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Abstract 
MAP kinase phosphatase-2: a role in vascular function and disease 

The progression of major cardiovascular disorders are a consequence of a 

pathophysiological modification within the blood vessel; a process often driven by 

vascular smooth muscle cell hyperproliferation.  A major mechanism by which smooth 

muscle cell proliferation occurs involves ligand-induced activation of MAP kinase 

signalling (Schad et al., 2011).  MAP kinases have been noteworthy but troublesome 

targets in cardiovascular therapeutics; thus exploration of targeting endogenous 

regulatory dual specificity proteins namely MAP kinase phosphatases has been 

advancing in recent years.  Mitogen-activated protein kinase phosphatase-2 (MKP-2) is 

a type 1 nuclear phosphatase with the ability to dephosphorylate and ultimately 

inactivate MAP kinases ERK and JNK in vitro (Lawan et al., 2012).  Therefore, by the 

use of a novel MKP-2
-/-

 mouse, we assess a role for MKP-2 in smooth muscle 

proliferation as a potential future therapeutic target in cardiovascular disease.   

Contrary to current literature, mouse aortic smooth muscle cells cultured from a novel 

Dusp4 knockout mouse exhibit no significant difference in MAP kinase signalling 

profiles when compared with wild-type.  Interestingly however, a significant reduction 

in proliferation rate corresponded with MKP-2 knockout cells and further cell cycle 

investigation elucidated a significant accumulation of MKP-2
-/- 

cells in G2/M phase of 

the cell cycle.  With levels of p-cdc-2 comparable between MKP-2 wild-type and 

knockout cells, mitotic entry was unaffected by MKP-2 deficiency which therefore 

diverted our study downstream to cytokinesis.  Utilising time-lapse microscopy, 

smooth muscle cells lacking in MKP-2 exhibited a delay in cytokinesis and failure in 

abscission, resulting in the dividing cells connected by an intercellular bridge.  The 

molecular mechanism of cytokinesis requires phosphorylation of the mitotic kinase 

aurora B for successful division of two daughter cells. However nocodazole-arrest 

studies reveal MKP-2 is required for aurora B phosphorylation and its downstream 

target histone H3, thus identifying MKP-2 as essential in the effective completion of 

cytokinesis.   
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Within this thesis, an early investigation into the possible use of Adv.WT-MKP-2 as a 

vascular therapeutic in human aortic smooth muscle cells (HASMCs) was conducted.  

The over-expression of MKP-2 negated ERK signalling and consequently resulted in a 

reduction in cellular proliferation.  Furthermore, the reduction in cellular proliferation 

was shown to be caused by a G1/S accumulation in the cell cycle.  Collectively, these 

data suggest a novel role for MKP-2 in mouse aortic smooth muscle cell proliferation, 

providing new insights into the understanding of MKP-2 in the completion of 

cytokinesis. Furthermore, MKP-2 kinase binding domain is required for successful 

completion of cytokinesis but may not involve the inactivation of ERK or JNK.  

Therefore, modification of MKP-2 expression or function may represent a new 

approach in reducing SMC hyperproliferation in vascular disease states.   
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1.0 Introduction 

1.1 Vascular disease 

Vascular disease is one of the major causes for death worldwide, particularly in many 

Western countries.  Furthermore, vascular disease results in not only health 

implications but economical. Classification of vascular disease may be termed as a 

condition affecting blood vessels including coronary artery disease, stroke, 

hypertension, restenosis and diabetic vascular complication, where atherosclerosis is 

often primary underlying cause (Kearney et al., 2010; Gao et al., 2009). 

 

1.1.1 Atherosclerosis 

Atherosclerosis, the pathologic condition underlying myocardial infarction and other 

acute coronary syndromes, is the major cause of death in the Western world. Clinically 

apparent atherosclerosis takes decades to develop, beginning with cellular changes and 

intimal thickening, progressing to non-obstructive plaques over many years (Roger et 

al., 2012).  

The genesis of vascular disease as a significant condition involves many 

societal features, investigated post World War II.  The pivotal Framingham Heart study 

aimed to elucidate risk factors for vascular disease, where over 5000 men and women 

were recruited in 1948.  Following recruitment the subjects underwent extensive 

physical examination and lifestyle interviews which would subsequently be analysed 

for common patterns with relation to cardiovascular disease development.  The 

Framingham Heart study uncovered that risk of vascular disease amplified with 

increasing age, systolic blood pressure, smoking and cholesterol; data still supported in 

both animal and human subjects today.  The prevalence of atherosclerosis has recently 

grown exponentially within the Western world; however this is not a novel condition as 

early episodes of the disease have been documented back thousands of years (Dawber 

et al., 1951). 
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1.1.1.1 History 

Atherosclerosis was first noted within scientific literature in times of ancient Egypt, 

where Fallpoius described the transformation of artery into bone due as a factor of 

progressive aging (David et al., 2010).  Among the first to describe atherosclerosis was 

Leonardo da Vinci (1452-1519), who stated that ‗vessels in the elderly restrict the 

transit of blood through thickening of the tunics‘ (Davies et al., 1996).  By the end of 

the 18
th

 century, two theories dominated the discussion on the pathophysiology of 

atherosclerosis: the thrombogenic theory by Carl von Rokitansky and the inflammatory 

theory proposed by Rudolf Virchow. Rokitansky proposed that the deposits observed in 

the inner layer of the arterial wall were derived primarily from fibrin and other blood 

elements rather than being the result of a purulent process. Subsequently, the atheroma 

resulted from the degeneration of the fibrin and other blood proteins and finally these 

deposits were modified toward a pulpy mass containing cholesterol crystals and fatty 

globules. Virchow‘s description of the pathogenesis of atherosclerosis was based on an 

in-depth study of the histological characteristics of the atherosclerotic lesion in all its 

stages (Mayerl et al., 1996).  Today, Virchow‘s concept of local intima injury as the 

initiating irritative stimulus is still accepted and has been extended to include other 

implications besides mechanical factors.  

Recent work by Thompson et al., (2013) examined 137 mummies from populations of 

four disparate geographic regions by whole body CT scanning and compared 

calcification as an indicator of atherosclerosis with Common Era subjects.  This study 

concludes that atherosclerosis was common in four preindustrial populations, and 

remains prevalent in contemporary human beings thus controversially suggesting that 

atherosclerosis is an inherent component of human ageing and not characteristic of any 

specific diet or lifestyle despite a number of study limitations.     

 

1.1.1.2 Pathophysiology 

Atherosclerosis is characterised by the presence of a complex fatty plaque which is a 

focal thickening originating from the intimal layer of a vessel.  Numerous theories have 

been considered regarding atherogenesis, including the response to injury and lipid 
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hypotheses.  However it is widely accepted that the initial step of atherosclerosis is 

damage to the endothelium; whether it be by hyperglycaemic conditions, hypertension, 

lipoproteins or mechanical stress (Freestone et al., 2010).  The first response to 

endothelium insult increases lipoprotein permeability, leukocyte adhesion and enhance 

thrombic potential (Tritto and Ambrosio, 2004); cumulatively this insult requires a 

compensatory response from the endothelium which in turn alters the normal 

homeostatic properties of the intimal layer.    

In the early atherogenic process arterial endothelial cells begin to express adhesion 

molecules (ICAM)-1 which binds various classes of leukocytes; whereas vascular cell 

adhesion molecule (VCAM)-1 binds monocytes and T-lymphocytes. After monocytes 

adhere to endothelial cells, they migrate to localize in the intima, transform into 

macrophages after stimulation by chemokines, and avidly engulf oxidized lipoprotein 

especially oxidized LDL (Schoen et al., 2005).  When LDL particles become trapped in 

the vessel wall, they undergo progressive oxidation and become internalised by 

macrophages through scavenger receptors on the surface of the cells, leading to the 

formation of lipid peroxides, facilitating the accumulation of cholesterol esters, 

resulting in the formation of foam cells (Griendhing and Alexander., 1993). 

Plaque formation consists of a core region packed with foam cells and lipid droplets, 

surrounded by VSMC and endothelial cells (Subramanian et al., 2010).  The injury also 

induces endothelial cells to have procoagulant instead of anticoagulant properties and 

release vasoactive substances, the cytokines, and growth factors. The inflammatory 

response stimulates migration and proliferation of VSMC that become intermixed with 

the area of inflammation to form an intermediate lesion; consequentially producing 

extracellular matrix, converting a fatty streak into a mature atheroma and leading to 

further enlargement and restructuring of the lesion.   

As the lesion advances, a fibrous cap which encloses the lesion from the lumen forms: 

composed of a mixture of the aforementioned components; leukocytes, lipids and 

debris which form a necrotic core (Ross, 1999).  Atherosclerosis plaque ruptures are 

associated with increased infiltration of the fibrous cap by macrophages, and T-

lymphocytes with reduced number of VSMC fibrous cap that make the thinning of 

VSMC-rich fibrous cap overlying the core, as depicted in Figure 1.1 (Wang et al., 
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2012).  Erosion or uneven thinning of the fibrous cap results in the expulsion of 

necrotic content into the bloodstream, releasing thrombogenic material such as 

phospholipids, tissue factor and platelet adhesion matrix molecules (McAlpine & 

Werstuck, 2008).  This expulsion may result in coagulation and likely thrombus 

formation; the most frequent cause for myocardial infarction (Wang & Bennett, 2012).   

 

1.1.2 Restenosis 

Current therapeutic approaches to restore blood flow in stenotic blood vessels involve 

the use of percutaneous devices and coronary bypass surgery. These procedures disrupt 

normal integrity of the blood vessel, increasing the vessel luminal narrowing, a process 

termed restenosis; defined by narrowing of vessel diameter of 50% compared with the 

reference vessel.  Restenosis is modulated by genetic background and conditions which 

affect the vascular system, including diabetes, hypertension, and hypercholesterolemia. 

In the 1970s, Andreas Gruntzig pioneered the use of transluminal dilatation of coronary 

arteries for symptomatic coronary artery disease and reported a 19% rate of restenosis. 

(Clowes et al., 1983; Ip et al., 1991) Subsequent studies demonstrated a restenosis rate 

of approximately 33% (Braun-Dullaeus et al., 1998). More than 25 years later, despite 

pharmacological and mechanical approaches to reduce the incidence of restenosis, it 

remains a significant problem. 

 

1.1.2.1 Pathophysiology 

A normal functioning endothelium is very important because it promotes vasodilatation 

and suppresses intimal hyperplasia by inhibiting thrombus formation, inflammation, 

and smooth muscle proliferation and migration. The endothelium provides a selectively 

permeable barrier that protects against circulating growth factor (Costa et al., 2005).  

Endothelial denudation and medial wall injury are the initial effects of balloon- and/or 

stent-induced injury and are important triggers of the wound ―healing‖ program.  

Studies have shown that proper endothelial cell re-growth is essential for function 

(Abdullah et al., 2012) 
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Figure 1.1 Schematic of atherogenesis and an unstable atherosclerotic plaque.  

The advanced atherosclerotic plaque consists of a fibrous cap rich in VSMCs and 

collagen, surrounding a ―necrotic‖ core comprising lipids, foam cells, and debris. 

Plaque formation involves a series of events initiated from (1) EC dysfunction and 

activation with increased surface adhesion molecules on ECs, including ICAM-1 and 

VCAM-1, and augmented vascular permeability promoting the (2) attachment and 

infiltration of lipid and inflammatory cells into the subendothelial space. (3) Monocytes 

differentiate into macrophages, engulf lipid to form foam cells and release 

proinflammatory cytokines to create an inflammatory environment. (4) In early lesions, 

VSMCs proliferate in response to mitogens such as PDGF and synthesise collagen to 

form the fibrous cap that encloses the growing lipid core. At later stages, VSMCs 

become activated and release inflammatory mediators which may promote further 

proliferation or apoptosis. (5) The gradual loss of VSMCs by apoptosis, in part 

mediated by engagement of death receptors on VSMCs with death ligands on 

macrophages and T lymphocytes, (6) plaque rupture, with subsequent platelet 

attachment and thrombosis.  Figure adapted from Wang & Bennett, 2012. 
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 Vascular smooth muscle cells retain remarkable plasticity during development and can 

undergo differentiation to a synthetic phenotype (Schwartz et al., 1986).  This 

represents an advantage as it enables the efficient repair of the vasculature after injury. 

As in many evolutionarily conserved processes however, these properties can be 

disadvantageous and can predispose to abnormal responses after injury, contributing to 

restenosis. Vascular smooth muscle progenitor cells have been identified in multiple 

sites including the bone marrow, in the circulation, the vessel wall, and in extravascular 

sites (Daniel and Sedding, 2011). 

The normally quiescent smooth muscle cells within the medial layer of the vessel wall 

are activated to migrate and proliferate in response to increased stimulatory growth 

factors and cytokines (PDGF, interleukin-1, and interleukin-6) and reduced 

endothelium-derived inhibitory factors (nitric oxide, heparin sulfate proteoglycan) 

(Alexander and Griendling, 1996).  Studies have challenged the concept that neointimal 

formation is dependent on the proliferation and migration of local endothelial and 

smooth muscle cells (Douglas, 2007).  It has been proposed that in models of post-

angioplasty restenosis, graft vasculopathy, and hyperlipidemia-induced atherosclerosis, 

smooth muscle progenitor cells are mobilized from the bone marrow and hone to sites 

of vascular injury, differentiating into smooth muscle cells (Sata et al., 2002).  In these 

studies, a bone marrow or circulating cell marker has been found to co-localise with 

vascular smooth muscle cell markers in vascular lesions after arterial injury or 

atherosclerosis. Based on the species, type of injury, and the method of labelling, the 

percentage of bone marrow– derived cells within the neointima is between 20% and 

66%. Although the selective control of vascular smooth muscle progenitors in the 

vessel wall may be an attractive therapeutic target, the concept is controversial, and 

more studies are required to define the role of progenitor cells in mediating vascular 

diseases (Zhang et al., 2012).  

 It can be seen that the understanding of smooth muscle cell function in the context of 

vascular disease is critically important in the elucidation of new therapeutic targets. 
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Figure 1.2 Example of post-stent neointima formation in the coronary artery. 

Figure A shows the coronary arteries located on the surface of the heart. Figure B 

shows a stent-widened artery with normal blood flow. The inset image shows a cross-

section of the stent-widened artery. In figure C, tissue grows through and around the 

stent over time. This causes a partial blockage of the artery and abnormal blood flow. 

The inset image shows a cross-section of the tissue growth around the stent.  Adapted 

from the National Institute of Health. 
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1.2 Physiological Structure of Blood Vessels 

1.2.1Blood Vessel Composition 

Blood vessels are critical players in the circulatory system of every living mammal 

constituting of three main components; arteries, veins and capillaries.  Blood vessels 

are subject to structural characterisation composing of three layers; adventitia, media 

and intima (Weinberg and Bell, 1985).   The tunica intima is the innermost, single layer 

of simple squamous endothelial cells, surrounded by a thin layer of subendothelial 

connective tissue forming an interface between circulating blood in the lumen and the 

rest of the vessel wall.  One of the key roles of the vascular endothelium is the delivery 

of oxygen and essential nutrients to surrounding tissues, relying upon the smooth 

endothelial layer to reduce pressure from blood flow (Michel et al., 2007).  The tunica 

media constitutes of connective tissue and elastic fibre, rich in vascular smooth muscle 

cells (VSMC) required to control the calibre of the vessel. VSMCs produce 

extracellular matrix (ECM) during development, providing the arterial wall with the 

capacity to withstand the high pressure of circulating blood (Lacolley et al., 2011).  The 

media is accessible to soluble plasma components, which are outwardly convected 

from the circulating blood through the vascular wall (Michel et al., 2007).  The third, 

outermost layer is the tunica adventitia, composed of fibroblasts and connective tissue 

which provides structural support for the vessel and minimising tear during movement.  

The role of the adventitia has long been considered mostly limited to its structural and 

mechanical functions, with some involvement of the perivascular innervation in overall 

vascular responses; however there is emerging evidence proposing that the adventitia is 

involved in myofibroblast migration in the pathogenesis of atherosclerosis (Auger et 

al., 2007). 

The three layer composition of the intima, media and adventitia may be evident in both 

veins and arteries; however they possess a number of physiological differences.  

Primarily, veins carry deoxygenated blood towards the heart whereas arteries carry 

oxygenated blood away from the heart, accounting for an increased thickness in the 

medial layer to compensate for the high blood flow.   Another key factor in the 

difference in blood vessels is the presence of venous valves to prevent the backflow of 

blood (Figure1.1).  The bicuspid valves are essential not only because of the low 



 
 

9 
 

pressure within the vein, but also due to the varying flow of blood and collapsible 

nature of the vessel.  (Cox, 1979). 

 

 

 

Figure 1.3 Schematic diagram depicting structural differences of artery and veins.   

As described above, arteries are primarily responsible for the delivery of blood away 

from the heart, whereas veins are predominantly responsible for the delivery of blood 

to the heart.  Arteries have a narrower lumen area for blood flow when compared vein, 

this is due the a thicker composition of smooth muscle cells in the medial layer to 

tolerate high blood flow, as well as connective tissue in the adventitial layer.   
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1.2.2 Vascular Smooth Muscle Cells 

Vascular smooth muscle cells are highly specialised cells located in the medial layer of 

arteries and veins whose principal function is contraction and relaxation.   Thus they 

control of blood vessel tone, blood pressure, and blood flow.   Smooth muscle has been 

shown to express a unique repertoire of contractile proteins, ion channels, and 

signalling molecules required for the cells physiological functions which is clearly 

unique compared with any other cell type (Owens, 1995).   

The VSMCs, as stromal cells of the vascular wall, control the physiological 

environments but are also the targets of pathological changes. VSMCs residing in the 

healthy medial layer of blood vessels exist in a quiescent phenotype with a low 

proliferative index, but can however adapt to multiple functions in response to specific 

stimulus (Davis-Dusenbery et al., 2011). This ability of VSMCs to adapt is related to 

the high plasticity of these cells to reprogramme their expression pattern in response to 

both chronic and acute stimuli, mainly mediated by ligand–receptor interactions 

(Albinsson et al., 2010).  

 

1.2.2.1 Contractility of Vascular Smooth Muscle Cells 

The regulation of blood pressure has been largely attributed to VSMCs residing in the 

medial layer of the vessels, controlling both blood vessel constriction and relaxation.  

Vasoconstriction is activated by vasoactive molecules such as angiotensin II, inducing 

vascular smooth muscle cell contraction and subsequently reducing lumen area for 

blood flow, increasing blood pressure.  However the counterbalance between 

vasoconstriction and vasodilation is essential for healthy regulation of blood flow.  

Vasodilation is regulated by endothelial derived relaxing factors (EDRF) such as nitric 

oxide which migrates to the medial layer of smooth muscle inducing relaxation, 

integral for permitting blood flow (Lacolley et al., 2011). 

