE4D7 in the retraction process of HASMC migration, and may 

indicate that this enzyme is localized to specific sites associated with retraction via the N-

terminal region. Future studies using siRNA designed to specifically target each of the PDE4D 

isoforms are required in order to confirm that these results are specific to PDE4D7.  

Of significance, both the dominant negative (NT-PDE4D7/GFP) and PDE4D isoform-

selective knockdown (PDE4D7 siRNA) approaches resulted in consistent reductions in the rate 

of HASMC migration, providing further evidence to support our hypothesis regarding the 

mechanisms of these strategies and the activity of PDE4D7.  

Our findings using the pan-PDE4D siRNA provided unique insight into the mechanism 

and function of PDE4D localization. Interestingly, the pan-PDE4D-knockdown HASMCs did 

not exhibit the elongated tail phenotype, and, although their migration was modestly impaired, 

the reduction in average migration speed relative to the control cells was significantly less 

compared to that of the PDE4D7-knockdown cells. As previously mentioned, PDE4D7 isoform-

selective knockdown achieves the highest level of knockdown specificity129, which enabled us to 

investigate the functional effects of PDE4D7 activity exclusively. PDE4D knockdown affects the 

level of expression of all PDE4D isoforms in the HASMCs, and, therefore, alters cAMP levels 

and signaling at every site throughout the cell normally occupied by one of the PDE4D isoforms. 

Due to the dominant role of PDE4, specifically PDE4D, in cAMP hydrolysis in human 

synthetic/cultured VSMCs40,76,80,82, it is conceivable that the pan-PDE4D knockdown in the 

HASMCs significantly alters global cAMP levels in these cells. It follows that pan-PDE4D 

knockdown, compared to PDE4D7 knockdown, results in non-specific cellular responses similar 

to those generated using cAMP-elevating agents84. The control of cAMP signaling specificity is 

extremely precise and highly regulated38,40. Sequestered PDE4D7 sculpts immediate cAMP 
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gradients, and, in so doing, controls the activation of tethered cAMP effectors within the 

PDE4D7-integrated signaling complex. Alterations in global cellular cAMP levels due to the 

silencing of all PDE4D isoforms would disrupt these discrete gradients and alter effector 

activation. Thus, when all PDE4D isoforms are silenced, it may be more difficult to distinguish 

the functional role of PDE4D7. Although PDE4D siRNA and PDE4D7 siRNA reduce levels of 

PDE4D7 in HASMCs by an equivalent amount, this pan-siRNA does not have the same impact 

on HASMC tail retraction dynamics as the PDE4D7-specific siRNA.  

Overall, we report here, based on image analysis and time lapse-based migration studies 

of NT-PDE4D7/GFP-expressing HASMCs and PDE4D7-knockdown cells, that PDE4D7 has a 

role in the control of cell morphology and migration dynamics. Our results indicate that the 

disruption of PDE4D7 localization/expression significantly impairs HASMC migration. This 

work identifies a novel PDE4D7 phenotype and provides evidence that discrete pools of 

PDE4D7 may exist in HASMCs that may be involved in regulating actin cytoskeleton dynamics 

in the final step of cell migration, tail retraction, by spatially regulating cellular levels of cAMP 

at the rear of migrating cells.  

 
4.4 Functional significance of PDE4D7-integrated cAMP signaling complex 

Our findings show that some of the SMC PDE4D7 can be isolated as part of a cAMP-

signaling complex that also contains AKAP5, PKA and EPAC1. These findings indicate that 

PDE4D7 is localized to a signaling complex and is tethered with specific binding partners. 

Interestingly, we found that both major effectors of cAMP, PKA and EPAC, were present in this 

complex. Previous studies have also identified cAMP signaling complexes that contain both 

effector proteins. In our laboratory, Rampersad et al. (2010) showed that vascular endothelial 

cadherin-based complexes in human vascular endothelial cells (VECs) contained PDE4D, as 
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well as both PKA and EPAC1. Although both PKA and EPAC1 were shown to regulate VEC 

permeability, EPAC1 was identified was the dominant effector protein controlling this function 

in the human endothelial cells130.  