Smooth muscle contraction is required for control of blood flow and is dependent on 

the interaction of myosin with actin filaments (Gabella, 1984). Smooth muscle 

contraction is regulated by phosphorylation of the 20 kDa myosin light chain subunits 
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of myosin (MLC20) (Somlyo et al., 2003). This can occur by the Ca
2+

/ calmodulin-

dependent actions of myosin light chain kinase (MLCK) (Taylor et al., 1988)  or by the 

Ca
2+

-independent actions of several additional kinases, including Rho-kinase, integrin-

linked kinase (ILK) and zipper-interacting protein kinase (ZIPK) (Niiro et al., 2001; 

Ihara et al., 2007). Contraction is initiated primarily by activation of MLCK under 

physiological conditions, and thus increased cytoplasmic Ca
2+

 [Ca2+]i is the primary 

driving force for contraction, as in other muscles (Ito et al., 2004). MLC 

phosphorylation can be stimulated by a variety of vasoactive hormones and signalling 

pathways, including the Ca
2+

-dependent ERK pathway (see section 1.4.1). Alteration of 

either the synthesis or the phosphorylation state of the contractile proteins may 

influence myogenic tone, and finally blood pressure. During phenotypic modulation, a 

decrease in ERK1/2-mediated phosphorylation impedes VSMC contraction (Carrillo-

Sepulveda et al., 2010). 

 

1.2.2.2 Vascular Smooth Muscle Cell Phenotype 

Since the earliest ultrastructural studies of smooth muscle tissue, it has been apparent 

that VSMCs exhibit a substantial phenotypic variation (Fritz et al., 1970). In fact, this 

diversity was considered for many years to be evidence of not one but two different cell 

types in the tunica media of artery walls, one for contraction and another for synthesis 

of extracellular matrix proteins (Wissler, 1968). Dedifferentiated VSMCs adapted to 

growth in cell culture, exhibiting a synthetic phenotype which is characterised by an 

increased proliferative rate, in alongside a morphological change.  Synthetic-state cells 

have a fibroblast-like appearance, and their main functions are to proliferate and to 

produce extracellular matrix components. They are found in the embryo and the young 

growing organism, where they take part in the formation of the vessel wall (Hirose et 

al., 1999).  Fully differentiated VSMCs in mature adult vessels, however display a 

contractile phenotype, in which the cells proliferate at a very discrete level and retain 

their hill-and-valley morphology.  Contractile-state cells have a muscle-like appearance 

and contract in response to chemical and mechanical stimuli. They predominate in the 

vessels of adults and are primarily involved in the control of blood pressure and flow. 

However, these cells are able to return to a synthetic phenotype, and this appears to be 
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an important early event in atherogenesis. (Hirose et al., 1999). This variation was 

initially referred to as ―VSMC phenotypic modulation‖ (Gomez et al., 2012). It has 

now believed that the contractile and synthetic phenotypes of the smooth muscle cells 

represent two ends of a spectrum.  Recently however, Alexander and Owens (2012) 

suggest that the differentiation of VSMCs is not mutually exclusive with the 

proliferative capacity.  The term VSMC ―phenotypic switching‖ has come into 

common use to describe this reversible transition. It is important to understand that the 

two phenotypes share considerable overlap and that contractile cells can replicate and 

synthetic cells can possess contractile filaments (Gomez and Owens, 2012).   The 

phenotypic switch, shown to drive vascular smooth muscle cell proliferation is 

consistent not only in vitro but in disease state. Studies have shown that the neointima 

formation in stenosed blood vessels is composed of smooth muscle cells in the 

synthetic phenotype and starkly contrasting from the normal medial layer which is 

predominantly composed of contractile, quiescent VSMCs (Shinohara et al., 2005). 

Depending on the signals present in their local environment, contractile VSMCs can 

acquire distinct phenotypes, such as the ability to migrate and proliferate and to 

promote ECM production and inflammatory signals, such as IL-1β, IL-6 and MCP-1 

(Wang & Bennett, 2012). The phenotypic modulation of VSMCs is determined by 

environmental signals, such as mechanical forces, endocytosis of specific molecules, 

and growth factors which influence expression of a panel of VSMC-specific genes 

(Curcio et al., 2011). Platelet-derived growth factor-BB (PDGF-BB) and transforming 

growth factor-β (TGF-β) are the key mediators of VSMC phenotypic switching; where 

PDGF-BB promotes cells into the synthetic phenotype, conversely TGF-β does so for 

the contractile phenotype (Owens et al.,2004).  This phenomena is consistent in 

crossing from in vitro to in vivo studies as Owens et al., (2004) have shown that 

phenotypic modulation of VSMCs in vivo is mediated, at least in part, by transcription 

repression. The activity of these transcription factors and cofactors is regulated by a 

wide range of signalling pathways, including extracellular signal-regulated kinase 

(ERK), c-Jun-N-terminal kinase (JNK), p38 mitogen-activated protein kinases, Akt, 

Rho/Rho-kinase, and calcineurin/ calmodulin kinases (Rodriguez & Crespo, 2011). 
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Figure 1.4: Morphological differences between synthetic and contractile VSMC 

phenotype.   

Summary of characteristics of SMC phenotypes, which vary along a continuum from 

synthetic and proliferative to contractile and quiescent. The position along this 

continuum is modulated by a variety of extracellular signals. Adapted from Beamish et 

al., 2010. 
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1.2.2.3 Vascular Smooth Muscle Cell Proliferation 

Like most other nontransformed cells, smooth muscle cells do not normally multiply in 

culture in the absence of serum (Thyburg et al., 1990).  The proliferation of vascular 

smooth muscle cells can be stimulated by many growth factors and cytokines, both in 

vitro and in vivo; examples include platelet-derived growth factor (PDGF), tumour 

necrosis factor-alpha (TNF-α), interleukin-1 (IL-1), endothelin-1(ET-1), and 

angiotensin II (Curcio et al., 2011).   

Vascular smooth muscle cells were among the first cell types shown to have specific 

receptors for PDGF and utilising a number of different approaches the significance and 

mechanism of PDGF signalling in VSMC proliferation was assessed, where this 

response could be inhibited by neutralising antibodies specific for the PDGF receptor 

(Heldin et al., 1981).  Zhao et al., (2011) describe the mechanism of PDGF-β action in 

smooth muscle cells acting through phosphorylation of extracellular-regulated kinase 

1/2 (ERK1/2) and Akt signalling.  Interestingly, early studies had suggested an 

interaction between PDGF and insulin-like growth factor-l (IGF-I) in stimulating 

smooth muscle cell replication, (Clemmons, 1984; Pfiefle et al., 1987) and cells 

stimulated with PDGF were found to produce IGF-I (Hosang and Rouge., 1989). 

However, IGF-I alone appears in most cases to be but a weak mitogen for vascular 

smooth muscle cells (Clemmons, 1984).  Furthermore, Thyberg et al., (1990) assessed 

the induction of DNA upon stimulation of an array of rat aortic smooth muscle cell 

activating agents; the rank order of potency obtained from this analysis is displayed 

below in Table 1.1.   
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Agent Fold 

Stimulation 

PDGF 10-15 

FGF 5-10 

EGF 3-8 

IGF 1-3 

IL-1 1-2 

TGF 1-4 

 

Table 1.1 Rank order of potency of DNA synthesis by numerous activating agents.  

Adult rat aortic smooth muscle cells (freshly isolated) were seeded on a substrate of 

fibronectin, were incubated in serum-free medium for 5 days, and were exposed to the 

indicate human recombinant polypeptide mitogens at different concentrations and for 

different times in the presence of tritiated thymidine. The results are presented as the 

approximate means of a series of experiments.  Data obtained from Thyberg et al., 

1990. 
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1.7 Cell Cycle 

Whilst it is accepted that smooth muscle cells proliferate and generate key early 

signals, nonetheless very little has been conducted into the study of SMC in the cell 

cycle.  The cell cycle is a complex regulatory network responsible for cell division, 

tightly coordinated by the synthesis, assembly and degradation of numerous 

macromolecules.  Since the 1900s it had been known that cells multiply via cell 

division but the molecular mechanisms of the process were not elucidated until 1970 by 

Leland Hartwell while investigating the genetic background of Saccharomyces 

Cerevisae.  Hartwell‘s work was advanced by the discovery of two major subtypes of 

cell cycle progression proteins, CDKs and cyclins by Paul Nurse and Tim Hunt, 

respectively (Hartwell et al., 1970; Hartwell et al., 1974; Nurse 2002).  All three 

pioneers of this work were jointly commended for their fundamental discoveries of key 

regulators and processes controlling the cell cycle by being awarded the Nobel Prize in 

Medicine or Physiology in 2001 (Zetterberg et al., 2001).  Dysregulation of the cell 

cycle has been well documented in the pathogenesis of numerous chronic disorders 

including cancer, Alzheimer‘s disease and Down‘s syndrome, and therefore has been 

the target of an array of therapeutic investigations (Holis et al., 2013; Kim et al., 2010).  

Currently, the regulation of smooth muscle cells in the cell cycle is fairly well-

established in disease states such as restenosis and atherosclerosis, however much 

prominent work relying upon cancer cells; where their high proliferative rate makes for 

them to be an ideal model in cell cycle analysis (Chen et al., 2013).   

The cell cycle can be divided into two main processes in relation to interphase and 

mitosis, where interphase can be further segmented into four stage; G0, G1, S, G2.  The 

transition of cells between adjacent phases is aided by the activity of specific cyclin-

CDK complexes.  In this section, the progression between each phase of the cell cycle 

will be discussed, describing the requirement of protein equilibrium regarding the 

activation and degradation required for efficient cell proliferation. 
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1.3.1 G0/G1 Transition 

Under normal physiological conditions, VSMCs reside in the G0 phase of the cell cycle 

in their quiescent and contractile phenotype (Kottke-Marchant et al., 2010), however 

the phenotypic switch is activated upon entry to the G1 phase of the cell cycle.  As 

previously mentioned, PDGF activation is required for the conversion to the synthetic, 

proliferative phenotype of VSMCs; this acts via the ERK signalling pathway shown to 

be required to promote cells out of G0 phase (Chien et al., 2008) (discussed in section 

1.4.1).   Promotion of cells into G1 phase is reliant upon the interaction between cyclin 

dependant kinase (CDK)4/6 and cyclin D, to form a G1 promoting complex.  The 

formation of this complex is induced by mitogenic factors (Detjen et al., 2003) and 

hormones such as follicle stimulating hormone (FSH) (Han et al., 2013). Furthermore, 

activating agents noted above such as PDGF, activate multiple kinase signalling 

pathways, notably the MAP kinase cascade which subsequently activates 

protooncogenes, c-fos and c-myc to directly promote the CDK4/6-cyclinD complex 

(Arellano et al., 1997).  Multiple factors have been shown to inhibit the CDK4/6-

cyclinD complex in order to act as checkpoints to restrict cellular proliferation in 

response to damage; inhibitory proteins p21 and p15 (Charron et al., 2006).  P15 has 

shown the ability to inhibit this complex and is stimulated by transforming growth 

factor-beta (TGF-β).  TGF-β not only stimulates p15 but similarly p21, which also acts 

to inhibit the CDK4/6-cyclinD complex.  The inhibitory action of TGF-β in 

proliferation is supported in VSMCs, as previously mentioned TGF-β is responsible for 

the conversion of smooth muscle cells from their synthetic phenotype to the non-

proliferative contractile phenotype.  P21 is induced by growth arrest-specific 

homeobox (GAX) and therefore inhibits the G1 transition at high levels but has also 

been shown to aid the progression to G1 phase at low concentrations. (Gorski et al., 

1993).  Weir et al., (1995) detected levels of GAX mRNA in uninjured arteries 

however, upon injury and trigger of VSMC hyperproliferation GAX mRNA is 

significantly downregulated, correlated with an increase in c-fos and c-myc.  
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1.3.2 G1/S Transition 

Whilst in G1 phase, VSMCs assemble vital factors for DNA replication prior to S 

phase transition.  The associated regulatory protein complex for the G1/S transition is 

CDK2-cyclinE, which alike to G1 promotion has shown to be directly stimulated by 

protooncogenes c-fos and c-myc (Arellano et al., 1997).  As cells approach S phase, 

they reach a checkpoint known as the ―restriction point‖ to which cells are committed 

to DNA replication if surpassed.  Considerable efforts in the cell cycle have been 

devoted to explain the restriction point switch in molecular terms, mainly focusing on 

the retinoblastoma protein (pRb) pathway as a candidate mechanism operating in G1 

(Bartek et al., 2001).  Phosphorylation of the retinoblastoma protein (pRb) plays an 

important role in cell cycle regulation, where hypophosphorylated pRb binds to the 

E2F-1 molecule.  E2F-1 has been shown to upregulate the expression of cyclin E, with 

increasing concentrations have resulted in the hyperphosphorylated state of pRb and 

consequentially led to the progression of cells through the G1/S phase (Montagnoli et 

al., 1999).   

Early work to address the role of c-myc in promoting cell cycle progression, 

construction of a mutant known as MadMyc capable of actively repressing c-myc target 

genes was developed (Berns, 1997).  This mutant allowed examination of cellular 

effects upon both short-term and long-term silencing of endogenous myc (Santoni-

Rugiu et al., 2000).   Transient expression of MadMyc resulted in G1 arrest 

independent of functional pRb, yet mitogen-stimulated cells exposed to MadMyc in 

long-term experiments eventually entered S phase despite the lack of myc-mediated 

transcription (Leone et al., 1997).  This would therefore suggest that multiple 

mechanisms are involved in G1/S progression through the cell cycle, independent of c-

myc. 

Within G1 phase the cyclin inhibitory proteins, p53, p21 and p27 counteract the 

activity of the CDK2-cyclinE complex and consequentially halt G1/S transition.  This 

allows for a delay in cell cycle progression trigged when genetic material is damaged, 

to facilitate DNA repair.  The p53 protein is a transcription factor which becomes 

stabilised and active upon DNA damage, and in turn regulates transcription of a large 
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number of genes, among them is p21, capable of silencing CDK2 which is essential for 

S phase entry (Agarwal et al., 1998).   

Collectively, data generated regarding control of the G1/S border control has suggested 

a two-wave checkpoint response; both a transient and sustained effect.  The initial 

response to damage is very rapid leading to the inhibition of CDK2 within around 30 

minutes and lasting for several hours (Nitta et al., 1997).  This early response is 

believed to act independently of p53 but instead depicts the action of Cdc25A as an 

inhibitory phosphatase to silence CDK2 and ultimately halt cells at the G1/S boundary 

(Ussar & Voss, 2004).  This pattern of response fits well with the purpose of providing 

more time for DNA repair.  The second method of G1/S arrest is a longer, more 

sustained response induced by p53 and p21.  Due to the multiple protein alterations that 

p53 must undertake such as modification, accumulation, activation and most of all 

transcriptional induction of effectors such as p21, it is no surprise that this wave of 

response requires several hours (Hengst et al., 1998).  It is believed that the p53/p21 

process is activated in response to cells with severe DNA damage which are most likely 

to undergo apoptosis to efficiently remove these genetically damaged cells from the 

rest of the population (Agarwal, 1998).   Therefore the G1/S transition is essential in 

ensuring only non-damaged cells, progress to complete mitosis. 

 

1.3.3 S/G2 Transition 

Once cells have undergone DNA replication, they enter the G2 phase at which point 

cells synthesise apparatus required for mitosis.  Cells move into the G2 phase upon 

promotion by CDK2-cyclinA complex stimulated by the aforementioned, proto-

oncogenes c-fos and c-myc which are activated by kinase signalling, where examples 

include ERK and JNK (which will be discussed in section 1.4).  There has been little 

data identified about the regulation of such transition and as yet, no inhibitory proteins 

have been identified to directly counteract the action of the CDK2-cyclinA complex.  It 

could therefore be deduced that as cells are able to independently pass through the 

cycle as they have surpassed the ―restriction point‖ (Charron et al., 2006).  

 



 
 

20 
 

1.3.4 G2/M Transition  

The G2/M checkpoint is an evolutionary conserved tightly regulated network.  Similar 

to the other cell cycle transitions, the G2/M phase is aided by the presence of a 

CDK/cyclin complex; in such phase it is denoted as the mitosis promoting factor 

(MPF) consisting of CDK1 (otherwise known as cdc2 in mammalian cell types) and 

cyclin B (Wang et al., 2013).  Cells prepare to enter mitosis by the dephosphorylation 

of cdc2 by the mitotic phosphatase cdc25C; from this point dephosphorylated cdc2 is in 

its active conformation and binds to cyclin B forming the MPF (Wang et al., 2013).  It 

has shown to be clear that the MPF is required to be active for cells in mitosis until 

metaphase, where cyclin B is degraded as it marked by the ubiquitin pathway which 

flags it for destruction by proteasomes (Vagnarelli, 2012).  The removal of cdc2 is 

regulated by phosphorylation of its tyrosine-15 residue by the kinase wee1. 

Phosphorylation of tyrosine-15 inhibits cdc2 activity allowing completion of mitosis 

(Touny &Banerjee, 2006)   

Cells may exit G2 phase prematurely, after DNA synthesis and before mitosis 

(reviewed in Gelfant, 1977), interestingly however this phenomena is rarely mentioned.  

As with quiescence in G0, these cells can remain in G20 for prolonged periods before 

being stimulated by various environmental or hormonal cues to re-enter the cycle. G20 

cells are commonly found in epithelia, sometimes in high numbers (Kaneko et al. 

1984), where they must rapidly increase in number, whether found in the gut of 

hibernating animals as they wake (Kruman et al. 1988) or during wound healing 

(Gordon and Lane 1980). The mechanism of G2 cellular exiting, and the return to G2, 

remains to be defined and provides an interesting prospect for future work.   

 

1.3.5 Mitosis 

The final stage of proliferation is of course, mitosis.  Walter Flemming originally 

coined the term mitosis in the early 1880s from the Greek word for thread, reflecting 

the shape of mitotic chromosomes (Flemming, 1882).  The process of mitosis is 

dynamic and highly complex, resulting in duplication of a parent cell to two identical 
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daughter cells.  Mitosis can be subcategorised into 5 phases; prophase, prometaphase, 

metaphase, anaphase and telophase. 

The first phase of mitosis, namely prophase follows G2, the final step of interphase. 

Many studies carried out over the past 10-15 years have detailed the need for 

chromosomes to be organised into distinct spatial territories when entering mitosis 

(Cremer et al., 2001).   A cell entering mitosis manifests a number of chromosomal 

changes; among these are condensation, or thickening of chromosomes.  Condensin-

mediated chromosome condensation is essential for resolution of sister chromatids and 

for the correct apposition of sister kinetochores towards opposite poles (Moore et al., 

2005). Duplicated centrosomes, which are the organising centre of microtubules, begin 

to separate towards opposing poles of the cell. 

 The network of cytoskeletal components begins to break down, triggering the 

formation of the mitotic spindle, which is an arrangement of microtubules that is 

responsible for aligning duplicated chromosomes in later phases of mitosis.  Whilst in 

prophase, the chromosomes are still enclosed within the nuclear envelope; however 

upon entry into prometaphase the nuclear envelope breaks down losing the nucleuo-

cytoplasmic compartmentalisation (Burke and Ellengberg, 2002).  Nuclear pore 

complex disassembly is vital for early stages of nuclear envelope breakdown, for 

example regulatory proteins such as cdc-2 and cyclin B require access to numerous 

downstream targets to ensure correct mitotic regulation (Hatzner et al., 2010).  At the 

latter stages of prometaphase, the centrosomes have aligned at opposing poles of the 

cells and chromosomes are being moved towards the centre of the cell.   

The distinctive feature of metaphase is the evident alignment of chromosomes at the 

centre of the cell, with movement being driven by kinetochore microtubules to form the 

metaphase plate (Vagnarelli et al., 2012).  Cells may occupy a large proportion of their 

mitotic duration in metaphase, as the cell alignment acts as a checkpoint and cyclin B 

must be degraded before progressing to the next phase, anaphase (Fisher et al., 2012).  

Cyclin B undergoes destruction by proteasomes.  Once the degradation of cyclin B has 

been completed, the anaphase promoting complex targets the inhibitory chaperone, 

securing for destruction to aid mitotic progression.  Separase is released vital for 

breaking down cohesion, a protein responsible for the connection of sister chromatids 
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(McAlenan et al., 2013).  Subsequently, the centromeres split and new daughter 

chromosomes are pulled poleward.  Telophase is generally regarded as the final stage 

of mitosis, derived from the Latin telos which means end.  It is during this time small 

nuclear vesicles in the cells begin to reform around the distinct group of chromosomes 

(Vagnarelli & Earnshaw, 2012).  As the nuclear envelope reforms, two nuclei are 

created and chromosomes undergo the process of decondensation.  With the formation 

of two distinct nuclei, the cells are required to complete cytokinesis to fully 

differentiate into two daughter cells. 
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Figure 1.5: Schematic diagram of the cell cycle  

As shown above in Figure 1.5, the progression of cell cycle depends on the specific 

CDK-cyclin interaction.  CDK4 and Cyclin D are required to promote quiescent cells 

into G1 phase, CDK2/Cyclin E is required for G1/S promotion, similarly CDK2/Cyclin 

A is required for S/G2 transition and finally, CDK1/Cyclin B complex is essential for 

entry of cells into the G2/M phase of the cell cycle.  This simplified schematic 

representation of the cell cycle includes cell-division cycle 25 (CDC25)-mediated cell-

cycle progression. Dotted arrows represent known feedback loops, either positive (+) or 

negative (–), as indicated. It is unclear whether cyclin D–cyclin-dependent kinase 4 

(CDK4) is a bona fide substrate of CDC25A. E2F is a transcription factor that was 

originally identified through its role in transcriptional activation of the adenovirus E2 

promoter. P, phosphate; PCNA, proliferating-cell nuclear antigen; Rb, retinoblastoma 

protein.  Adapted from Lyon et al., 2002. 
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1.3.6 Cytokinesis 

Cytokinesis is the latter part of mitosis where two daughter cells separate into 

individual full cells.  This process is initiated during anaphase, when the mitotic spindle 

reorganises to form a dense array of antiparallel microtubules between the two 

centrosomal asters — the central spindle. Together with microtubules from the spindle 

asters, the central spindle defines the position of the division plane between the 

segregated chromosomes. A pathway involving the small GTPase RhoA, leads to the 

assembly of an actomyosin ring at the cell cortex (Balasubramanian et al., 2013).  

Contraction of the actomyosin ring results in ingression of the attached plasma 

membrane to form a cytokinetic furrow, which partitions the cytoplasm into two 

domains. At this stage, sister cells remain connected by a narrow intercellular bridge 

containing dense antiparallel bundles of microtubules that overlap at a central region 

termed the midbody. Physical separation of the emerging sister cells is finally 

accomplished by plasma membrane fission at the intercellular bridge, a process known 

as abscission (Skop et al., 2004).   

Successful cytokinetic completion requires tight temporal coordination with 

chromosome segregation. This is achieved by the activation of the E3 ubiquitin ligase 

anaphase promoting complex (APC), which initiates both chromosome segregation and 

cytokinetic furrow ingression (Pines, 2006).  Simultaneous targeting of cyclin B for 

degradation leads to cdc2 inactivation, resulting in dephosphorylation of many cdc2 

substrates promoting cytokinetic furrow ingression and mitotic exit. Finally, abscission 

is temporally coordinated with completion of chromosome segregation by a signalling 

pathway involving the Aurora B mitotic kinase (Steigemann et al. 2009.  Norden et al. 

2006). 
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Figure 1.6 Schematic diagram of mitosis 

Aurora B is a member of the chromosomal passenger complex (CPC) and is involved 

in histone H3 phosphorylation, chromosomal condensation, chromosomal alignment on 

the metaphase plate, bi-polar centromere-microtubule attachments, spindle checkpoint 

and cytokinesis. During mitosis, Polo-like kinase 1 (PLK1) is involved in centrosome 

maturation and formation of the mitotic spindle. PLK1 is also required for exit from 

mitosis and the separation of sister chromatids during anaphase. PLK1 might also have 

a role in cytokinesis through the phosphorylation of the kinesin-like motor protein 

MKLP1.  Figure adapted from Jackson et al., 2007. 
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1.3.7 Abscission 

In the final stages of cytokinesis, most animal cell types then remain connected by an 

intercellular bridge for around an hour until they are split by an actin-independent 

process termed abscission (Guizetti & Gerlich, 2010; Steigemann et al., 2009). 

Abscission proceeds by removal of cytoskeletal structures from the intercellular bridge, 

constriction of the cell cortex, and plasma membrane fission.  It does so via two distinct 

mechanisms of membrane trafficking and intracellular signalling. 

The intercellular bridge is filled with dense bundles of antiparallel microtubules that 

derive from the central spindle. These microtubules overlap at the midbody.  More than 

100 different proteins localise at the intercellular bridge (Skop et al., 2004), but the 

specific function of many components still remains unclear. However the midbody is 

generally regarded as a targeting platform for the abscission machinery.  

Shortly upon cytokinetic furrow ingression completion, Golgi and endosome-derived 

vesicles accumulate at regions adjacent to the midbody (Gromley et al., 2005). Vesicles 

in the intercellular bridge fuse with the plasma membrane before abscission, and 

several vesicle-targeting and tethering factors, including centriolin and the exocyst 

complex (Gromley et al., 2005), Rab35, Rab11 (Fielding et al., 2005) and BRUCE 

(Pohl & Jentsch, 2008), are required for efficient abscission. These observations are 

consistent with a compound vesicle fusion model of abscission, which assumes that a 

separating membrane gathers inside the intercellular bridge, comparable to cytokinesis 

in plant cells (Baluska et al., 2006).  

Extensive studies divulging the molecular mechanisms driving abscission have 

focussed on the ESCRT complex, largely because of the in vitro studies from the 

Hurley laboratory (Hurley, J. H. & Hanson, 2010). The endosomal sorting complex 

required for transport (ESCRT)-III is an essential abscission factor  (Carlton & Martin-

Serrano, 2007) that mediates membrane deformation and scission from the cytosolic 

face in a variety of biological processes, including virus budding, intraluminal vesicle 

budding and autophagy (Hurley & Hanson, 2010). ESCRT-III accumulates at regions 

adjacent to the midbody during late telophase (Elia et al., 2010).  This is regulated by 

the centrosomal protein Cep55, which binds to the midbody component MKLP1 after 
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removal of an inhibitory phosphate on PLK1, once PLK1 is degraded by the APC 

(Bastos et al., 2010). Cep55 then recruits the ESCRT-III targeting factor ALIX to the 

midbody. 

Disassembly of microtubule bundles inside the intercellular bridge depends on the 

microtubule severing protein spastin (Connell et al., 2009), which binds to midbody-

localized ESCRT-III-associated protein CHMP1B (Yang et al., 2008). Lacroix et al., 

(2010) suggested spastin may be targeted to the abscission site by high levels of tubulin 

polyglutamylation within the intercellular bridge.  

Despite the understanding of regulation of individual factors in abscission, the overall 

temporal control of abscission is still poorly understood.  Abscission occurs only after 

removal of all chromatin from the division site, as the abscission machinery may 

otherwise damage unsegregated chromosomes, or fail due to mechanical hindrance. A 

tight temporal coordination between chromosome segregation and cytokinesis is 

ensured by the Aurora B kinase, which is kept active by unsegregated chromatin at the 

division plane to inhibit abscission until the division plane is cleared of chromatin. A 

recent study further indicates that abscission is temporally coordinated with postmitotic 

nuclear envelope reassembly (Mackay et al., 2010).  

Studies investigating the mechanisms of abscission have uncovered that multiple 

components involved in cytokinesis are also required for accurate chromosome 

segregation. Examples include PLK1 and the chromosome passenger complex, which 

consists of Aurora B, INCENP, survivin, and borealin (Skop et al., 2004). Therefore, 

interference with the expression or regulation of these components may lead to both 

chromosome missegregation and failure of cytokinesis.  Nonetheless, we must discuss 

the process which triggers proliferation and ultimately promotes cytokinetic 

completion, MAP kinase signalling. 
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Figure 1.7: Schematic diagram of the chromosomal passenger complex required 

for abscission 

The chromosomal passenger complex (CPC) is required for the completion of 

cytokinesis, located within the midbody of dividing cells.  In the presence of a 

chromosome bridge, the CPC delays the timing of abscission through regulation of 

ESCRT-III. Borealin may have evolved to play a dual role in this process: first, by 

bringing Aurora B into contact with its substrate CHMP4C (red arrow); second, by 

directly interacting with CHMP4C through its central domain (blue and white striped 

segment) and interrupting ESCRT-III filament formation.  Figure adapted from 

Carmena et al., (2012) 
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1.7 MAP Kinase Signalling 

Building upon evidence that insulin and mitogens acted through novel, possibly 

convergent mechanisms to promote intracellular protein phosphorylation (Avruch et 

al., 1982; Blackshear et al., 1983) through the activation of protein (Ser/Thr) kinases 

(Cobb et al., 1983) Sturgill and Ray (1986) detected an insulin-activated protein 

(Ser/Thr) kinase activity in extracts of 3T3-L1 adipocytes, capable of phosphorylating a 

contaminating high molecular weight polypeptide identified as microtubule-associated 

protein-2 (MAP-2).  Few bona fide regulatory tyrosine phosphorylations had as yet 

been identified, apart from those on various receptor and non-receptor tyrosine kinases 

themselves (Hunter and Cooper, 1985).  The possibility that this MAP-2 kinase might 

be a ubiquitous effector of mitogenic stimuli was reinforced by the finding that the 

MAP-2 kinase polypeptide was identical to the 41−43kDa polypeptides (Rossomondo 

et al., 1985) characterised previously whose tyrosine phosphorylation was stimulated 

by many polypeptide growth factors (Nakamura et al., 1983; Cooper et al., 1984) and 

by active phorbol esters (Kohno et al., 1985; Gilbert et al., 1983). This realisation 

prompted the redesignation of acronym ―MAP‖ from ―microtubule-associated protein‖ 

to ―mitogen-activated protein‖, and thus the MAP kinase family cascade as it is now 

known.   

The emergence of the novel MAP kinase pathway prompted a surge of investigation to 

elucidate a physiological function for these novel substrates (Reviewed by Avruch et 

al., 2007).  To date, the MAP kinase families have shown  to regulate numerous critical 

cellular events such as proliferation, migration and differentiation, by stimulatory 

signals from the extracellular environment, growth factors, extracellular matrix proteins 

and adhesion molecules presented on the surface of neighbouring cells (Bennett et al., 

2004). These extracellular cues are converted to a cellular response through their 

binding to specific receptors present at the surface of the recipient cell. Many growth 

factors bind and activate proteins of the receptor tyrosine kinase family (Yarden, 1988).  

Receptor tyrosine kinases (RTK) contain an extracellular ligand binding domain, a 

single transmembrane domain, and an intracellular region containing a tyrosine kinase 

domain and several regulatory tyrosines, which are modified via auto- or trans-

phosphorylation (Katz et al., 2007). Upon binding to specific receptors, growth factors 
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drive the formation of receptor dimers, leading to the activation of the intrinsic tyrosine 

kinase domain. Subsequent phosphorylation of specific tyrosines enables the 

recruitment of various signalling adaptor proteins, triggering a number of kinase 

cascades, including MAP kinase cascade.   

MAP kinase pathways target proteins throughout the cell, and as many substrates are 

nuclear they possess the ability to regulate changes in gene expression.  The MAP 

kinase pathway is a triple kinase module, evolutionary conserved within eukaryotes, 

where MAP kinase elements are activated upon tyrosine and threonine phosphorylation 

within a conserved Thr-XXX-Tyr motif in the activation loop of the kinase domain.  

The phosphorylation of proteins by MAP kinases can affect many aspects of their 

function including DNA binding, protein stability, cellular localisation, and protein-

protein interactions, as well as regulating other post-translational modifications (Yang 

et al., 2007).  It is also worth noting that MAP kinases have recently exhibited 

properties outwith their prototypic role; where components have also functioned non-

enzymatically to regulate transcription (Krishna and Narang, 2008).   

There are four major MAP kinase signalling pathways identified in eukaryotes; the 

extracellular signal-regulated kinase (ERK), extracellular signal-regulated kinase 5 

(ERK5), c-Jun N-terminal kinase (JNK) and p38 MAP kinase pathways (Wang and 

Tournier, 2006).  Multiple activators of these pathways has been well documented, 

where the ERK pathway is activated predominantly by growth factors, whereas JNK 

and p38 pathways respond to a variety of extracellular stress signals.  Additional 

complexity of the pathways comes from the presence of multiple subtypes for each 

family member (ERK1 and ERK2; JNK1, JNK2, JNK3; p38α, p38β, p38γ, p38δ) and 

the generation of further isoforms by differential splicing of these genes products 

(Krishna and Narang, 2008).   
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Figure 1.8 MAP kinase signalling overview. 

A diverse array of receptors, including growth factor, cytokine, and integrin receptors, 

activate signalling pathways which lead to the activation of the MAP kinase pathways. 

MAP kinase kinase kinases (MAPKKKs) activate MAP kinase kinases (MKKs; MAP 

and ERK kinase or MEK), which in turn activate the MAP kinases (p38, ERK1/2, and 

JNK). The MAP kinases activate other kinases, such as p90RSK, and transcription 

factors that regulate gene transcription including Elk-1, MEF2, ATF2, c-Myc, Ets-1, 

and c-Jun.  Figure adapted from Loeser et al., 2008.   
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1.4.1Extracellular signal regulated kinase signalling 

1.4.1.1 Architectural features of ERK signalling 

Signal transduction of the ERK pathway is initiated by the phosphorylation of the 

tyrosine kinase receptor upon binding of an agonist.  In doing so, docking sites for 

adaptor proteins become exposed to where Grb2 binds to the receptor through an SH2 

domain-phosphotyrosine interaction. Grb2 interacts with the guanine nucleotide 

exchange factor, SoS which is subsequently recruited to the plasma membrane 

promoting the conversion of G protein ras from a GDP-bound state to an active GTP-

bound state.  Ras-GTP acts upon the Raf molecule which induces the phosphorylation 

of serine residue in the activation loop of MEK (Kyriakis et al., 2012).  Furthermore, 

ERK becomes phosphorylated by MEK on threonine and tyrosine residues at the 

activation loop.  The activation of ERK results in translocation to the nucleus where 

ERK phosphorylates and activates various transcription factors such as E2F-1, Elk-1, 

AP-1 and myc which, as previously mentioned, play a role in promoting CDK-cyclin 

complexes and ultimately cellular proliferation.  The physiological response induced by 

ERK depends on cell surface receptor density, the amount of ligand, the duration of the 

signal and the cell type under consideration and subcellular distribution of ERK itself 

(McKay and Morrison, 2007).   

An increasing body of evidence has noted ERK acting on a number of different sites of 

cell cycle machinery.  ERK is present in cytoplasmic regions during interphase (Cyert, 

2001), however translocates to the nucleus upon mitogenic stimulation.  Brunet et al., 

(1999) shows the translocation of ERK is necessary for G1/S progression.  

Furthermore, studies have shown a role for ERK in mitotic chromosome condensation; 

where ERK is known to phosphorylate MSK1 which in turn, phosphorylates histone 

H3 on residues vital for function.  From data by Liu et al., (2004) it could be eluded 

that ERK1 alone is responsible for this function and may be required for progression 

into mitosis.  The study noted a reduction in ERK1 in cells but not ERK2, therefore 

suggesting ERK1 must be essential for the synthesis of proteins required for mitosis. 

During mitosis, ERK has shown present in spindle asters, centrosomes and 

kinetochores (Sharpiro et al., 1998; Zecevic et al., 1998).  The ERK function in the 
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aforementioned mitotic apparatus is still unknown, however Gachet et al., (2001) 

describe the presence of an ERK-dependent spindle assembly checkpoint in 

Schizosaccharomyces pombe.  Direct investigation into presence of an ERK spindle 

assembly point in mammalian cells has yet to be conducted, although in Xenopus laevis 

ERK has been shown to phosphorylate Cdc20, a protein located at mammalian 

centromeres thus suggesting a role for ERK in mitosis (Chung et al., 2003).    

 

1.4.1.2 ERK in hyperproliferative disease 

The ERK pathway has been intensely studied with regards to its role in 

hyperproliferative disease; largely cancer where numerous cases of mutations in the 

ERK signalling cascade have been reported.  Notably, constitutively active p21
ras

 and 

B-raf (Boutros et al., 2008) have been well studied in a hyperproliferative disease state.  

Schubbert et al., (2007) detail specificities of ras subtypes, where K-ras mutations are 

known to contribute to numerous human cancers, including lung and colon, where 

mutation is present in ~50% of colon cancers.  B-raf mutations, however, were shown 

to be present in around 66% of all malignant melanomas (Halilovic and Solit, 2008), 

with an amino acid substitution of glutamate for valine; resulting in the constitutive 

activation of the ERK pathway, and thus the hyperproliferative cellular state associated 

with the pathogenesis and progression of cancer (Marshall and Vousden, 2011). 

 

1.4.2 c-Jun N-terminal kinase signalling 

1.4.2.1 Architectural features of JNK signalling  

The c-Jun N-terminal kinase (JNK), also recognised as the stress-activated protein 

kinase (SAPK) is activated primarily under stress conditions including UV radiation, 

DNA damage and inflammatory cytokines. Nevertheless, activation via growth factors 

has also been described although at somewhat a less efficient activation (Kyriakis et al., 

2012). Similar to ERK, JNK is activated by phosphorylation on tyrosine and threonine 

residues, however is catalysed by MKK4 and MKK7 which are phosphorylated and 

activated by several proteins namely, MEKK1-4, MLK1-3 and Tak1 (Han et al., 1998).  
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Once activated, JNK translocates to the nucleus and mitochondria where pools of 

active JNK accumulate.  Activation of the JNK pathway results in the phosphorylation 

and activation of transcription factors in the nucleus, namely c-Jun, JunA, ATF2 and 

Elk1.  Crosstalk between MAP kinase pathways has been described via the small G 

protein rac which induces the activation of both MEKK1-4 of the JNK pathway, and 

raf of the ERK pathway. 

It is widely established that programmed cell death is linked to the JNK pathway 

(Dhanasekaran and Reddy, 2008).  However, interesting results from studies by Chang 

et al., (2006) and Ventura et al., (2006) provide insight into the complexity of JNK 

signalling, demonstrating that early transient JNK activation promotes cell survival and 

proliferation, however, prolonged JNK activation mediates apoptosis and ultimately 

cell death.   

As with ERK, JNK has also been implicated in the cell cycle.  A recent study by 

Guitterez et al., (2010) details the impact of JNK in the G2/M phase transition.  JNK is 

required to phosphorylate Cdc25C during mitosis which dephosphorylates and 

inactivates cdc2 and allowing entrance to mitosis.  The development of JNK inhibitor 

SP600125 in 2001, allowed for further insight into the role of JNK in mitosis.  In the 

presence of the inhibitor, multinucleate mammalian cells with 4N DNA content were 

shown to accumulate in the G2/M phase of the cell cycle.  MacCorkle and Tan (2004) 

propose this to be a result of defective spindle formation and also possibly a 

dysfunction in chromosome segregation at anaphase in mitosis and thus JNK is 

required for full mitotic completion.   