In order to gain a greater understanding of the PDE4D7-based mechanism regulating 

retraction dynamics in HASMCs, further investigation into the roles of PKA and EPAC in the 

PDE4D7-integrated cAMP-signaling complex must be conducted. Based on previous work on 

the two cAMP effector pathways, it is likely that cross-talk exists between PKA and EPAC: the 

two cAMP effectors may be acting synergistically51 in the regulation of retraction dynamics, or 

the two effectors may exert opposing effects131 on this cellular process, with the overall outcome 

being that of impaired rear retraction in migrating HASMCs. Given that the kinetics of PKA or 

EPAC activation by cAMP are very different, with more cAMP being required to activate EPAC 

than PKA, 132, it is also possible that distinct sub-populations of PDE4D7-based complexes could 

differentially employ either PKA or EPAC to regulate specific retraction events, as suggested in 

previous studies130,133.  

Furthermore, we found from our PDE4D7 IP experiments that, of the anchoring proteins 

assessed, AKAP5 specifically interacts with PDE4D7 in the identified PDE4D7-based cAMP-

signaling complex. AKAP12, although present in the HASMCs, is not isolated in these 

complexes, and therefore does not sequester PDE4D7 in a discrete complex in HASMCs. 

Previously in our laboratory, an established RII-based overlay assay was used which allowed the 

detection of known AKAPs in rat aortic SMCs, including AKAP5 and AKAP12121. This 

information prompted our investigation of the presence of these anchoring proteins in the 

PDE4D7-based signaling complex. AKAP5 has been shown to target binding partners to the 

actin cytoskeleton and/or the plasma and organelle-membranes133,134, and AKAP12 targets 
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binding partners largely to the plasma membrane or generally the cell periphery135. It has been 

determined that both AKAP5 and AKAP12 bind to the RII regulatory subunit of PKA136,137, and 

both are involved in the regulation of β2-adrenergic receptor signaling129,135. Despite these 

similarities, we found that PDE4D7 only interacts with AKAP5, which indicates that AKAP5, 

but not AKAP12, is likely involved in the PDE4D7-mediated regulation of retraction dynamics. 

Similarly, it was shown that, in the specific PDE4D5 regulation of the β2-adrenoreceptor-PKA 

signaling pathway67, the phosphorylation of the receptor by PKA was dependent upon AKAP5 

and not AKAP12129. Our findings support the idea that the unique N-terminal regions of PDE4s 

contain information for the specific differentiation of anchoring proteins that allows for the 

targeting of the enzymes to distinct anchoring proteins at specific subcellular sites. 

Additionally, our findings showed that PDE4D7-based signaling complexes contained the 

RIIα subunit of PKA, but not the RIIβ subunit. R subunits are differentially expressed in 

different cells and tissues. PKA type I, composed of either RIα or RIβ subunits, is known to be 

soluble, and thus assumed to be mainly cytoplasmic, whereas PKA type II, composed of either 

RIIα or RIIβ subunits, is typically particulate and confined to subcellular structures and 

compartments anchored by AKAPs21. Most AKAPs are known to selectively bind the PKA RII 

subunit21. There is little known, however, about AKAPs preferentially binding RIIα and not 

RIIβ, or vice versa. This finding may indicate that the specific interaction between the PDE4D7-

based complex and the particular PKA RIIα isoform is required to regulate retraction dynamics 

in migrating HASMCs. 

Thus, this identified PDE4D7-integrated cAMP-signaling complex provides insight into 

the specific complexed proteins potentially involved in the regulation of retraction dynamics in 

migrating HASMCs. The distinct anchoring protein, AKAP5, present in the complex indicates 
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that PDE4D7 is localized and sequestered with other signaling proteins to specific sites in the 

cell. The presence of both cAMP-effectors, PKA and EPAC1, and specifically PKA RIIα, likely 

reveals a highly sophisticated cAMP signaling system involved in the regulation of HASMC tail 

retraction. Further studies investigating the binding partners of the other PDE4D isoforms are 

needed to determine whether this specific signaling complex is unique to PDE4D7. 