 

1.4.2.2 JNK in hyperproliferative disease 

JNK has been shown to exhibit differential cellular effects, probably evident most so in 

cancer where for example, JNK1, but not JNK2, deficiency significantly decreased 

HCC (hepatocelluar carcinoma) in the DEN (diethylnitrosamine)-induced HCC mouse 

model (Hui et al., 2008).  Combining this evidence with work from Chen et al., (2001) 

it could be suggested that JNK1 performs with a role as a tumour suppressor, whereas 

JNK2 exhibits function as a tumour promoter aiding hyperproliferation.  Chen et al., 
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(2002) examined mouse embryonic fibroblasts, under both basal and PMA stimulation, 

demonstrating that the loss of JNK1 enhanced the expression of antiapoptotic genes, 

whereas cells lacking JNK2 displayed increased expression of genes related to tumour 

suppression and induction of cell differentiation, or cell proliferation.  Thus JNK has 

differential roles in proliferation and apoptosis of cancer disease progression. 

 

1.4.3 p38 MAP kinase signalling 

1.4.3.1 Architectural features of p38 MAP kinase signalling 

The p38 pathway consists of four isoenzymes; α, β, γ and δ, where p38α has been the 

greatest explored within the scientific literature.  Similar to JNK, p38 MAP kinase is 

also activated by stress and cytokines and plays a critical role in immune response.  

However, in analogy to the JNK cascade, the p38-MAP kinase route is predominately 

activated by stress conditions and inflammatory cytokines but seems almost insensitive 

to growth factor stimuli.  Due to the importance of p38 with immunological responses, 

it has been directly linked with asthma and autoimmune diseases, rheumatoid arthritis 

(Senolt et al., 2009).  

Upon activation of the p38 MAP kinase pathway, TAK1 becomes phosphorylated to 

MKK6 then to p38 MAP kinase.  However, with the p38α isoform, p38 is activated by 

TAB1, which is controversially not an MKK but an adaptor protein with no present 

catalytic activity.  From this recent breakthrough, questions have been raised over the 

increasingly important regulatory roles of adaptor proteins within the MAPK pathways 

(Sakurai et al.,2000). 

 

1.4.3.2 p38 MAP kinase in hyperproliferative disease 

Furthermore, p38 MAP kinase has been implicated in hyperproliferative diseases other 

than neointimal hyperplasia, where Iwasa et al., (2003) displayed an increased 

proliferative capacity of mouse embryonic fibroblasts which had been 

pharmacologically treated with p38 MAP kinase inhibitors.  The suppressive function 
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of p38 MAP kinase has been evident in many cellular systems; hematopoietic cells 

derived from p38α
-/-

 fetal livers proliferated faster and formed more myeloid colonies 

in vitro where erythroid cells deficient in p38α exhibited significantly enhanced 

doubling ability rates (Hui et al., 2007).   

 

1.4.4 MAP Kinase Signalling in Atherosclerosis 

MAP kinase signalling has been well-characterised in vascular smooth muscle cells; 

with distinct roles in proliferation, migration, differentiation and apoptosis (Katz et al., 

2007; Kim and Choi, 2012).  In addition, an advanced body of data has emerged in the 

last decade detailing distinct roles for MAP kinase signalling in vascular diseases 

(Reviewed in Yu et al., 2007); with a focus upon atherosclerosis and restenosis. 

Due to the multifactorial aetiology of atherosclerosis, studies investigating the role of 

MAP kinases have included numerous cell types involved with the disease.  Treatment 

of macrophages with the JNK pathway inhibitor SP600125 blocked oxLDL-induced 

foam cell formation, but macrophages with the ERK pathway inhibitor U1026 

displayed no effect (Rahaman et al., 2006).  The redundant role for ERK in foam cell 

production was supported by Zhao et al., (2002) who state an oxLDL-induced foam 

cell formation in the J774 macrophage cell line was found to be inhibited by 

administration of the p38 MAPK inhibitor SB203580, but was not blocked by 

administration of the ERK pathway inhibitor PD98059.  Collectively these data suggest 

stress-activated MAP kinases, JNK and p38 MAP kinase play are role in the formation 

of foam cells with an atherosclerotic lesion. 

To determine the specific role of JNK1 and JNK2 in the development of 

atherosclerosis, disease model ApoE null mice were bred with either JNK1
−/−

 or 

JNK2
−/− 

mice and placed on a high fat diet (Ricci et al., 2004).  Interestingly, JNK2
-/- 

ApoE
-/- 

displayed an increased resistance to atherosclerotic lesion formation when 

compared with JNK1
-/- 

ApoE
-/-

. The authors stated that the lesions present in JNK2 

knockouts did not have altered cellular composition, but were simply smaller in 

absolute size.  This therefore established the proposed mechanism regarding the 

differential role of JNK isoforms in cancer; an effect mirrored in atherosclerosis.   
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Further exploration of the role of MAP kinases in atherosclerotic lesion development 

was provided by the analysis of Grb2
+/−

 ApoE
−/−

 mice fed a high fat diet for two 

months.  Proctor et al., (2007) described a reduction in atherosclerotic lesion of Grb2
+/−

 

ApoE
−/−

 mice in comparison with ApoE
−/−

 mice suggesting a role for ERK in the 

development of atherosclerosis contrary to the work of Rahaman et al., (2006).  

Nevertheless, this discrepancy may be explained by the limitations of different tools; 

delivery of ERK inhibitor versus genetic modification of Grb2 levels. 

 

1.4.5 MAP Kinase Signalling in Restenosis 

Atherosclerotic vascular disease is often treated by percutaneous transluminal balloon 

angioplasty and/or by arterial stenting. Unfortunately, in many cases, neointima 

formation occurs a short time after balloon angioplasty or stenting thereby resulting in 

arterial restenosis. Neointima formation is primarily a disorder of smooth muscle cells 

where migration and proliferation of these cells, in addition with extracellular matrix 

deposition in the intima are regarded as important features of this disorder (Koyama et 

al., 1998; Yu et al., 2007).  Although, the incidence of restenosis is markedly reduced 

when drug eluting stents are employed, the incidence of restenosis is still markedly 

high.  Both physiologically and pharmacologically, more information about neointima 

formation would be clinically useful. 

Neointima formation may be triggered by the local release of growth factors, cytokines 

and ligands in response to mechanical injury by balloon angioplasty or stent placement. 

The release of bioactive factors at the site of vascular intervention is thought to be a 

consequence of endothelial cell injury, binding to receptors on the surface of smooth 

muscle cells promoting the activation of intracellular signalling cascades and leading to 

cell migration and proliferation. Balloon injury of the rat carotid artery results in the 

rapid activation of ERK1/2, p38 MAP kinase and JNK1/2 (Tanaka et al., 1998; Sirois 

et al., 1997).   

To further investigate the role of MAP kinase signalling in restenosis, the ras protein 

has been targeted as key transducers of mitogenic signals from the plasma membrane to 

the nucleus.  The role of ras proteins in response to arterial injury in vivo was assessed 
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in balloon injured rats by inactivated cellular ras by a dominant negative mutant 

(Indolfi et al., 1995).  The N17H ras mutant resulted in a significant reduction (of 

around 55%) of neointima formation when compared with animals treated with LacZ 

control.  Even from early studies, PDGF-induced ERK signalling has been believed to 

regulate to VSMC proliferation and by the use of neutralising antibodies was shown to 

inhibit neointimal smooth muscle cell accumulation after angioplasty (Ferns et al., 

1991).  The promotion of proliferation was further supported by Sirois et al., (1997) 

who have shown inhibition of PDGF-β receptor subunit expression by antisense 

oligonucleotides and noted a corresponding suppression of neointimal thickening, 

whereas the over-expression of PDGF-β receptor promoted remodelling in a porcine 

model. 

To address the role of the ERK cascade in neointima formation, Grb2
-/-

 mice were 

subject to carotid injury by use of a beaded probe method. Three weeks after injury, 

carotid arteries were examined for hyperproliferation in neointima formation and 

signalling pathway activation. Grb2
-/-

 mice were resistant to carotid injury-induced 

neointima formation with a dramatically reduced number of intimal smooth muscle 

cells. In addition, Grb2 haplo-insufficient mice exhibited reduced ERK, JNK and p38 

MAPK activation in carotid artery extracts post-injury (Zhang et al., 2003). To examine 

the role of ras activation in ERK dependant neointima formation, mice with smooth 

muscle cell-specific targeted disruption of the Nf1 gene that encodes neurofibromin, a 

GTPase that deactivates ras, were examined (Xu et al., 2007). Mice with smooth 

muscle cell-specific Nf1 knockout were subjected to carotid artery injury by external 

ligation. After 28 days and completion of the study, arteries were examined and 

Nf1smKO mice were found to develop exaggerated neointima formation with a 

dramatically increased intima-to-media ratio. Cellular proliferation rates were 

increased, as was ERK1/2 activation in the neointima in Nf1smKO mice when 

compared to control animals.   
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Figure 1.9 Arterial restenosis of smooth muscle cells driven by ERK signalling. 

Arterial restenosis of smooth muscle cells driven by ERK signalling and subsequently 

activating G0/G1 progression in the cell cycle. Figure adapted from Chien et al., 2004 
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Moreover, JNK has been implicated in neointimal hyperplasia, interestingly it has been 

shown that the AP-1 member c-Jun is required for both platelet-derived growth factor 

(PDGF)-induced VSMC migration and proliferation (Zhan et al., 2002).  VSMCs 

infected with recombinant dominant-negative adenovirus for c-Jun lacking the 

transactivation domain of wild c-Jun (Ad-DN-c-Jun). Ad-DN-c-Jun, which specifically 

blocked AP-1 transcriptional activity, significantly inhibited PDGF-BB–induced 

increases in proliferation. Further analysis exhibited an arrest of Ad-DN-c-Jun treated 

cells in PDGF-BB–induced entrance of SMCs into S phase. Moreover, inhibition of 

JNK activity using recombinant adenovirus containing a dominant-negative mutant of 

JNK attenuated PDGF-induced VSMC migration and proliferation in vitro (Zhan et al., 

2003).   

In order to examine the role of p38 MAP kinase in the pathogenesis of neointima 

formation, transgenic mice with smooth muscle cell-specific inducible expression of 

dominant negative p38α were produced (Muslin, 2009). In these mice, tetracycline 

administration resulted in the expression of dominant negative p38α in the smooth 

muscle cells of the aorta and carotid arteries. Mice expressing DN-p38α in SMCs were 

resistant to neointima formation after carotid injury when compared to control animals. 

To address the mechanism by which p38α promotes the proliferation of smooth muscle 

cells, PDGF stimulation was demonstrated to result in the p38α-dependent 

phosphorylation of the retinoblastoma protein (Rb), a master regulator of cell cycle 

progression. Furthermore, PDGF stimulation of cultured smooth muscle cells promoted 

the p38α-dependent expression of minichromosome maintenance protein 6 (MCM6), a 

protein required for DNA synthesis in the S phase of the cell cycle (Muslin, 2009). 

Collectively, it is clear that there is an abundance of evidence to link MAP kinase 

signalling in a major role regarding the pathological progression of both atherosclerosis 

and restenosis.  Therefore the possibility remains to target endogenous regulators of 

MAP kinase signalling with an aim to alter their expression and function.  With the 

emerging recognition of protein phosphatases, we discuss the possibility of examining 

a role for MAP kinase phosphatases in vascular disease.    
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1.5  Regulation of MAP Kinase Signalling Pathways by Protein Phosphatases 

 Over the past decades, much of the interest of the scientific community has been 

directed towards protein kinases, with protein phosphatases being considered less 

interesting, regarded as regulatory enzymes playing a nonspecific role in modulating 

phosphoprotein homeostasis. Recent findings, however, have led to the emerging 

recognition that protein phosphatases play key roles in establishing the levels of 

phosphorylation in cells, and therefore participating in the regulation of many 

physiological processes, including cell growth, tissue differentiation and cellular 

communication (Tonks, 2006).  Many phosphatases are devoted to dephosphorylating 

MAP kinase activity in order to control the strength and duration of the intrinsic MAP 

kinase activity within the cell (Keyse, 2008).   

 

1.5.1 The Protein Tyrosine Phosphatase Family (PTPs) 

The protein tyrosine phosphatases (PTPs) gene superfamily consists of 107 genes in the 

human genome, sharing a canonical C(X)5R motif in their active sites (Alonso et al., 

2004).  This family is comprised of four main groups based on their amino acid 

sequence in the phosphatase catalytic domains, with Class I cysteine based PTPs by far 

the largest.  These can be further divided into the classical PTPs, including the receptor 

PTPs (RPTPs) and non-receptor PTPs (NRPTPs), and the dual specificity phosphatases 

(DUSPs), which can dephosphorylate serine and threonine in addition to tyrosine 

residues (Tigalis and Bennet, 2007) (as shown in Table.2).  Phosphatases use three 

main strategies to physically target their substrates; targeting domains that are 

covalently linked to the catalytic domains, exploiting a complementary strategy by 

Small Linear Motifs to dock into a substrate binding pocket or binding non-covalently 

to regulatory subunits or scaffold proteins that mediate substrate docking (Sacco et al., 

2012).  The three mechanisms contribute to phosphatase substrate recognition, although 

the relative importance of the three in different phosphatase families remains to be 

established.   

Over time, using an array of genetic and biochemical techniques, many substrates that 

these enzymes dephosphorylate were identified; where the class I PTP family of MAP 
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kinase phosphatases (MKPs) was found to dephosphorylate major homologs of the 

MAP kinases on both tyrosine and threonine residues within the TXY activation motif 

of the kinase.  This MKP family was shown to exhibit different specificities towards 

MAP kinase member and thus essential regulators of MAP kinase-mediates signalling 

within a wide range of biological processes. 

 

1.6 MAP Kinase Phosphatases  

1.6.1 MAP Kinase Phosphatase Structure 

The MKPs share a strong sequence homology of between 37-50% in the catalytic 

domain; using the example of MKP-3 and MKP-X, Keyse and Emslie (1992) describe 

a shared homology of up to 75%.  The catalytic domain comprises of a highly 

conserved consensus sequence DX26(V/L)X(V/I)HCXAG(I/V)-SRSXT(I/V)X 

XAY(L/I)M, in the single letter code where X represents any amino acid and the letters 

in bold denote amino acids essential for catalysis.  To date, at least ten MKP 

homologues have been identified in mammalian tissue, along with several truncated 

atypical isoforms, with each comprising of two domains; the MAP kinase binding 

domain (MKB) at the N-terminal and the DSP domain in the C-terminal.  The C-

terminal DSP domain is homologous to the prototypic DUSP VH-1, and the N-terminal 

MKB domain is homologous to the rhodanese family with sequence homology to 

catalytic domain of the cdc25 phosphatase (Keyse and Ginsburg, 1993).  The MKB 

domain contains a cluster of positively charged amino acids, whose role it is to 

determine the binding specificity of MKPs towards MAP kinases (Tanoue et al., 2001).  

Numerous studies have demonstrated the catalytic activation of several MKPs by 

substrate binding to the MKB (Camps et al., 2000; Chen et al., 2001; Zhang et al., 

2005).  Upon binding of phosphorylated MAP kinase to the MKB domain, a 

conformational change occurs and consequentially increases the catalytic activity of the 

phosphatase (Farooq & Zhou, 2004). 
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Figure 1.10: Classification, domain structure and phylogenetic analysis of the 

dual-specificity MAPK phosphatases.  

(A) Domain structures of the ten catalytically active DUSP proteins and MK-STYX. In 

addition to the N-terminal non-catalytic domain containing the Cdc25/rhodanese-

homology region and the catalytic site, the positions of the conserved kinase-interaction 

motif (KIM), nuclear localisation signals (NLS), nuclear export signals (NES) and 

PEST sequences are indicated. The three subgroups revealed by the phylogenetic 

analysis are indicated by the background colour. (B) DUSP sequence analysis. Human 

DUSP amino acid sequences were aligned using CLUSTALW (http://align.genome.jp/) 

and a phylogenetic tree was generated.  Adapted from Dickson & Keyse, 2006. 
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           1.6.2 Classification of MKPs 

Characterisation of MKPs has largely been based on four main attributes: tissue 

distribution, substrate specificity, regulation of cellular expression and activity in 

response to extracellular stimuli and, in particular, subcellular distribution.  This 

characterisation allows for each phosphatase to be subdivided into three main families; 

Type I, II and II (Patterson et al., 2009).  The first group encompasses the type 1 

nuclear inducible phosphatases MKP-1, PAC-1, MKP-2 and VH-1 which express an 

NLS (nuclear localization sequence) within the C-terminus. The second type II group 

of MKPs, including MKP-3, MKPx and MKP-4, are strictly cytoplasmic, due to the 

presence of NESs (nuclear export sequences). The type III group comprising VH-5, 

MKP- 5 and MKP-7 are localised in either the nucleus or cytosolic compartments 

(Lawan et al., 2012).    

Other distinctive features of DUSP regulation vary across the groupings and can be 

exemplified by a number of key studies; the prototypical MKP-1 is induced in response 

to a variety of stimuli primarily believed to be via an ERK-dependent pathway as part 

of a negative feedback loop.  Binding of MKP-1 to ERK via the MKB followed by 

catalytic activation enhances phosphatase activity (Slack et al., 2001).  It should be 

noted that ERK-induced phosphorylation also promotes resistance to proteasome 

mediated degradation (Brondello et al., 2009).  Many of the type I DUSPs, including 

MKP-1, dephosphorylate more than one MAP kinases in vitro, although substrate 

profiles have previously been shown to be cell-type specific (Alessi et al., 1993). Type 

II DUSPs are exemplified by MKP-3, which can be expressed constitutively in a 

number of cell types.  Comparable to MKP-1, Camps et al., (1998) found that binding 

of ERK to the MKB of MKP-3 increases phosphatase activity.  The type III DUSP 

MKP-7, requires C-terminal Ser466 phosphorylation by ERK to suppress proteasomal 

degradation and maintain functional integrity, however has a greater affinity for JNK 

and p38 over ERK (Masuda et al., 2001).  Based on structural similarity between the 

MAP kinase-binding domain of MKP-5 and MKP-7, the authors suggest that this 

mechanism may be a conserved feature of the p38 and JNK-specific phosphatases 

MKP-5, DUSP8 and MKP- 7 and may underpin their ability to interact specifically 

with these kinases rather than with ERK (Zhang et al., 2011). This is certainly a 
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possibility, but it should be remembered that in the nuclear phosphatase MKP-1, which 

can interact with ERK, JNK and p38, the KIM is only required for interaction with 

ERK and p38 and thus more information is required regarding the binding of the MKPs 

to their MAP kinase substrates.   
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Table 1.2: Overview of the PTP family, which is subdivided in 4 classes. PTP: 

protein tyrosine phosphatase; MKP: mitogen-activated protein kinases phosphatase; 

DUSP: dual-specificity phosphatase; PRL: phosphatase of regenerating the liver; CDC: 

cell division cycle; PTEN: phosphatase and tensin homolog; LMWPTP: low molecular 

weight protein tyrosine phosphatase; Eya: Eyes absent homolog. Based on Alonso et 

al.,(2004). 