 
4.5 Role of RhoA-ROCK pathway in PDE4D7-regulated rear retraction and migration 

dynamics  

As previously described, the RhoA-ROCK pathway plays a pivotal role in the regulation 

of actin cytoskeleton dynamics and, thus, cell movement, by increasing the activation of myosin 

II. The activity of the Rho-ROCK pathway is known to be required for tail retraction and cell 

motility. Previous studies showed that the inhibition of RhoA or ROCK led to long anchoring 

tails and tail retraction failure, thereby significantly decreasing migration100,102,103,114. 

Furthermore, cAMP, through PKA and/or EPAC activation, can inhibit the RhoA-ROCK 

pathway and, therefore, its effects on actomyosin dynamics and cell tail retraction. Together, this 

previous work led us to investigate whether PDE4D7 affects VSMC migration and retraction 

dynamics by impacting the Rho-ROCK pathway and its effects on the actin cytoskeleton. 

In our time-lapse migration studies, we added either the RhoA inactivator, C3-

transferase, or the ROCK inhibitor, the Y-27632 compound, to HASMCs expressing the NT-

PDE4D7/GFP chimera, in order to assess changes in the migration of HASMCs with the 

combined treatments compared to HASMCs with the individual treatments of either just the NT-

PDE4D7/GFP, the Rho inactivator or the ROCK inhibitor. Firstly, we found that the individual 

treatments all resulted in consistent reductions in the rate of migration relative to control cells. Of 

significance, we also found that the combined treatment of HASMCs with both the C3-
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transferase and the NT-PDE4D7/GFP DNA, or with the Y-27632 and the NT-PDE4D7/GFP 

DNA, as well as the individual treatment of HASMCs with these agents all resulted in a 

consistent reduction in the rate of migration relative to control cells, and an overall similar rate of 

HASMC migration. These results show that the effects of RhoA inactivation or ROCK inhibition 

and of NT-PDE4D7/GFP overexpression are non-additive, and indicate that they are perhaps 

acting through a common cellular mechanism. We reason that if PDE4D7 and RhoA regulate 

migration through separate pathways, we would see a significant reduction in the rate of 

migration in cells in which the combined treatments were administered compared to cells in 

which the individual treatments were administered. In this scenario, two separate mechanisms 

are acting to impair cell migration, likely leading to a significantly additive decrease. Previous 

studies have also looked at the additive effects of combining two treatments in order to discern 

whether the two treatments are linked or acting through independent mechanisms138-140. One 

study looking at epithelial Na+ channel (ENaC) trafficking to the plasma membrane found that 

co-expressing RhoA plus dominant-negative dynamin together had additive effects significantly 

increasing channel activity above that for either alone, indicating that RhoA increases ENaC 

activity through a mechanism independent of dynamin140. Thus, we believe our findings indicate 

that PDE4D7 and the Rho-ROCK pathway are regulating rear retraction of migrating HASMCs 

through a linked mechanism.   

In order to further support our hypothesis, future migration-based studies need to be 

conducted to examine the effects of treating the NT-PDE4D7/GFP-expressing HASMCs with an 

activator of the Rho-ROCK pathway or with an inhibitor of migration that does not act through 

this pathway. We hypothesize that an activator of the Rho-ROCK pathway would rescue the NT-

PDE4D7/GFP migratory phenotype, and that combining the inhibitor of migration (that acts 
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through a separate pathway) together with the NT-PDE4D7/GFP would significantly reduce the 

rate migration below that for either alone.  