  

 

PTP Family 

Members (N) Substrate Specificity 

Class I Receptor PTPs (21) pTyr, 

Non-receptor PTPs (17) pTyr 

MKPs (11) pTyr, pThr 

Atypical DUSPs (19) pTyr, pThr 

Slingshots (3) pSer 

PRLs (3) pTyr 

Cdc14 (4) pThr, pSer 

PTEN (5) D3-phosphoinositides 

Myotubularin (16) D3-phosphoinositides 

Class II LMWPTPs (1) pTyr 

Class III Cdc25 (3) pTyr, pThr 

Class IV Eya (4) pTyr, pSer 
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1.6.3 Physiological Role of MKPs 

1.6.3.1.MKP-1 

MAP kinase phosphatase-1 is the archetypal member of the MKP family, where it was 

identified as an immediate-early response gene in 1992 by Keyse and Emslie.  MKP-1 

is expressed in a wide variety of tissues with the most notable levels observed in the 

heart, lungs and liver (Charles et al., 1992; Noguchi et al., 1993). By use of 

immunofluorescent microscopy and cellular fractionation, MKP-1 was shown to be 

located primarily within the nucleus.  This is actioned by the presence of a NH2-

terminus LXXLL motif (Wu et al., 2005).  However it has been reported that pools of 

MKP-1 are also present in mitochondria (Rosini et al., 2004).   

The catalytic activity of MKP-1 is regulated by its interaction with MAP kinases, 

where direct binding of ERK, JNK or p38 MAP kinase potentiates the catalytic activity 

of MKP-1 (Hutter et al., 2000; Slack et al., 2002).  Hutter et al., (2000) described the 

interaction of MKP-1 with MAP kinases to interact via the MAP kinase binding 

domain, or otherwise known as the kinase interaction motif (KIM).  Early studies 

suggested that MKP-1 possessed the ability to dephosphorylate and inactivate only 

ERK (Sun et al., 1993; Duff et al., 1995), nevertheless it is now widely accepted that 

MKP-1 dephosphorylates p38 MAP kinase, JNK and to a lesser extend ERK, shown in 

both in vitro and in vivo studies (Wu and Bennett, 2005).   

The expression of MKP-1 is subject to regulation by extracellular stimuli, where the 

basal expression of MKP-1 is relatively low in most cell types.  However, in response 

to mitogens, growth or stress factors, MKP-1 is rapidly induced as an early-immediate 

response gene (Tucsek et al., 2011).  Interestingly, MAP kinases themselves have 

shown to be good inducers of MKP-1, acting by a negative feedback loop between 

MAP kinases and MKP-1 (Lawan et al., 2013).  MKP-1 has also been recognised for its 

involvement in protein stability.  Brondello et al., (1999) detail that MKP-1 expression 

is enhanced upon ERK phosphorylation on two key residues of MKP-1: serine 359 and 

serine 364.  It is clear that ERK phosphorylates MKP-1 at multiple residues; however 

the physiological impact or significance of this negative-feedback action is yet to be 

fully elucidated.   
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1.6.3.1.1 MKP-1 in Disease 

The function of MKP-1 has been extensively studied using a number of techniques 

including siRNA and adenoviral over-expression; currently however, the most 

extensively utilised tool is the generation MKP-1 knockout mice (Wu et al., 2006).  

While reproduction and growth in MKP-1 deficient mice does not differ largely from 

wild-type animals, the MKP-1
-/-

 mice exhibit an abundance of physiological 

modifications and distinct disease phenotypes (Dorfman et al., 1996; Wancket et al., 

2012).  MKP-1 has been implicated in conditions including cancer, metabolic 

disorders, immune dysregulation and asthma (Wancket et al., 2012; Lawan et al., 

2013).   

1.6.3.1.1.1 MKP-1 in Cancer 

MAP kinases are crucial regulators of cell fate, including proliferation and apoptosis. 

Given the role of MKP-1 in inhibiting MAP kinase activation, it is not surprising that 

MKP-1 has emerged as a crucial feedback control regulator.  However, there is 

conflicting evidence for MKP-1 playing a role in cancer, as both a tumour suppressor 

and an oncogene (Reviewed in Keyse et al., 2008).  Elevated MKP-1 expression was 

reported advanced breast carcinoma, pancreatic cancer and non-small long carcinoma 

(Rojo et al., 2009; Liao et al., 2003).  In contrast however, there are multiple examples 

of cancers where MKP-1 expression decreased such as prostate cancer (Rauhala et al., 

2005) and colon tumours (Loda et al., 1996).  It is currently unclear what factors lead to 

altered MKP-1 expression in multiple cancers, however multiple hypotheses have been 

proposed.  It believed that MKP-1 oncogenic mutations of the MAP kinase pathways 

may have an impact on downstream MKP-1 activity (Harris and McCormick 2010).  

Furthermore, tumour suppressor p53 regulates MKP-1 expression and is often mutated 

or deleted in human cancers and therefore, loss of p53 may alter MKP-1 activity (Yang 

and Wu, 2004). However, to date there are no such reports demonstrating that MKP-1
-/-

 

mice display any signs of increased tumorigenesis.  Despite the speculation of this 

mechanism, it is well established that the role of MKP-1 to inhibit MAP kinase 

signalling has a profound effect on cell proliferation and apoptosis within tumours 

(Wancket et al., 2012).   
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1.6.3.1.1.2 MKP-1 in Cardiovascular Disease 

With the discovery of the prototypic MKP-1 and the advancement of disease models, 

Reddy et al., (2004) utilised two atherosclerotic models; low-density lipoprotein 

receptor (LDLR) 
(-/-)

 mice on a Western diet, and 10-week or ApoE 
(-/-)

 mice on a chow 

diet.  The group state that there is elevated MKP-1 mRNA expression in correlation 

with the atherosclerotic disease phenotype, suggesting MKP-1 expression is associated 

with hypercholesterolemia and atherosclerosis.   

Imaizuma et al., (2010) backcrossed MKP-1
-/-

 mice with ApoE
-/-

 mice, describing that 

the atherosclerotic and en face lesions along the aorta were significantly smaller than 

lesions found in ApoE
-/-

 mice.  This group further investigated lesion composition, 

where there was a reduction in lipid formation within the lesions in MKP-1
-/-

ApoE
-/-

 

mice in comparison with ApoE
—

alone.  This therefore suggests that MKP-1 may serve 

as a therapeutic target in reducing atherosclerotic lesion development.   

 

1.6.3.2 MKP-2 

MAP kinase phosphatase-2 was first isolated in PC12 cells from the Dusp4 gene by 

Misra-Press et al., (1995).  The gene was found to encode a protein of 394 amino acids 

with a predicted molecular weight of 43kDa and a shared sequence homology of 

around 60% with MKP-1.  Further investigation detailed the presence of MKP-2 

mRNA in a number of tissue including brain, spleen and testes, with the highest 

expression exhibited in heart and lung samples (Keyse, 2008).  There is a difference in 

tissue distribution when compared with MKP-1, suggesting a role for MKP-2 distinct 

of that from the prototypic MKP-1.  By use of fluorescent microscopy, MKP-2 was 

located within the nucleus and thus was categorised in the type I family DUSPs (Sloss 

et al., 2005).  Nuclear localization is thought to be regulated by the triple arginine 

sequence within the MAP kinase binding domain which functions as an NLS (Chen et 

al., 2001); however, an additional more distal sequence has also been reported (Sloss et 

al., 2005).  MKP-2 is an inducible phosphatase, where activation of ERK is required for 

MKP-2 expression.  Tresini et al.,  (2007) reported that the knock-down of MKP-2 

expression by MKP-2 specific short hairpin RNA or expression of the phosphatase 
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resistant ERK2 (D319N) mutant, ablates the effect of endogenous MKP-2 levels and 

subsequently senescence is delayed.  The induction of MKP-2 is activated by an array 

of stimulus, including serum, growth factors, phorbol esters and hormones (Reviewed 

Lawan et al., 2012).  Initial studies regarding activation of MKP-2, describe the 

dephosphorylation of specific MAP kinase substrates: ERK and JNK in vitro, and how 

interaction of ERK and JNK enhances its catalytic activity (Chen et al., 2001).  MKP-2 

can also bind strongly to p38 MAP kinase, but does not readily dephosphorylate this 

substrate in vitro, although one study has indicated the potential regulation of p38 in 

hepatocytes (Berasi et al., 2006).   

An accumulating body of evidence is emerging regarding the presence of splice 

variants among some members of the dual-specific phosphatase family.  MKP-2 was 

reported to possess a novel splice variant which does not possess the ability to bind to 

ERK and therefore may be important in the dysfunction of MAP kinase signalling in 

disease states, with particular note to cancers (Cadalbert et al., 2010). Overall, cellular 

signalling regulated by MKP-2 may be crucial in an array of pathologies.   

 

1.6.3.2.1 MKP-2 in disease 

Since the discovery of the DUSPs, little exploration into MKP-2 and its physiological 

function has been conducted with most research favouring the prototypic DUSP, MKP-

1.  Emerging studies have implicated MKP-2 in numerous cellular functions and 

diseases, where examples include apoptosis, proliferation and consequentially cancer 

(Sieben et al., 2005; Barry et al., 2001).  

 

1.6.3.2.2 MKP-2 in Cancer 

MKP-2 has proved to play an interesting role in cancer, acting as both an onco-protein 

and a tumour suppressor.  Indirect evidence links MKP-2 as a tumour promoter in the 

development of ovarian cancers (Sieben et al., 2005), oesophagogastric rib metastasis 

(Barry et al., 2001) and pancreatic tumours. Indeed, MKP-2 expression is also 

dramatically increased in liver carcinoma (Hasegawa et al., 2008) and by the homeobox 
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gene of the HoxA10 family, which is linked to acute myeloid leukaemia (Wang et al., 

2007).  Contrastingly, the DUSP4 gene is also considered to be a candidate tumour-

suppressor gene, with its deletion implicated in breast cancer (Venter, 2005).  MKP-2 

has been mapped to the 8p11-p12 gene locus (Smith et al., 2007); significantly, this 

locus is lost in several prostatic neoplasms (Emmet-Buck et al., 1995), and allelic loss 

within the short arm of chromosome 8 is a frequent event in prostate cancer (Issacs, 

1995). Consistent with these data is a recent genomic screen which correlates DUSP4 

deletion with EGFR-mutant tumours in lung cancer within the 8p locus (Chitale et al., 

2009), and a study showing hypermethylation of the DUSP4 promoter in gliomas 

(Waha et al., 2010).  

 

1.6.3.2.3 MKP-2 in Cellular Studies 

The physiological understanding of MKP-2 has been greatly advanced with the 

development of Dusp4 knockout mice models.  Al Mutairi et al., (2010) utilised one 

such model, showing systemic infection of the pathogen Leishmania Mexicana is 

enhanced due to enhanced uptake of the parasite and reduced Th1 responses, facilitated 

by high levels of macrophage arginase-1 and low levels of NO production.  Further 

immunological studies have shown MKP-2 to have a positive role in sepsis (Cornell et 

al., 2010), contrary to the effect shown in MKP-1 (Salojin et al., 2006).   

Furthermore, a novel effect of MKP-2 on the cell cycle was elucidated by Lawan et al., 

(2011). Mouse embryonic fibroblasts cultured from Dusp4 deficient mice show 

decreased proliferation rates and enhanced apoptosis associated with a minor up-

regulation of ERK activation (Lawan et al., 2011). In addition, a G2/M-phase arrest in 

cell cycle was evident with a proportion of cells with enhanced cyclin B1 expression. 

This finding is consistent with a recent study in mice mammary tumour cells in vitro 

using Dusp4 siRNA (Hasegawa et al., 2007); however, in these cells the G2/M-phase 

arrest is associated with a loss of cyclin B1. This effect within a late stage of the cycle 

is a potentially important novel feature of MKP-2 function and again distinct from that 

observed for MKP-1, which is usually associated with cell-cycle entry.  As a result, 
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MKP-2 dependant alterations in proliferation and cell cycle progression may impact on 

proliferative pathologic conditions such as cancer and vascular disease.   

1.6.3.3 MKP-3 

MAP kinase phosphatase-3 was cloned from a superior cervical ganglion cDNA library 

(Muda et al., 1996).  MKP-3 is a type II cytoplasmic phosphatase, due to presence of a 

leucine-rich nuclear export sequence (NES).  The MKP-3 tissue expression remains 

varied partially overlapping with previously mentioned DUSPs MKP-1 and MKP-2; 

MKP-3 is present in lungs, heart, brain, spleen and kidney.  However, studies by Muda 

et al., (1996) do not to find expression of MKP-3 in skeletal muscle and testis.    

During subsequent characterisation of the cytoplasmic phosphatase MKP-3, it was 

quickly realised that this enzyme could bind specifically to the classical ERK1/2 MAP 

kinases in vitro, and that this binding defined its ability to specifically dephosphorylate 

and inactivate these MAP kinases in vivo (Keyse et al., 1996; Muda et al., 1996).   

Alike to previously mentioned DUSPs, MKP-3 requires ERK to induce the activity of 

the phosphatase.  The binding of MKP-3 to ERK2 is associated with catalytic 

activation of the bound phosphatase in vitro (Stewart et al., 1999). Structural and 

biochemical studies demonstrated activation of MKP-3 resulted from a conformational 

change within the catalytic domain of the protein and, primarily, the movement of a 

loop containing a conserved Asp residue, which acts as a general acid during catalysis 

such that this residue is positioned optimally to perform its function (Rigas et al., 2001; 

Zhou et al., 1999). It was quickly realised that binding and catalytic activation were 

largely predictive of substrate selectivity for a number of MKPs.   

Within the current literature, there are implications for MKP-3 in certain conditions 

such as cancer.  Similarly to MKP-2, there are disputed roles for MKP-3 in numerous 

cancers where it has been shown to enhance 17β-estrodial-induced cell growth in 

endometrial adenocarcinoma cell (Zhang et al., 2013).  This study was controversial as 

earlier work has labelled MKP-3 as a tumour suppressor as its activation is often linked 

with pancreatic cancers mediated by promoter hypermethylation or chromosomal loss 

(Furukawa et al., 2004).   
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1.6.3.4 MKP-5 

MAP kinase phosphatase-5 is a type III family member which was cloned to p38 MAP 

kinase in a yeast two-hybrid experiment.  MKP-5, alike to the other members of the 

type III family was located in both the nucleus and the cytoplasm.  DUSP10, the gene 

which encodes for MKP-5 is well conserved in mammals and its expression was found 

in the heart, lung, liver and skeletal muscle (Tanoue et al., 1999).  Contrary to 

previously mentioned MKPs, MKP-5 does not require the binding of a substrate for an 

active site conformation change, it itself exists in a ready active conformation.  MKP-5 

possesses an in vitro substrate specificity for p38 MAP kinase and JNK, but not ERK 

(Caunt and Keyse, 2013) and is thereby induced in response to stress activators such as 

TNF-α, anisomycin and osmotic stress (Jeong et al., 2006; Masuda et al., 2000).   

Recent emerging literature is linking MKP-5 to immune function, utilising a DUSP10 

knockout mouse models macrophages cultured from such mice generate more pro-

inflammatory cytokines when exposed to lipopolysaccharide (LPS). In addition, MKP-

5 deficient mice present increased resistance to experimental autoimmune encephalitis 

but show little difference in the primary response to infection with lymphocytic 

choriomeningitis virus (LCV) when compared with wild-type animals (Zhang et al., 

2004).  Further immunological responses were analysed in MKP-5
-/-

 mice which 

displayed severe lung tissue damage following LPS challenge, characterised by 

increased neutrophil infiltration and oedema compared with wild-type controls. In 

response to LPS, MKP-5-deficient macrophages produced significantly more 

inflammatory factors including inflammatory cytokines, nitric oxide, and superoxide 

(Qian et al., 2012).  Taken together, these results suggest that MKP-5 is vital in the 

homeostatic regulation of MAP kinase activation in inflammatory responses.   

MKP-5 negatively regulates muscle stem cell function in mice. MKP-5 controlled JNK 

to coordinate muscle stem cell proliferation and p38 MAPK to control differentiation. 

The authors identify MKP-5 as an essential negative regulator of the promyogenic 

actions of the MAP kinases and suggest that MKP-5 may serve as a target to promote 

muscle stem cell function in the treatment of degenerative skeletal muscle diseases (Shi 

et al., 2013).   



 
 

54 
 

 

1.7 Aims and Objectives 

Given the lack of information on MKP-2 in vascular smooth muscle function and 

disease, this thesis proposes to characterise the cellular functions of MKP-2 and MAP 

kinase mediated signalling in mouse aortic smooth muscle (MASMCs), isolated from 

novel Dusp4 deletion mouse.   

 

It also aims to examine whether WT-MKP-2 over-expression using adenoviral vectors 

can regain wild-type function.  Further elucidation of a role for MKP-2 in smooth 

muscle cell function will utilise a catalytically-inactive MKP-2 over-expression system 

using adenoviral vectors to assess the potential gain of wild-type function independent 

of phosphatase activity.    

From the results obtained in the mouse model, this thesis aims to provide an insight 

into a proliferative role for MKP-2 in human aortic smooth muscle cells by the use of 

adenoviral over-expression.   

 

It is hypothesised that cells derived from the Dusp4 knockout mouse will display both 

an increased expression in MAP kinase phosphorylation and a reduction in cellular 

proliferation.  From previous work within the literature, it could be proposed that 

Dusp4 deficient MASMCs will exhibit an accumulation in G2/M phase of the cell 

cycle.   

 

Utilising the MKP-2 adenoviral over-expression system in human aortic smooth muscle 

cells, it is hypothesised that a reduction in MAP kinase signalling will be observed with 

a subsequent reduction in proliferation. 

  



Chapter 2: Materials and Methods 

 

2.0 Materials and Methods  

2.1 General reagents 

All materials used were of highest grade available and were purchased from Sigma-

Aldrich Co Ltd. (Poole, Dorset, U.K.) unless otherwise stated.  

2.1.1 General Reagents 

Pre-stained SDS-PAGE molecular weight markers: Biorad Laboratories 

(Hertfordshire, U.K.) 

Bovine serum albumin: Gibco BRL (Paisley, UK) 

DTT: Boehringer Mannheim Ltd (East Sussex, UK) 

Ethanol: VWR (Leicestershire, UK) 

Hydrochloric acid: Fisher Scientific (Leicestershire, UK) 

Methanol: VWR (Leicestershire, UK) 

Nitrocellulose membrane (Protran): Schleicher & Schuell (Surrey, UK) 

ECL Detection Reagents: Amersham International PLC (Aylesbury 

Buckinghamshire, U.K) 

3MM paper: Whatman (Kent, U.K.) 

Acrylamide: Carl Roth (Karlsruhe, Germany)  

 

2.1.2 Reagents for cell culture and transfection 

Corning B.V. (Netherlands) 

Cell Culture plasticware 

GIBCO BRL. (Paisley, U.K.) 

Antibiotics (Penicillin streptomycin), Foetal calf serum (FCS), L-glutamine, 

Dulbecco‘s Modified Eagles Medium (DMEM) HBSS, Fungizone.   
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2.1.3 Antibodies 

Santa Cruz Biotechnology Inc (CA, USA) 

Anti-ERK1/2 (Rabbit monoclonal, C-14)  (1:15000) 

Anti-phospho-ERK (Mouse monoclonal, E-4) (1:10000) 

Anti-JNK-1 (Rabbit polyclonal, FL) (1:10000) 

Anti-pHistone H3 (Ser10) (1:5000) 

Anti-Cyclin B1 (1:5000) 

 

Anti-MKP-2 (1:3000) 

 

Amersham International Plc, (Aylesbury, Buckinghamshire, U.K.) 

Horseradish peroxidase (HRP)-conjugated sheep anti-mouse IgG, (1:10000) 

HRP-conjugated donkey anti-rabbit IgG (1:10000) 

 

Cell Signalling (Massachusetts, USA) 

Anti-p-Aurora A/B/C (1:5000) 

Anti-GAPDH (1:30000) 

Anti-p-cdc2 (1:5000) 

Anti-Histone H3(1:15000) 

 

2.1.4 Plasmids 

The following constructs were kindly provided by 

J.R Woodgett (Ontario Cancer Institute, Princess Margaret Hospital, Toronto, Canada).  

GST tagged truncated N-terminus of c-Jun 5-89 

 

2.1.5 Radiochemicals : PerkinElmer life sciences, Cambridge, UK 

γ [
32

P]-ATP (3000 Ci/mmol
-1

) 
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2.2 Cell Culture 

All cell culture was performed in a class II cell culture fume hood, under sterile 

conditions. 

 

2.2.1 Mouse aortic smooth muscle cells (MASMCs)  

MASMCs were maintained in DMEM media supplemented with 10% FCS, L-

glutamine (27µg/ml), penicillin (250 units/ml) and streptomycin (25mg/ml). Cells were 

incubated at 37
0
C in humidified air with 5% carbon dioxide. Once the cells had reached 

90-100% confluency the media was removed via aspiration and the cells washed once 

in 1ml trypsin. The trypsin was aspirated off and replaced and the cells incubated at 

37
0
C. Once some of the cells had started to lift off the culture flask the trypsin was 

removed and the cells washed off the culture flask with 10mls DMEM media. The cells 

were diluted as required in DMEM and seeded into new T75cm
2
 cell culture flasks to 

maintain stock flasks, or into well plates for experiments. Cells were washed and 

quiesced in serum free media for 24h prior to stimulation.  

 

2.2.1.2 Culturing of mouse aortic smooth muscle cells (MASMCs) 

Wild-type and Dusp4 knockout mice were sacrificed between 4 and 8 weeks of age by 

carbon dioxide asphyxiation.  The thorax was rinsed in 70% ethanol and skin removed 

from thorax and abdomen.  The aorta was removed from left subclavian origin to 

diaphragmatic insertion.  The aorta was transferred to sterile HBSS (1xHBSS, 1% 

Penicillin/Streptomycin, 0.1% Fungizone) in a sterile dish.  Under dissection 

microscope, all fat and connective was gently removed using Dumont #5 forceps.  

Collagenase Type II (175U/ml) was added to 1ml HBSS, aorta was added to this 

volume and placed in 37ºC incubator for 3-5 min at which point the adventitia was 

removed.  The aorta was cut longitudinally exposing the endothelium which was gently 

brushed off and dissected further in pieces approximately 1-2 mm in size.  The 

dissected fragments were placed into 6-well plates incubated overnight in MASMC 

media.   
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The following morning, dissected aorta was placed in an enzyme solution (100µl of 

7.5µg Collagenase II in 5.5ml HBSS) wrapped in Nescofilm for 4 to 6h at 37 ºC.  

Media was added to the tube and centrifuged for 5 min at 300g and supernatant 

aspirated.  The pellet was resuspended in 2ml media, placed into a 6-well plate and 

incubated at 37 ºC and 5% CO2 until confluent. 

 

2.2.2 Human Embryonic Kidney (HEK) 293 

HEK293 cells were maintained in modified eagle‘s medium (MEM) supplemented with 

penicillin (250units/ml), streptomycin (100ug/ml), L-glutamine (27mg/ml) and 10% 

(v/v) foetal calf serum. Medium was changed every 2 days thereafter. Cells were 

passaged using 1 x SSC solution (150mM of NaCl and 4.41g of sodium acetate 

dissolved in 1 litre of water then pH adjusted to 7.0 with a few drops of sterile NaOH).  

 

2.2.3 Human aortic smooth muscle cells (HASMCs) 

Cryopreserved Primary HASMCs (approx. 500,000 cells/vial) were purchased from 

Cascade Biologics. HASMCs were maintained in10% FCS, L-glutamine (27µg/ml), 

penicillin (250 units/ml), streptomycin (25mg/ml). Cells were incubated at 37
0
C in 

humidified air with 5% carbon dioxide. Once the cells had reached 90-100% 

confluency the media was removed via aspiration and the cells washed once in 1ml 

trypsin. The trypsin was aspirated off and replaced and the cells incubated at 37
0
C. 

Once some of the cells had started to lift off the culture flask the trypsin was removed 

and the cells washed off the culture flask with 10mls DMEM media. The cells were 

diluted as required in DMEM and seeded into new T75cm
2 

cell culture flasks to 

maintain stock flasks, or into well plates for experiments. Cells were washed and 

quiesced in serum free media for 24h prior to stimulation. Medium was changed every 

2 days thereafter until the cell were utilised. 

2.3 Generation of MKP-2 deficient mice 

The deletion of the MKP-2 (Dusp4) gene was performed by Genoway, Lyon, France 

using standard procedures (as outlined in Al-Mutairi et al., 2010).  Briefly, the short 
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arm and the long arm flanking both side of the cluster of exon 204 of the mouse MKP-

2 gene was obtained by PCR using the following primers for the small homology arm: 

5‘-GTGCCTGGTTCTGTGTGTGTCTGTTCTCC-3‘ forward primer 

5‘-TCTTACAGCCCTCTTTCCTCACGGTCG-3‘ for the reverse primer. 

For the long homology arm: 

5‘-CTTTAGGAGCGACGGCCAGGAACACAGG-3‘ forward primer 

5‘-ACCCTGCCACACAGGTTGGAGCAAGG-3‘ for the reverse primer. 

Selected clones obtained from these PCR amplifications were sequenced to minimise 

the number of point mutations carried through.  Both arms were introduced into a pBS 

vector in either side of the neomycin cassette.  The final vector was transfected into 

129Sv mouse embryonic stem cells (ES).  Only the clones that had homologous 

recombination events were selected for first by PCR then using Southern Blotting for 

the short and long arm on the construct.  The screening for the short arm was further 

used to screen the animal carrying the construct.  Four different ES clones were 

injected into C56Bl/6 blastocytes and re-introduced into OF1 pseudo-pregnant females.  

Fourteen different male chimeras were obtained and crossed with C57Bl/6 females to 

obtain an F1 generation.  The F1 generation was screened for germ line transmission of 

the mutation.  Three males and two females from the F1 generation were heterozygotes 

for the mutation and were subsequently used for breeding purposes.    

 

2.3.1 Ethical approval 

Ethical approval for the use of human tissues was obtained from the West of Scotland 

Ethics Committee and Strathclyde University Ethics Committee.  Written informed 

consent was obtained from each subject to utilise excess tissue for research.  Ethical 

approval for the use of animals in this study was obtained from the Home Office, as 

well as Strathclyde University Ethics Committee.  All in vivo work was carried out 

according to the Animals (Scientific Procedures) act 1986. 

 

 



 

 

60 
 

2.4 DNA Preparation for Mouse Genotyping 

2.4.1 DNA extraction 

A section of mouse tail (~4mm) was removed using sterile scissors and placed in 

Eppendorf tubes containing 0.5ml of lysis buffer.  The samples were incubated at 65ºC 

overnight on a shaker.  Samples were spun at 11000rpm for 20 min to remove insoluble 

material.  The supernatant were transferred into new Eppendorf tubes.  NaAc pH5.5 

3M, isopropanol was added and tubes were inverted several times.  Samples were 

centrifuged for 2 min at 13000rpm, the supernatant was discarded before the addition 

of 0.5ml of ice cold 70% ethanol.  Samples were centrifuged once more before 

supernatant was discarded, the pellets were then air dried at room temperature for 30 

min.  The addition of 100ul of sterile water to the samples was followed by heating for 

30 min at 65ºC.  Samples were there forward stored at -20ºC until required for PCR.   

 

2.4.2 Polymerase chain reaction (PCR) amplification 

The extracted DNA was used directly for PCR using MKP-2 primers P7-P8  (WT) and 

PE1-PF2 (KO). The PCR amplifications were in a volume of 50µl containing 49µl of 

PCR master mix performed with Taq DNA polymerase (Promega USA). MKP-2 

primers: WT forward primer; 5-CTTCAGACTGTCCCAATCAC-3‘ and WT reverse 

primer 5‘-GACTCTGGATTTGGGGTCC-3 KO forward primer; 5- 

TGACTAGGGGAGGAGTAGAAGGTGGC- 3 and KO reverse primer 5- 

ATAGTGACGCAATGGCATCTCCAGG- 3. PCR conditions for MKP-2: 

denaturation 95ºC 2 min; 35 cycles and each cycle have denaturation  95ºC 30 s, 

annealing 58ºC 30 s, extension 2ºC 5 min and final extension 72ºC  5 min. The PCR 

products were separated by agarose gel electrophoresis. 

 

2.4.3 DNA detection 

The amplified PCR products were separated and detected by using agarose gel (1%) 

electrophoresis. One gram of agarose and the electrophoresis buffer 1X TAE 

(consisting of Tris 40 mM, EDTA 1 mM and acetic acid 1.1%) were mixed and heated 

for 3-4 min in a standard microwave until the agarose was dissolved. The resulting 



 

 

61 
 

solution was transferred into the gel cast to allow for solidification, this was then 

transferred to the electrophoresis chamber containing 1X TAE buffer. Gels were run at 

90-120 volts for 45-90 min.  Ethidium bromide was directly added to the agarose gel 

solution. For sample loading 10 µl was used. Bands were detected under UV-light (nm) 

on an image station (Genesnap from Syngene).   

2.4.4 Dusp4 knockout mouse characterisation 

2.4.41 MKP-2 knockout generation 

The deletion of the Dusp4 gene was performed by Genoway, Lyon, France under 

instruction by Dr. Laurence Cadalbert (The Beatson Institute for Cancer Research, 

Switchback Road, Bearsden Glasgow G61 1BD) who devised the deletion strategy. 

Such strategy involved the deletion of exon 2-4 and thus replacing the selected region 

with a Neomycin resistant cassette from the mouse MKP-2 gene (gene sequence 

available from Ensemble database: ENSMUSG000000120875). Therefore most of the 

reading frame (starting in exon-1) and also the 3‘UTR region of the MKP-2 mRNA 

(present in exon-4) was deleted (see Figure 3.1). Details of the construct can be found 

in Materials and Methods section.  Dusp4 mice were routinely genotyped by PCR of 

tail tip DNA to confirm the genotype of each mouse subset (see Figure 3.2). 
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Figure 2.1: Generation of mice lacking Dusp4/MKP-2 by targeted homologous 

recombination.    

Schematic showing the Dusp4/MKP-2 gene locus, the targeted construct and the 

resulting targeted allele. Recombination events are indicated by dashed lines and show 

the replacement of a 8.3kb SwaI Dusp4/MKP-2 genomic fragment containing exon 2-4 

by the PGK-Neo cassette. SwaI and HpaI described the restriction sites for the 

respective enzymes. The Pgk Neo cassette is flanked by LoxP sites. DTA represents the 

negative selection cassette.  Derived from Al-Mutairi et al., 2010. 

 

 

Figure 2.2: MKP-2 tail tip DNA genotyping 

The PCR screening for MKP-2 mice genotype. The arrows illustrate the mutated allele 

2.4 kb and wild type allele 1.4 kb localization. Digestion products were analysed on 1% 

agarose gel. 
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2.5 Preparation of recombinant adenoviruses 

2.5.1 Adenoviral crude lysates 

Crude lysates of wild-type mitogen-activated protein kinase phosphatase-2 (WT-MKP-

2) adenovirus were generated in HEK293 cells by infecting a 75cm
2
 flask with 0.75µl 

of original stock virus.  Flasks were incubated at 37ºC, 5% CO2, 95% air for 4-7 days 

until a cytopathic effect is evident and cells begin to lose adherence and detach from 

the flask surface.  Cells were removed by washing in media, collected and subjected to 

centrifugation (1500g for 5min).  The supernatant was removed and pellet washed 

twice in PBS and centrifuged further again at 1500g for 5min.  The pellet collected was 

resuspended in 1ml of HE buffer (10mM HEPES pH7.5, 1mM EDTA).  The pellet 

underwent a freeze-thaw process in triplicate using liquid nitrogen to freeze and 37 ºC 

water bath to thaw.  Once the process was completed three times, cells were 

centrifuged at 1500g for 5 min in order to pellet the debris.  The supernatant, which 

constitutes the crude adenoviral lysate, was collected in a sterile tube and stored at -80 

ºC until required. 

 

2.5.2 Generation and purification of high-titre adenoviral stocks 

The high-titre stock of adenovirus was generated by large scale amplification of the 

crude adenoviral lysates as described in section 2.5.1.  Twenty-one 150cm
2
 flasks of 

HEK293 cells were grown to approximately 70-80% confluency.  While keeping one 

flask as a negative control, 20 flasks was medium changed to 2% FCS (19ml) while an 

additional 1ml was added of diluted adenovirus (100µl crude lysate added to 20mls of 

HEK293 medium).  These flasks were incubated at 37 ºC, 5% CO2 until cytopathic 

effects were evident and cells began to detach from the flask.  The cells were washed 

with medium and pooled together and transferred to 50ml tubes for centrifugation 

(1500g for 5min).  Majority of supernatant was removed and stored in -80 ºC for up to 

one week until desired. 

Similar to crude lysate, the pellet underwent the freeze-thaw process in triplicate where 

freezing took place in liquid nitrogen and thawing in 37 ºC water bath.  Following the 
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third cycle, cells were pelleted by centrifugation at 1500g for 5 min and supernatant 

collected with the pellet discarded.  Using a BD Adeno-X virus purification kit form 

Clontech Laboratories was then used for adenoviral purification.  The supernatant was 

subject to filtering and incubation with benzonase (25units/µl) (50mM Tris-HCl pH8.0, 

20mM NaCl, 2mM MgCl2, 50% glycerol) at 37 ºC for 30 min.  Meanwhile, 1x dilution 

buffer and 1 x washing buffer were prepared according to manufacturer‘s instructions.  

The benzonase treated filtrate was mixed with an equal volume of 1 x dilution buffer 

and passed through a BD Adeno-X syringe with the filter attached, followed by 

washing with 1 x washing buffer.  Adenovirus was later eluted from the filter using 

elution buffer and the elutate collected in sterile Eppendorf tubes and aliquots stored at 

-80 ºC prior to titration. 

 

2.5.3 Adenoviral titration 

Titration of the end-point dilution method to quantify virus production was previously 

described by Nicklin and Baker (1999).  Serial dilutions of adenovirus were applied to 

a 96-well plate of HEK293 cells at around 60% confluency.  The plate was incubated at 

37ºC, 5% CO2 for 24h, after which time the media was changed to HEK media 

containing 2% FCS.  After an incubation of around 8-10 days at 37 ºC and 5% CO2 

cytopathic effect would be apparent.  Wells which contained plaques were counted 

numerically and the titre was calculated as shown below.   
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Figure 2.3. Plate layout for adenoviral titration.  Serial dilutions of adenovirus were 

added to each row of HEK293 cells.  At a day between 8-10 day incubation, cells 

displaying cytopathic effect were counted for further calculation.   
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Figure 2.4 Calculation for adenoviral titration.  Serial dilutions of adenovirus were 

added to each row of HEK293 cells.  At a day between 8-10 day incubation, cells 

displaying cytopathic effect were assessed.  This was adapted from Nicklin and Baker 

(1999).  
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2.5.4 Infecting SMCs with adenovirus 

To establish the appropriate volume of adenovirus to add to cells in order to give a 

sufficient multiplicity of infection (MOI), cells were grown to approx. 50-60% 

confluency in 12 or 6-well plates.  The cell number in 10µl was assessed by using a 

haemocytometer and the cell number was determined by the formula: 

 

Total amount of cells (10µl) x 10
3
 / 4 

 

The amount of adenovirus applied to the cells was determined by another formula: 

PFU x total number of cells / titre of the adenovirus 

 

An appropriate MOI of adenovirus (50-500 pfu/cell) was added to the cells and 

incubated for 24h in quiescent growth medium before stimulation.  After this period 

cells were exposed to selected agonists (FCS, PDGF) for selected timepoints. 

  

 

2.6 Detection and analysis of proteins (Western Blotting) 

2.6.1 Preparation of samples for SDS-PAGE and immunoblotting 

 

Cells were grown to confluency in 12-well plates (unless otherwise stated) then 

rendered quiescent (24hrs) and stimulated for required time points before being rinsed 

once in ice cold PBS and lysed by the addition of hot (~85C) Laemmli sodium 

dodecyl sulphate (SDS) sample buffer (63mM Tris HCl (pH 6.8), 2mM Na4P2O7, 5mM 

EDTA. 10% Glycerol (v/v), 2% SDS (w/v) and 0.007% (w/v) bromophenol blue to 

which was added 50 mM dithiothreitol (DTT) immediately before use). Cells were 

scraped from wells on ice and lysates drawn repeatedly through a 16-gauge needle 
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attached to a 1ml syringe to shear chromosomal DNA. Samples were transferred to a 

microfuge tube, the lid pierced and boiled for 5 min at 95
0
C to denature proteins and 

stored at -20C until required for SDS-polyacrylamide gel electrophoresis. 

 

2.6.2 SDS-polyacrylamide Gel Electrophoresis 

Gel kit apparatus was first cleaned in 70% ethanol before assembly, then distilled water 

added to check the glass plates were flush and not leaking. Resolving was prepared 

using required amount of acrylamide: [N, N‘-methylenebis-acrylamide (37.5:1), 

0.375M Tris (pH8.8), 0.1% (w/v) SDS and 0.05% (w/v) ammonium persulphate. 

Polymerisation of the resolving gel was initiated by the addition of 0.05% (v/v) N, N, 

N‘, N‘-tetramethylethylenediamine (TEMED). The gel solution was poured into the 

assembled glass plates (Bio-Rad) until 2-3inches from the top. A thin layer of 0.1% 

SDS solution was added to the gel, to prevent drying, and to disperse bubbles. Once the 

gel was set, the 0.1% SDS was discarded and the appropriate teflon welled combs 

slotted into the glass plates, the stacking gel solution [5% (w/v) acrylamide, 125mM 

Tris-HCl (pH 6.8), 0.1% (w/v) SDS, 0.05% (w/v) ammonium persulphate, 0.1% (v/v) 

TEMED] was then made and added directly on top of the resolving gel. The gel was 

allowed to polymerise for 15 min before the comb was removed, the wells were then 

washed with sterile distilled water. Gels were placed in the specified western blot tank 

and this was filled with running buffer [24.8mM Tris, 191.8mM glycine, 0.1% SDS], 

samples were loaded in the appropriate wells, run concurrently with a pre-stained SDS 

protein marker of known molecular weights at 125V for approx 105 min.  

 

The resolved proteins on the gel were then transferred to nitrocellulose membranes. 