Migration is a complex process, and therefore it is likely that the PDE4D7-mediated 

effect on cell retraction involves more than one cellular mechanism. Indeed, it is well known that 

cell polarization and migration also require the active remodeling of microtubules. Previous 

findings have shown that microtubules contribute to the dissolution of stable focal contacts104, 

which would allow for the disengagement of the trailing edge of a migrating cell. It is known that 

cross-talk between the actin cytoskeleton and the microtubule network is critical in the regulation 

of cell motility141, which suggests that these two structures may both be involved and interact in 

our proposed pathway. Additionally, previous studies on the cysteine proteases calpains showed 

that these proteases regulate adhesion disorganization and release in VSMCs through the 

cleavage of several focal adhesion proteins142. Thus, it is likely that our proposed signaling 

pathway also involves other players, and further work is required in order to elucidate the full 

mechanism.  

We propose that PDE4D7 impacts retraction dynamics and migration of HASMCs by 

affecting the RhoA-ROCK pathway and its effects on the actin cytoskeleton (Figure 1.13). In 

both the dominant negative approach using NT-PDE4D7/GFP, and the PDE4D7-knockdown 

approach, endogenous PDE4D7 is absent in the identified PDE4D7-integrated cAMP-signaling 

complex, due to either displacement by NT-PDE4D7/GFP, or knockdown by PDE4D7 siRNA. 

We predict that this absence of PDE4D7 and its cAMP-hydrolyzing activity increase cAMP 

levels in the site surrounding our identified PDE4D7-based complex. This activates the anchored 

cAMP effectors, PKA and/or EPAC. PKA and/or EPAC decrease the RhoA-mediated activation 

of ROCK. This leads to an increase in the activity of MLC phosphatase, which dephosphorylates 
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MLC and decreases the activity of myosin II. Therefore, we propose that the decrease in 

PDE4D7 activity at anchored sites in HASMCs results in reduced actomyosin contractions, and 

thus impaired retraction and cell migration (Figure 4.1).   

 
4.6 PDE4D7 impact on stress fiber formation and actin cytoskeleton dynamics 

RhoA regulates and stimulates the formation and contractility of actin stress fibers, linked 

to focal adhesion complexes, which drive the cell forward99. In the work presented here, we 

found that the PDE4D7-selective siRNA resulted in a loss of stress fibers and actin cytoskeleton 

deformation in both the tails and cell bodies of the PDE4D7-knockdown HASMCs. We believe 

that these results offer support for our hypothesis that PDE4D7 affects VSMC migration and 

retraction dynamics by impacting the RhoA-ROCK pathway and its effects on actin cytoskeleton 

dynamics.  

Indeed, we propose that a localized increase in cAMP due to PDE4D7-knockdown 

disrupts actin bundle formation through the inhibition of RhoA activity. Previous studies have 

proposed similar findings. For example, it was shown in human adrenocortical carcinoma cells 

that activation of either PKA or Epac depolymerized actin stress fibers and inhibited cell 

migration143. Specifically, the PDE4D7-mediated effect on stress fiber deformation observed 

throughout the tails and cell bodies may be explained by the specific RhoA-dependent regulation 

of actin structures and focal adhesions located discretely near the anchored PDE4D7-integrated 

complexes. We predict that a localized decrease in RhoA activity due to PDE4D7-knockdown 

(Figure 4.1b) at the rear of the cell would result in a decrease in the dissolution of these focal 

complexes and a strong anchoring of the cell rear to the underlying substrate103. The observed 

deformation of actin bundles may be the result of the PDE4D7-knockdown cells attempting to 

compensate for this anchoring of the cell rear. Monomeric actin can be recruited from existing 



	   83	  

actin filaments in stress fibers by depolymerization in order to generate membrane protrusions at 

the leading edge141,144. This explanation is consistent with our time-lapse-migration studies, 

where we observed that many of the anchored NT-PDE4D7/GFP-expressing HASMCs projected 

multiple leading edge protrusions (Figure 3.2c). Generally, the alteration of these focal 

complexes at the cell rear would also impact the RhoA-dependent polymerization of stress fibers. 

Thus, this localized downregulation of RhoA activity may lead to the deformation of the actin 

stress fibers that span the cell body to the rear, as we observed. 