The gel was placed on top of the nitrocellulose membrane and sandwiched between 

two Whatmann 3MM papers and two fibrous blotting pads (Bio-Rad). The cassette(s) 

were then placed in a Biorad mini trans-blot electrophoresis tank along with an ice 

pack. The tank was then filled with transfer buffer [25mM Tris, 192mM glycine, 20% 

(v/v) methanol] and was left to run for 2h at a constant current of 285mA.  
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After transfer of the proteins from the gel to the nitrocellulose membrane, the 

membrane was trimmed to the size of the gel. The membrane was then blocked in a 2% 

BSA/Natt solution [150mM NaCl, 20mM Tris-HCl (pH 7.4), 0.2% Tween 20] for 2h, 

followed by incubation overnight with a primary antibody of choice at an appropriate 

concentration in 0.2% BSA/Natt solution. The following morning, the membrane was 

washed with Natt buffer for 75min, changing the wash every 15min, the membrane was 

then probed with the appropriate horse-radish peroxidase conjugated secondary 

antibody in 0.2% BSA/Natt for 90 min. The membrane was then washed again in Natt 

as previous, before proceeding to chemiluminescence (ECL) detection of proteins. The 

membrane was incubated in ECL solution for two min, then mounted in an exposure 

cassette and exposed to X-ray film (Kodak LS X-OMAT) for the required time and 

developed using the X-OMAT machine (KODAK M35-M X-OMAT processor).  

 

2.7 Cell population synchronisation using nocodazole 

Mouse aortic smooth muscle cells were synchronised using nocodazole arresting cells 

in prometaphase of mitosis.  Nocodazole (50ng/ml) was applied for 16h to MASMCs 

plated in 6-well plates incubated in full media at 37ºC.  Once timepoint has been 

reached, cells were washed in duplicate in PBS and returned to full media for the 

appropriate timepoint.  Cells were placed on ice to terminate the reaction and either 

harvested for flow cytometry or lysed for western blotting.  

 

2.8 Proliferation rate of smooth muscle cells 

Confluent SMCs were detached with trypsin-EDTA, seeded 10,000 cells/well in 10% 

FCS-DMEM, and allowed to attach for 24 h at 37°C, 5% CO2. Cells were starved in 

serum free media for 24 h and then stimulated for either 24 or 48 h.  At the noted 

timepoint, cells were trypsinised and counted using a haemocytomer as described 

above in section 2.5.4. 
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2.9 Doubling time of smooth muscle cells 

Confluent smooth muscle cells were trypsinised and seeded in 6-well plates at 2 x 10
4
 

cells per well. Cell doubling time protocol was an adaptation of culture of animal cells 

technique described previously (Freshney, 1994). Cells were incubated for 24 h at 

37°C, 5% CO2. After 24 h cells in 2 wells were trypsinised and counted with 

haemocytometer as previously described in section 2.5.4. The procedure was repeated 

after 48 h. 

 

2.10 Cell Cycle Analysis 

Intracellular DNA was stained with propidium iodide and analysed for cell cycle 

profiles.  HASMCs were grown to 70% confluency in a 6-well plate and quiesced in 

1% FCS and released in growth media for a further 24h.  Cells were harvested with 

TrypLE Xpress or trypsin and washed with PBS in Eppendorf tubes.  Cell fixation was 

conducted by drop wise addition of ice-cold 70% ethanol and incubated at 4
o
C 

overnight.  HASMCs were washed in PBS and centrifuged for 10 min at 2000rpm 

followed by the addition of RNase A (50ug/ml) and incubation for 1 h at 37
o
C in order 

to ensure only DNA staining.    Samples were then stained with propidium iodide (PI) 

at 50µg/ml.  Using the FACScan flow cytometer, the FACScan Diva software (Becton 

Dickinson, Oxford, UK) was used to analyse cell cycle parameters gated to 10,000 

events 

 

2.11 Histological sectioning and staining of vascular tissues 

2.11.1 Fixation, wax embedding and cutting of tissues 

Vessel segments were fixed in 10% paraformaldehyde for a minimum of 24h prior to 

processing.  Tissues were then processed in a Citadel 1000 (Thermo Shandon, UK) 

processor overnight in the following conditions: 70% Ethanol: 3h, 90% Ethanol: 3.5h, 

100% Ethanol: 2h, 100% Ethanol: 1h, 1:1 (v/v) of Ethanol: Histo-clear: 1h, 100% 

Histoclear: 1h, 100% Histoclear: 1h, Paraffin Wax: 2h, Paraffin Wax: 2h.   
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Thereafter tissues were embedded in paraffin wax using a Leica EG1140H (Leica 

Microsystems, UK) embedder and 5μm sections cut using a Leica RM2125RTF (Leica 

Microsystems, UK) microtome.  Tissue sections were floated onto silanised slides 

using a water bath at 60°C.  Slides were silanated by: acetone wash: 10 min, submersed 

in 3-aminopropyltriethoxysilane (APES) solution (0.1% APES in acetone): 10 min, 

running tap water: 10 min, covered and air dried for 48h. 

Once wax embedded sections were mounted on the silinated slides they were placed in 

an oven set between 60-65°C for 30 min.  On their day of use, the slides were placed 

again in an oven at 60-65°C for 15 min. 

 

2.11.2 Rehydration and dehydration of tissue slides 

Prior to histological staining or immunohistochemistry, tissue sections were rehydrated 

using a Varistain 24-4 auto strainer (Thermo Shanodon, UK) in the following solutions: 

Histoclear: 10 min, Histoclear: 10 min, Histoclear: 10 min, 100% Ethanol: 5 min, 

100% Ethanol: 5 min, 100% dH2O: 5 min. 

 

At the end of staining, the slides were dehydrated using the following protocol: 100% 

Ethanol: 10 min, 100% Ethanol: 10 min, 100% Ethanol: 10 min, Histoclear: 5 min, 

Histoclear: 5 min, Histoclear: 5 min. 

 

2.11.3 Haematoxylin and eosin 

The tissue slides were rehydrated as stated in section 2.2.4.2, and placed into metal 

racks for staining using the following procedure: Haematoxylin: 6 min, dH2O: 1 min, 

Acid alcohol (1%): 3 sec, dH2O: 1 min, Scots tap water substitute: 2 min, dH2O: 1 

min, Eosin: 1 min, dH2O: 1 min.  Thereafter slides were dehydrated and mounted using 

histomount and 24x50mm coverslips.  Slides were left to dry overnight before analysis. 
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2.12 Immunofluorescence Microscopy 

Smooth muscle cells were grown on plain cover slips and fixed by aspirating the 

culture medium and applying 4% paraformaldehyde for 10 min. This was followed by a 

10 min exposure to cold methanol. The slides were then washed with PBS (x3 washes) 

and exposed to 0.01% triton-x for 10min. Non-specific binding was blocked using 1% 

BSA in PBS for 1 h at room temperature and then primary antibody α-smooth muscle 

actin was added without washing at concentrations of 1:100, 1:250, 1:500 & 1: 1000 

made in PBS containing 1% BSA and the cells were incubated overnight at 4°C. The α-

smooth muscle actin primary antibody was raised in rabbit. The secondary antibody 

was mouse and was applied at a dilution of 1:200 in sterile PBS and followed by 

incubation at room temperature for 1h.  After washing, cover slips were mounted using 

Vectashield® mounting medium containing DAPI (Vecta laboratory) and stored in the 

dark at 4°C until they were viewed and photographed. The DAPI in the mounting 

medium stained the cells‘ nucleus blue. Pictures were taken using Nikon Eclipes™ 

E600 Oil Immersion 67 microscope connected to a photometrics (CoolSnap™ Fx) 

digital camera  managed by MetaMorph™ software (Universal Imaging Corporation, 

West  Chester, PA).  

 

2.13 Time Lapse Microscopy 

For time-lapse microscopy, cells were grown to 60% confluency in 60mm dishes and 

24 h later viewed using a 20× lens in a PH2-heated platform fitted with a TC-344B dual 

automatic temperature controller (Warner Instruments). Cells were imaged at 37°C on 

an inverted microscope (Zeiss Axiovert 200M).   Time-lapse images (exposure 500 ms) 

were taken every 500 ms. 
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2.14 Determination of protein concentration using Bradford’s reaction 

Quantification of protein concentration was determined using the Bio-Rad protein 

assay kit based on the Bradford method. For each assay performed a standard curve 

was prepared using dilutions of BSA (5-20µg/ml) as a protein standard prepared in the 

appropriated buffer. 1μl of protein sample of unknown concentration was mixed with 

199μl Bradford solution diluted 5 times in distilled water and incubated at room 

temperature for 15 min.  The protein concentration of each sample was calculated from 

the standard curve.  

 

2.15 Expression and purification of GST-c-jun construct 

2.15.1 Growth of GST-c-jun 

Recombinant GST-tagged constructs were grown at 37
o
C in a 5ml culture of XYT 

broth (16g/L tryptone, 10g/L yeast extract, 5g/L NaCl), containing 100μg/ml 

ampicillin, and orbital shaken overnight. This was then transferred to a 500ml 2XYT 

broth, containing 100μg/ml ampicillin and incubated at 37
o
C with orbital shaking until 

an A600 of 0.6-0.8 was obtained. Cultures were cooled to 30
o
C and expression was 

induced by addition of 100μM isopropyl thio-β-D-galactopyranoside (IPTG) with 

incubation at 30
o
C for 4h. Cells were harvested by centrifugation at 4

o
C at 10,000 x g 

(400rpm x 15 min) in 250ml autoclaved centrifuge tubes and pellets placed in the -20
o
C 

freezer overnight. All subsequent steps were carried out at 4
o
C. 

 

2.15.2 Purification of GST-Fusion proteins 

Recovered pellets of bacterial cells were resuspended in 12.5ml of lysis buffer [30ml 

stock contains; 50mM Tris-HCl (pH8.0), 100mM NaCl, 1mM EDTA, on the day of the 

experiment the following were added; 1mM benzamidine, 1mM of β-mercaptoethanol, 

2μg/ml leupeptin, 2μg/ml aprotonin, 2μg/ml pepstatin A, 200μM PMSF]. The resulting 

suspension was then frozen in a dry ice-methanol bath and left to thaw at room 

temperature. The bacterial suspension was further disrupted using a probe sonicator (3 

x 15 seconds at 50% intensity followed by 3 x 10 seconds at 80% intensity). 1.25ml of 

triton X-100 detergent buffer (20% w/v) was then added to 25ml of bacterial 
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suspension (to a final concentration of 1% (w/v) Triton X-100) and the preparation 

placed on a rotary wheel for 60 min at 40C. The solubilised extract was centrifuged at 

10,000 x g for 15 min and the supernatant added to a 1ml matrix of glutathione (GSH)-

sepharose beads, which had been equilibrated by washing twice with 10ml of lysis 

buffer and centrifugation at 300rpm for 2 min in between, and incubated at 4
o
C for 1h 

with gentle rotation. Following affinity purification the GSH sepharose matrix was 

centrifuged at 300 rpm for 2 min and the supernatant was discarded. The beads were 

then washed twice in 10 ml lysis detergent buffer (1% (w/v) Triton X-100) to remove 

any unbound protein and centrifuged at 300rpm for 2 min in between and collected 

beads were stored in lysis detergent buffer at 4
o
C.  

 

2.15.3 Elution of GST-Fusion proteins 

To elute the GST-fusion proteins from the GSH sepharose matrix two approaches were 

undertaken. For small scale elution of the GST-fusion protein i.e. to estimate protein 

amounts immobilised on the beads, 20µl of the GSH sepharose matrix was removed 

and washed twice with 200µl elution buffer [50mM tri-HCl pH 8.0 containing 100mM 

NaCl, 0.1% Triton X-100, 10mM reduced glutathione, 10µg/ml leupeptin, 10µg/ml 

aprotonin, 10µg/ml pepstatin A] and incubated with gentle rotation at 4
o
C for 30 min. 

Samples were then centrifuged at 13,000 x g for 1 minute and the supernatants obtained 

for the next step. Protein concentration of the supernatants containing eluted proteins 

was determined as described in section 2.22, this was used to determine the volume of 

bead slurry required to provide sufficient substrate per assay.  

 

2.15.4 Electrophoretic analysis of GST-Fusion proteins 

Purification of the proteins was confirmed by SDS-PAGE using samples taken at 

various stages during the purification procedure, followed  by staining of the gel with 

Coomassie blue [80% (w/v) methanol, 20% (w/v) acetic acid, 0.1% (w/v) Coomassie 

blue], for 1h to allow visualisation of proteins. This was then washed with a destain 

solution [500ml dH2O, 400ml methanol, 100ml glacial acetic acid] for approximately 

4h, to remove non-specific background staining. The resultant gel was then sandwiched 
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between two cellophane sheets and dried (Figure 2.3) in the gel dryer (Hoefer 

Scientific Instruments, U.S.A). 

 

 

2.15.5  JNK Solid Phase phosphorylation of Truncated GST-c-jun 

JNK activity in solubilised extracts was assessed via measurement of incorporation of 

radiolabelled phosphate into recombinant GST-c-jun (5-89) bound to glutathione 

sepharose beads. Therefore increased phosphorylation is a measurement of increased 

kinase activity.  

Cells were rendered quiescent and stimulated for the required time, the cells were then 

washed twice in ice cold PBS to terminate the stimulation before being lysed in JNK 

solubilisation buffer (20mM HEPES-NaOH pH 7.7, 50mM NaCl, 0.1mM EDTA, 1% 

(w/v) Triton X-100, 0.1mM Na3VO4, 0.2mM PMSF, 0.5mg/ml leupeptin, 0.5mg/ml 

aprotinin). The cells were removed using a cell scraper and placed in Eppendorf tubes, 

vortexed for 2 seconds and left on ice for 30 min. The samples were centrifuged at 

13,000rpm at 4
o
C to remove cell debris and the lysates mixed with GST-c-jun beads 

overnight at 4
o
C.  

The beads were then pelleted by centrifugation at 13,000rpm for 1 min and washed 

once in solubilisation buffer and once in kinase buffer (25mM HEPES –NaOH, 20mM 

MgCl2, 5mM glycerophosphate, 0.1mM Na3VO4, 2mM DTT, pH7.5. The beads were 

resuspended in 25ul of kinase buffer and the reaction initiated via addition of 5ul of 

150µm ATP and 1µCi [γ
32

P]-ATP to a total volume of 30µl. The samples were agitated 

at 30
o
C for 30 min, the reactions were terminated via the addition of 10ul of 4X 

Laemmli sample buffer. The samples were then boiled for five min and resolved by 

11% SDS-PAGE. Gels were fixed for 30 min in a 40% methanol, 10% acetic acid 

solution, before being sandwiched between two cellophane sheets and dried in the gel 

dryer (Hoefer Scientific Instruments, U.S.A). The incorporation of [γ
32

P] into the 

substrate was detected via autoradiography and quantified through scanning 

densitometry. 
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1 – Homogenate      6 – Wash 2                                  

2 - Pellet from post detergent sample   7 – Elution 1 

3 – Supernatant from post detergent sample  8 – Elution 2        

4 – Post binding supernatant    9 - Beads   

5 – Wash  

 

Figure 2.5: Analysis of GST-c-Jun purification and elution.  

Samples from each stage the purification process were collected and subjected to SDS-

PAGE. Proteins were detected using coomassie blue stain as described previously. 

GST-c-Jun from elution 1 and 2 can be seen in lanes 7 and 8 respectively at 

approximately 36Kda. Lane 10 illustrates that GST-c-jun has bound to the sepharose 

beads. Annotation of each lane on the gel is shown above. 
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2.16 Scanning and Densitometry 

Western blots were scanned on an Epson perfection 1640SU scanner using Adobe 

Photoshop 5.0.2 software. The scanned images were then normalised to a control and 

quantified using ImageJ. 

 

2.17 Statistical Analysis 

All data shown were expressed as mean ± SEM and were representative of at least three 

separate experiments. Whenever applicable statistical analysis was performed using 

one-way ANOVA with Dunnet‘s post-test or paired Student‘s t-test with Bonferoni‘s 

considerations. Differences were considered significant at P<0.05 and represented with 

*. 
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Chapter 3: Characterisation of cellular functions of MKP-2 

in primary mouse aortic smooth muscle cells (MASMC). 

3.1 Introduction 

In this chapter, the consequence of MKP-2 deletion on the cellular function of mouse 

aortic smooth muscle cells was examined. Mitogen activated protein kinases are well 

recognised as key regulators of many cellular functions, such as proliferation, 

differentiation and gene expression.  The process of activation is initiated by mitogen-

receptor binding which subsequently leads to dual phosphorylation in the Thr-X-Tyr 

motif (Hutter et al., 2001).  Vital intrinsic regulation of MAP kinase is mediated by the 

action of dual specific phosphatases (DUSPs), which possess to ability to 

dephosphorylate and inactivate MAP kinase.  Specifically, the action of Dusp4 (also 

known as MKP-2) has been shown to dephosphorylate MAP kinases, ERK and JNK in 

vitro.  However, much previous work within the literature on MKP-2 has been 

conducted using protein techniques such as siRNA which can limit interpretation due to 

rundown efficiency. Progressing from basic expression techniques, a Dusp4 deficient 

mouse model was developed in order to elucidate the functional properties of MKP-2 

in numerous murine cell types.  Previous studies utilising this model have focussed 

largely in an immunological setting, where studies from the laboratory have shown 

macrophages to exhibit changes in MAP kinase phosphorylation, as well as alteration 

in cytokine release (Al-Mutairi et al., 2010).  Furthermore recently published work has 

shown MKP-2 to play a key role in the control of infection with Toxoplasma gondii by 

modulating iNOS and arginase-1 activities (Woods et al., 2013).  One study has 

detailed how MKP-2 deletion in fibroblasts results in a reduction in proliferative 

capacity (Lawan et al., 2011). Despite this, there has been little investigation regarding 

the consequence of MKP-2 deletion on cell growth and proliferation.  
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Therefore within this chapter, the cellular characterisation of MKP-2 deletion in 

vascular smooth muscle cells has been examined.  Firstly, the induction of MKP-2 was 

assessed in MASMCs.  Moreover, the consequence of MKP-2 deletion on MAP kinase 

activation and cellular proliferation was examined.  The expression of two adenoviral 

MKP-2, Adv.WT-MKP-2 and Adv.CI-MKP-2 were utilised to assess the effect and 

potential gain of function in MKP-2
-/-

 MASMCs. 
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3.2 Results 

 

3.2.1 Characterisation of MKP-2 knockout 

3.2.1.1 Aorta dissected from MKP-2
+/+

 and MKP-2
-/-

 exhibit no significant 

differences 

Previous work described young adult male MKP-2
+/+

 and MKP-2
-/-

mice demonstrated 

no apparent phenotypic defects, bred normally and had normal body weights similar to 

wild type littermates (Lawan et al., 2011). Knockout animals are fertile and display no 

evident behavioural, developmental or growth abnormalities.  In order to characterise 

smooth muscle cells derived from the mouse aorta of the mice, firstly the aorta was 

assessed.  Aortae was dissected from MKP-2
+/+

 and MKP-2
-/-

 mice and fixed in 

paraformaldehyde.  Slices were obtained and stained with haematoxylin and eosin for 

an overview of any major structural changes between the aortae.  However, as show in 

Figure 3.1 there are no significant structural differences between the aortae of wild-

type and knockout mice.  Furthermore, aortae exhibit comparable adventitial, medial 

and intimal layers, however further examination may be required to assess specific 

cellular composition of these vessel layers. 