Overall, because stress fibers are abundant in migrating cells and span a large portion of 

the cell, it is likely that a localized disruption in Rho signaling can impact stress fibers 

throughout the cell. Although these findings do not determine the specific subcellular location of 

the PDE4D7-integrated cAMP-signaling complex, they do indicate that the complex is likely 

localized to discrete sites near focal adhesions at the rear of the cell as opposed to the front. 

Taken together, the observed stress fiber deformation in the migrating PDE4D7-knockdown 

HASMCs provides further insight into the mechanics of how PDE4D7 regulates rear retraction. 

The cells treated with the pan-PDE4D siRNA also exhibited some degree of actin bundle 

disarrangement, and some punctate actin was observed, however, the depolymerization of actin 

stress fibers appeared to be markedly greater in the PDE4D7-knockdown cells than in the pan-

PDE4D-knockdown cells. Indeed, some long actin bundles were observed in the PDE4D-

knockdown cells. As previously described (see 4.3 Discussion), it is understood that pan-PDE4D 

knockdown, compared to PDE4D7 knockdown, may result in non-specific cellular responses due 

to alterations in cAMP levels throughout the cell. Although PDE4D siRNA and PDE4D7 siRNA 

reduce levels of PDE4D7 in HASMCs by an equivalent amount, this pan-siRNA does not have 

the same marked impact on stress fiber dysregulation as the PDE4D7-specific siRNA. These 
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pan-PDE4D siRNA results also support our premise that PDE4D7 specifically regulates stress 

fiber formation in migrating HASMCs at discrete subcellular sites. 

Next, we added endothelin-1 (ET-1), a Rho-activating agonist, to these PDE4D7-

knockdown cells, and observed that the treatment of the PDE4D7-knockdown cells with ET-1 

resulted in a partial recovery of stress fiber formation compared to PDE4D7-knockdown 

HASMCs not treated with the ET-1. Endothelin-1 is well known to stimulate the activity of Rho-

ROCK and induce stress fiber formation through the G12-dependent pathway145 (Figure 1.12). 

Thus, we believe that the ability of ET-1 to partially rescue this PDE4D7-knockdown-based 

stress fiber deformation indicates that ET-1 and the associated Rho-ROCK signaling pathway 

must act through a mechanism in common with the PDE4D7-cAMP pathway. Indeed, previous 

studies have shown that astrocytes treated with a cAMP analog caused disappearance of stress 

fibers, and the subsequent addition of ET-1 after dibutyl-cAMP treatment stimulated the 

reappearance of actin stress fibers146. We believe that these results using ET-1 provide further 

evidence to support a link between the PDE4D7-cAMP signaling pathway and the RhoA-ROCK-

based regulation of actin cytoskeleton dynamics. 

We also assessed the effect of the PDE4D7-knockdown on MLC phosphorylation 

directly in order to investigate whether the PDE4D7 effect on VSMC retraction dynamics is 

mediated through the actin cytoskeleton. We found that PDE4D7 knockdown decreased the 

phosphorylation of MLC in HASMCs compared to the control, and that treatment of the control 

or PDE4D7 knockdown cells with a Rho-activating agonist (ET-1) augmented this difference in 

the phosphorylated MLC detected. These findings specifically may provide a key link between 

PDE4D7-mediated changes in cAMP signaling and actin cytoskeleton dynamics in migrating 

HASMCs. We propose that, consistent with our hypothesis, PDE4D7-knockdown leads to the 
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observed decrease in MLC phosphorylation through localized increases in cAMP that inhibit the 

activity of Rho and ROCK (Figure 4.1b). The resulting decrease in the activity of myosin II 

would impair actomyosin-based retraction in migrating HASMCs. Future studies will need to be 

conducted, however, to further test this mechanism, such as investigating changes in RhoA 

activity in PDE4D7-knockdown cells. 

 
4.7 Future Directions 

A. Validate selectivity of PDE4D7 siRNAs  

Future studies are necessary in order to test and confirm that the PDE4D7 siRNAs are 

selectively knocking down PDE4D7 in HASMCs, and that the observed PDE4D7 migratory 

phenotype is in fact the result of PDE4D7-specific knockdown. One method by which to test the 

selectivity of the PDE4D7 siRNAs is to overexpress full-length PDE4D7 in HASMCs treated 

with the PDE4D7 siRNAs. If reintroducing the protein of interest rescues the elongated cell tail 

and impaired migration attributed to PDE4D7, then it can be concluded that the PDE4D7 

siRNAs are causing this HASMC migratory phenotype by specifically silencing PDE4D7 protein 

in HASMCs, and not another related cellular protein or process.  

B. Identify discrete subcellular location of sequestered PDE4D7 activity 

Although the novel PDE4D7 phenotype identified here, unique to this specific PDE4D 

isoform, provides compelling evidence for the localization of this enzyme, future work aimed at 

identifying specifically where PDE4D7 is targeted and tethered to in migrating HASMCs is 

required. This may be accomplished by performing further immunofluorescent microscopy 

experiments with migrating HASMCs treated with either the NT-PDE4D7/GFP or the PDE4D7 

siRNA. Staining these cells with an anti-phospho-MLC2 (Ser19) antibody147 or with an anti-

phospho-RhoA (Ser188) antibody148 may allow for visualization of a discrete subcellular 
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location where p-MLC2 staining is decreased or p-RhoA staining is increased. Indeed, 

Totsukawa et al. (2000) was able to visualize the phosphorylation of MLC in different parts of 

the cell using the anti-phospho-MLC2 (Ser19). We hypothesize that the localized decrease in 

MLC phosphorylation and RhoA activity may indicate that PDE4D7 is regulating these events at 

and anchored to the observed specific subcellular site. This work would also support a role for 

PDE4D7 in the regulation of the RhoA-ROCK pathway and actin cytoskeleton dynamics in 

migrating HASMCs. 

C. Validate the PDE4D7 dominant negative strategy 

Future studies wherein HASMCs are transfected with tagged plasmids containing a full-

length, catalytically dead PDE4D7 transcript are required in order to validate our dominant 

negative approach. Firstly, it is necessary to repeat our morphological analysis and time-lapse-

based migration studies using a GFP-tagged plasmid containing a full-length, catalytically dead 

PDE4D7 transcript. Although the findings from the studies using the NT-PDE4D7/GFP 

constructs demonstrate the importance of the unique N-terminal region, the full-length, 

catalytically dead construct is required to confirm that the PDE4D7 phenotype is specifically 

attributed to the cAMP-hydrolyzing ability of PDE4D747. Additionally, a cAMP-agarose 

pulldown approach, previously validated and used in our laboratory121,149 may be used in order to 

confirm our hypothesis that N-terminal PDE4D7 constructs impact cell morphology and 

migration by displacing endogenous, catalytically active PDE4D7 from its cellular scaffold. This 

pulldown approach may allow for the comparison of endogenous PDE4D7 protein levels in 

lysates from control, non-transfected HASMCS and from cells transfected with the NT-

PDE4D7/GFP chimera. We propose that, in the eluted sample of HASMCs transfected with NT-

PDE4D7/GFP, the GFP-tagged N-terminal construct will specifically bind the cAMP agarose 
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and decrease the level of bound endogenous PDE4D7 protein relative to the amount in the non-

transfected HASMC eluted sample. It is also necessary to repeat this cAMP-agarose pulldown 

experiment using lysates from cells transfected with a GFP- or VSV-tagged plasmid containing a 

full-length, catalytically dead PDE4D7 transcript. We believe that these results would signify 

that the N-terminal or catalytically dead PDE4D7 chimera protein does in fact displace 

endogenous, catalytically active PDE4D7 from its tethered site in a PKA-based cAMP-signaling 

complex121.  

D. Examine PDE4D7 as a potential therapeutic target 

The anti-migratory effect of displacing or silencing PDE4D7 may identify PDE4D7 as an 

effective therapeutic target in treating particular vascular pathologies such as atherosclerosis and 

restenosis. Inhibiting the maladaptive migration of VSMCs in injured blood vessels would help 

to reduce the growth and development of intimal lesions and vessel wall thickening in these 

pathological cases. Indeed, a highly selective agent such as an inhibitor of PDE4D7 or a small 

molecule that disrupts PDE4D7-complex interactions47 may prove to be a more effective anti-

migratory treatment than a drug such as rapamycin150, or even a pan-PDE4 inhibitor such as 

rolipram, as these non-specific and non-localized agents may lead to off-target and potentially 

adverse effects38,151,152. In the future, the use of a rat carotid balloon-injury model to examine the 

in vivo effect of PDE4D7 antagonism or inhibition on VSMC migration153 would provide insight 

into the effectiveness of a PDE4D7 isoform-specific vascular therapy.  

In the future, our studies on the role of PDE4D7 in VSMC migration in vascular 

pathologies may be extended to examining the impact of PDE4D7 signaling on actin 

cytoskeleton-based cellular processes in other pathological conditions. In addition to an 

increased migratory index, synthetic SMCs present in pathological states are also characterized 
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by a high rate of proliferation. It is well known that the dynamic remodeling of the actin 

cytoskeleton, which we propose is mediated by PDE4D7, is required for cell division and 

proliferation. Investigating the impact of PDE4D7 on airway SMC proliferation, for example, 

may help us to understand the mechanism contributing to excessive airway narrowing in 

obstructive airway diseases154,155, such as asthma and chronic obstructive pulmonary disease 

(COPD), and to identify a new potential therapeutic target for the treatment of these airway 

pathologies. 
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Figure 4.1: Proposed mechanism by which altered PDE4D7 targeting or expression impacts retraction dynamics 
and migration of HASMCs.  
We propose that in both a) the dominant negative approach using NT-PDE4D7/GFP, and b) the PDE4D7-selective 
knockdown approach, endogenous PDE4D7 is absent in the PDE4D7-based cAMP-signaling complex, due to either 
displacement by NT-PDE4D7/GFP, or knockdown by PDE4D7 siRNA. We predict that this absence of PDE4D7 
leads to an increase in cAMP levels in the site surrounding the PDE4D7-based complex, which activates the 
anchored cAMP effectors. The over-activation of PKA and/or EPAC antagonizes the RhoA-dependent activation of 
ROCK, which leads to a decrease in the phosphorylation of MLC and decreases the activity of myosin II. We 
propose that this results in an overall reduction in actomyosin-based rear retraction, and thus, impaired cell 
migration. 
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Appendix 
 
 

 
Video I: Migrating HASMCs expressing NT-PDE4D7/GFP grow elongated, anchoring tails 
that they are unable to properly retract, which delays their progression forward 
Video shown is a clip from a representative time-lapse experiment, showing a single migrating 
HASMC expressing NT-PDE4D7/GFP. Time-lapse videos were taken at 10X (green = GFP). 
 
 

 
Video II: Migrating HASMCs expressing NT-PDE4D5/GFP are able to retract their rear and 
freely drive forward  
Video shown is a clip from a representative time-lapse experiment, showing a single migrating 
HASMC expressing NT-PDE4D5/GFP. The HASMC adopted a natural polarized phenotype 
and were able to retract their rear and move in an unhindered manner. Time-lapse videos were 
taken at 10X (green = GFP). 
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Figure I: Pan-PDE4D mRNA levels in HASMCs transfected with either a control siRNA or a 
pan-PDE4D siRNA. 
Quantitative PCR performed using cDNA generated from RNA isolated from HASMCs that had 
been transfected with either a control siRNA or a pan-PDE4D siRNA targeted at all PDE4D 
variants. The level of pan-PDE4D mRNA in HASMCs transfected with the pan-PDE4D siRNA 
is shown relative to that detected in cells transfected with the control siRNA. Data were 
quantified using the Bio-Rad CFX Manager software, and values were normalized to levels of 
the two housekeeping genes studied in our experiments, GAPDH and PGK (n=3; p<0.005).  
 