 

3.2.1.2 Characterisation of smooth muscle cells derived from mouse aorta 

Smooth muscle cells were derived using a collagen digestion method.  However, due to 

the multicellular triple layered structure of the aorta, it is important to qualitatively 

characterise the cells obtained from the vessel to ensure they are a pure smooth muscle 

cell population from the medial layer.  MKP-2
+/+ 

and MKP-2
-/-

 smooth muscle cells 

were grown on coverslips and fixed, following antibody staining with α- smooth 

muscle actin (SMA-α) and DAPI for the nucleus.  With reference to Figure 3.2, 

MASMCs derived from both wild-type and knockout mice were positive for SMA-α 

confirming the purity of the cells cultured. 
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Figure 3.1: Histology of MKP-2 wild-type and knockout aorta 

Aortae was dissected from MKP-2
+/+

 and MKP-2
-/-

 mice and fixed in paraformaldehyde 

as described in the Materials and Methods section.  Slices were obtained and stained 

with haematoxylin and eosin for an overview of any major structural changes between 

the aortae. These images are representative of two independent experiments. Scale bar 

100µm (Key: I, intima; M, media; A, adventitia). 
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Figure 

32Smooth Muscle Actin staining in MASM culture from WT and MKP-2 KO 

mice 

The immunofluorescence image (x20), of smooth muscle cells both stained with α-

smooth muscle actin, in panel A the localization of α-smooth muscle actin (green) was 

shown in cultured smooth muscle cells and  nuclei stained with blue Dapi.  Scale bar 

50µm. The result is representative of two independent experiments. 
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3.2.1.3 Smooth muscle phenotype is comparable between wild-type and MKP-2 

knockout cells 

As described previously in the introduction, smooth muscle cells exist in two major 

phenotypes or as an intermediate between both, therefore it was important to determine 

whether the deletion of MKP-2 had any effect on the MASMC phenotype.  Using 

SMA-α as a marker of smooth muscle cells in the contractile phenotype, cells were 

stimulated with PDGF for 48 h to promote cells into the synthetic phenotype, as 

detailed previously in the literature (Hunter et al., 2011).  It can be observed in Figure 

3.3 that upon stimulation with PDGF, both wild-type and knockout smooth muscle 

cells differentiate into the synthetic phenotype marked by a decrease in SMA-α 

expression; where no difference between wild-type and knockout MKP-2 cells were 

exhibited.  The level of conversion of contractile to synthetic phenotype was 

comparable between MKP-2
+/+ 

and MKP-2
-/-

 cells (WT 0.36±0.053 vs. KO 0.33±0.7; 

p=0.348; n=3).  Furthermore, the baseline levels of SMA-α were non-significant (WT 

1±0.067 vs. KO 0.97±0.082; p=0.667; n=3). 
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Figure 3.3: Expression of smooth muscle actin in response to PDGF  

Subconfluent mouse aortic smooth muscle cells were rendered quiescent in 0.1% FCS 

for 24h prior to stimulation of PDGF (10ng/ml) for 48h. Whole cell lysates were 

prepared, separated by SDS PAGE and probed for SMA (42kDa) as described in the 

Materials and Methods section. Blots were stripped and reprobed for T-ERK which 

was used a loading control (42/44kDa).  These results are representative of 3 

independent experiments.  
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3.2.2 Induction of MKP-2 

3.2.2.1 Induction of MKP-2 in response to Serum 

Initially the kinetics of MKP-2 induction in response to FCS was examined over 

shorter (4-8h) and longer time courses (0-48 h). MASMCs were grown to confluency in 

6-well plates and serum starved for 24h before incubation with 10% FCS. Whole cell 

lysates were analysed by Western blotting for MKP- 2 expression. The data presented 

in figure 3.6 shows that MKP-2 protein was induced after 4h in MKP-2
+/+

 MASMCs 

and was sustained until 8h. However, no induction was observed in MKP-2
-/- 

MASMCs. In MKP-2
+/+ 

MASMCs, (Figure 3.4) MKP-2 protein expression was 

induced after 24 h, and was sustained for up to 48 h. However, no induction was 

observed in MASMCs derived from MKP-2
-/-

 mice (p<0.01). Total ERK levels were 

unchanged, indicating equal protein loading. This confirmed the complete absence of 

MKP-2 protein in MKP-2 
-/-

 MASMCs and also established that serum is capable of 

activating endogenous MKP-2 expression in MKP-2 
+/+

 MASMCs.  

Having established the kinetics of MKP-2 induction, a concentration response curve to 

serum was established. Cells were serum starved for 24 h and incubated with increasing 

concentration of FCS (0.5, 1, 5 and 10%) for 4h. The results (shown in Figure 3.6) 

demonstrate that FCS induced a concentration dependent increase in MKP-2 protein 

expression with the evident induction beginning at 5% FCS (5.19±1.1 fold increase in 

SMA expression) with maximal induction attained with 10% FCS (36.32±4.2 fold 

increase in SMA expression). However, no expression was observed in MASMCs 

derived from MKP-2
-/-

 mice. This again confirmed the absence of MKP-2 protein in 

MKP-2
-/-

 MASMCs. Furthermore, since FCS exerts its maximal effect at the 

concentration of 10%, this concentration was used in the remaining experiments. 
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Figure 3.4: MKP-2 expression in response to FCS in MASMC 

Confluent mouse aortic smooth muscle cells of both WT and MKP-2 KO were 

rendered quiescent in 0.1% FCS for 24h prior to stimulation of FCS (10%) for the 

times indicated. Whole cell lysates were prepared, separated by SDS PAGE and probed 

for MKP-2 (43kDa) as described in the Materials and Methods section. Blots were 

stripped and reprobed for T-ERK which was used a loading control These results are 

representative of 3 independent experiments.  Each value represents mean±S.E.M.  

Gels were quantified by scanning densitometry. 
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Figure 3.5: MKP-2 expression in response to FCS in MASMC 

Confluent mouse aortic smooth muscle cells of both WT and MKP-2 KO were 

rendered quiescent in 0.1% FCS for 24h prior to stimulation of PDGF (10ng/ml)  for 

the times indicated. Whole cell lysates were prepared, separated by SDS PAGE and 

probed for MKP-2 (43kDa) as described in the Materials and Methods section. Blots 

were stripped and reprobed for T-ERK which was used a loading control These results 

are representative of 3 independent experiments.  Each value represents mean±S.E.M.  

Gels were quantified by scanning densitometry. 
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Figure 3.6 MKP-2 expression is dependent upon increasing FCS stimulation 

Confluent mouse aortic smooth muscle cells of both WT and MKP-2 KO were 

rendered quiescent in 0.1% FCS for 24h prior to stimulation of FCS (0.5, 1, 5, and 

10%) for the 4h. Whole cell lysates were prepared, separated by SDS PAGE and 

probed for p-ERK (44/42kDa) and MKP-2 (43kDa) as described in the Materials and 

Methods section. Blots were stripped and reprobed for T-ERK which was used a 

loading control These results are representative of 2 independent experiments. Each 

value represents mean±S.E.M.  Gels were quantified by scanning densitometry. 
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3.2.2.2 MKP-2 induction depends on prior ERK activation  

 

Studies have indicated that MAP kinases, in particular ERK, play a role in the 

induction of MKPs as part of a negative feedback loop which could potentially affect 

the dephosphorylation capacity of the phosphatase towards these kinases. Wild type 

MASMCs were pre-incubated with MEK inhibitor, U0126 (10 µM), JNK inhibitor, 

SP600125 (10 µM) or p38 MAP kinase inhibitor, SB203580 (10 µM) for 1 h prior to 

being stimulated with 10% FCS for 4h. Whole cell lysates were analysed by Western 

blotting for MKP-2 expression in the presence of these inhibitors. Figure 3.7 shows a 

representative Western blot demonstrating that pre-treatment of wild type MASMCs 

with the selective ERK inhibitor U0126 caused a significant, 68.3% inhibition of MKP-

2 induction (Control 15.3±1.644, U0126 4.17±1.29; p= 0.008). In contrast, inhibition of 

JNK signalling using SP600125 had no significant inhibitory effect on MKP-2 

induction (Control 15.3±1.644, SP600125 14.1±0.8).   Interestingly, pre-treatment with 

the p38 MAP kinase inhibitor SB203580 resulted in a fairly modest but significant 

inhibition (28%) of MKP-2 expression (Control 15.3±1.644, SB203580 10.7±1.1; 

p=0.012). This data confirmed that activation of the ERK pathway predominately 

promotes the induction of MKP-2 in wild type MASMCs.  However, it should also be 

noted that p38 MAP kinase may also possess the ability promote MKP-2 activation 

with a 28% inhibition upon treatment with SB203580.  Nevertheless, this inhibition 

may be statistically significant but questions could be raised over the physiological 

significance of this result. 
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Figure 3.7: Expression of MKP-2 is dependent on prior ERK activation in 

MASMCs   

MASMCs were grown to confluency on a 6-well plate and quiesced for 48 h in serum 

free media. Cells were pre-incubated with U0126 (10 uM) (p=0.008), SP600125 (10 

uM) or SB203580 (10 uM) (p=0.012) for 1h prior to being stimulated with 10% FCS 

for the times indicated. Whole cell extracts were resolved by SDS-PAGE and examined 

by Western blotting for induction of MKP 2 (43kDa). Blots were stripped and reprobed 
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for T-ERK which was used a loading control These results are representative of 3.  

Gels were quantified by scanning densitometry. 

3.2.3 Regulation of MAP kinase signalling by MKP-2 

3.2.3.1 Effect of MKP-2 deletion on ERK and JNK phosphorylation 

 

Given that MKP-2 is proposed to be a negative regulator of ERK and JNK signalling, 

initial experiments were conducted to investigate whether the deletion of this protein 

had any effect on the phosphorylation levels of ERK and JNK. MASMCs were grown 

to confluency in 6-well plates and serum starved for 24h.  The expression of 

phosphorylated MAP kinases was measured by Western blotting with antibodies that 

specifically recognise both phospho-Tyr and phospho-Thr residues that are regarded to 

be necessary and sufficient for the activation of MAP kinases. Both ERK and JNK 

phosphorylation was examined over the indicated time course. Initially as depicted as 

quantified data in Figure 3.10, FCS caused a rapid increase in ERK phosphorylation 

which peaked at 4h and reduced in expression at 8h.  However, there was no significant 

difference between MKP-2
+/+

 and MKP-2
-/-

 MASMCs in either magnitude or kinetics 

of phosphorylation (WT 3.21±0.121, KO 3±0.058; p=0.361).   FCS also promoted a 

sustained increase in ERK phosphorylation (Figure 3.8) however, the loss of MKP-2 

again did not alter the level of stimulation between the two cell types. This result 

suggested that serum was capable of inducing similar phosphorylation of ERK in both 

MKP-2
+/+ 

and MKP-2
-/- 

MASMCs however no difference was exhibited in ERK 

phosphorylation between wild-type and knockout cells.  

 

The effect of MKP-2 deletion on JNK phosphorylation was also examined over the 

indicated time course.  Unfortunately due to difficulties with the specific phospho-JNK 

antibodies, the downstream transcription factor c-Jun was assessed as an indicator of 

JNK phosphorylation.  As shown in Figure 3.8, FCS caused a minor increase in c-Jun 

phosphorylation which was nevertheless, significantly different from controls (WT 

p=0.001; KO p=0.027). Furthermore, there was no significant difference in the level of 

phosphorylation in MKP-2
-/-

 MASMCs relative to MKP-2
+/+

 MASMCs (WT 

4.697±0.113 fold stimulation, KO 5.07±0.419 fold stimulation; p=0.055).   
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Similar to the experiment with serum, PDGF was used to examine the phosphorylation 

of ERK and c-Jun in wild type and MKP-2
-/-

 MASMCs. Baseline levels of ERK were 

slightly elevated in MKP-2 knockout MASMCs (WT 1±0.00, KO 1.28 ±0.214; 

p=0.744).  PDGF caused ERK phosphorylation within 2h and remained high up to 4h 

and reduced at 8h. (Figure 3.8) Nevertheless, in the absence of MKP- 2, ERK 

phosphorylation was not significantly altered (At 4h WT 3.19±0.02 fold stimulation, 

KO 3.39±0.07 fold stimulation; p=0.066). Similar to serum stimulation, PDGF 

generated a weak but significant increase in p-c-Jun over a time course which was not 

significantly affected by the loss of MKP-2.  c-Jun phosphorylation was significantly 

upregulated (1±0.00, 1.61±0.236 fold stimulation; p=0.046) from control upon 

stimulation with PDGF.  It should be noted that c-Jun baseline depicted in Figure 3.9 is 

high, however upon quantification of all experiments, this observation became 

negligible suggesting this could merely be an artefact.  Similar to serum stimulation, 

there were no significant differences in p-c-Jun phosphorylation in MKP-2 deficient 

cells when compared with wild-type MASMCs (WT 1.4500±0.0473 fold stimulation, 

KO 1.3733±0.0581 fold stimulation; p=0.542).  Collectively, it can be deduced that 

there are no significant differences in MAP kinase signalling between wild-type and 

MKP-2 deficient MASMCs.  
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Figure 3.8: MAP kinase characterisation in WT and KO MASMCs in response to 

FCS 

Confluent mouse aortic smooth muscle cells from both WT and MKP-2 KO were 

rendered quiescent in 0.1% FCS for 24h prior to stimulation of FCS (10%) for the 

times indicated. Whole cell lysates were prepared, separated by SDS PAGE and probed 

for p-c-Jun (48kDa) and p-ERK (44/42 kDa) as described in the Materials and Methods 

section. Blots were stripped and reprobed for c-Jun which was used a loading control 

These results are representative of 3 independent experiments.  Each value represents 

mean±S.E.M.  Gels were quantified by scanning densitometry. 
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Figure 3.8 cont: MAP kinase characterisation in WT and KO MASMCs in 

response to FCS 

Confluent mouse aortic smooth muscle cells from both WT and MKP-2 KO were 

rendered quiescent in 0.1% FCS for 24h prior to stimulation of FCS (10%) for the 

times indicated. Whole cell lysates were prepared, separated by SDS PAGE and probed 

for p-c-Jun (48kDa) and p-ERK (44/42 kDa) as described in the Materials and Methods 

section. Blots were stripped and reprobed for T-ERK which was used a loading control 

These results are representative of 3 independent experiments.  Each value represents 

mean±S.E.M.  Gels were quantified by scanning densitometry. 
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Figure 3.9: MAP kinase characterisation in WT and KO MASMCs in response to 

PDGF 

Confluent mouse aortic smooth muscle cells from both WT and MKP-2 KO were 

rendered quiescent in 0.1% FCS for 24h prior to stimulation of FCS (10%) for the 

times indicated. Whole cell lysates were prepared, separated by SDS PAGE and probed 

for p-ERK (44/42kDa) and p-c-Jun (48kDa) as described in the Materials and Methods 

section. Blots were stripped and reprobed for T-ERK which was used a loading control 

These results are representative of 3 independent experiments. Each value represents 

mean±S.E.M.  Gels were quantified by scanning densitometry. 
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Figure 3.9 cont: MAP kinase characterisation in WT and KO MASMCs in 

response to PDGF 

Confluent mouse aortic smooth muscle cells from both WT and MKP-2 KO were 

rendered quiescent in 0.1% FCS for 24h prior to stimulation of FCS (10%) for the 

times indicated. Whole cell lysates were prepared, separated by SDS PAGE and probed 

for p-ERK (44/42kDa) and p-c-Jun (48kDa) as described in the Materials and Methods 

section. Blots were stripped and reprobed for c-Jun which was used a loading control 

These results are representative of 3 independent experiments. Each value represents 

mean±S.E.M.  Gels were quantified by scanning densitometry. 
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3.2.4 MKP-2 deficient MASMCs exhibit a reduction in proliferative capacity 

3.2.4.1 MKP-2 deletion leads to a decrease in MASMC proliferation: Cell counting  

Whilst the MAP kinase characterisation of MKP-2 deficient MASMCs proved to be 

largely inconclusive, these cells exhibited significant differences in their proliferative 

capacity.  Experiments assessing mouse aortic smooth muscle proliferation by means of 

haemocytomer counting is a direct measurement of cell number at different time points 

(see Materials and Methods section). As depicted in Figure 3.10, serum-stimulated 

MKP-2
+/+

 MASMCs over a 48h time period, resulted in a significant increase in cell 

number which was apparent as early as 24 h (0h 8.133±0.33 x10
4
cell number, 24h 

15.64±1.13 x10
4
cell number; p=0.016).  The trend in cell number increase was 

observed in these cultures was similar to that exhibited in MKP-2
+/+

 MASMC (0h 

8.190 ±0.186 x10
4
cell number, 24h 12.88±0.35 x10

4
cell number; p=0.006).  There 

were no significant difference in cell number between wild-type and knockout MKP-2 

MASMCs at the 0h time point which would suggest no marked adherence difference 

(8.133±0.33 x10
4
cell number; 8.190 ±0.186 x10

4
cell number; p= 0.916).  Interestingly 

however, at the 24h time point, a marked but non-significant difference in MKP-2
+/+

 

and MKP-2
-/- 

cell number was evident (WT 15.64±1.13 x10
4
cell number, KO 

12.88±0.35 x10
4
cell number; p=0.196).  At the later time point of 48h, a significant 

difference in cell number was evident between WT and KO MASMCs (WT 

22.284±0.665 x10
4
cell number, KO 16.510±0.90 x10

4
cell number; p=0.04).  This 

suggests MKP-2 is required for mouse aortic smooth muscle cell proliferation.   

 

3.2.4.2 MKP-2 deficiency leads to increased doubling times in MASMCs 

 

Given the prominent growth deficit observed in MKP-2
-/-

 MASMCs these cells were 

further assessed detail by focussing on the cellular doubling rates. Cell doubling time 

protocol was an adaptation of culture of animal cells technique described previously 

(Freshney, 1994), (see Materials and Methods). The data presented in figure 3.11 

demonstrated that smooth muscle cells derived from MKP-2
-/-

 mice had markedly 

longer cell doubling time; 2 fold increase in comparison with wild type. It is good to 

note, considering the early time points, there was no evident increase in cell number 
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detected between both cell types. These results establish that MKP-2
 

deficient
 

MASMCs are phenotypically different from wild type and these cells are likely to react 

differently in response to growth stimuli in vitro. A lengthy cell doubling time indicates 

a decrease in cell division rate and is thought to imply a low proliferative ability 

(Basegara, 1985).  

 

 

Figure 3.10: Effect of MKP-2 knockout on MASMC proliferation 

Subconfluent mouse aortic smooth muscle cells were rendered quiescent in 0.1% FCS 

for 24h prior to stimulation, both MKP-2
+/+

 and 
−/−

 were stimulated with 10% FCS for 

the times indicated. Proliferation was measured by cell counting at 24h intervals over a 

48h time period. These results are representative of 4 independent experiments, mean ± 

S.E. *, p < 0.05 when compared with wild type MASMCs 
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Figure 3.11: Effect of MKP-2 knockout on doubling rate of MASMCs 

Subconfluent mouse aortic smooth muscle cells were rendered quiescent in 0.1% FCS 

for 24h prior to stimulation, both MKP-2
+/+

 and
 −/−

 were stimulated with 10% FCS for 

the times indicated. Proliferation was measured by cell counting at intervals over a 24h 

time period. These results are representative of 3 independent experiments. 
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3.2.4.3 Accumulation of MKP-2 deficient MASMCs in G2/M phase  

 

Following the observation that the deletion of MKP-2 significantly reduced smooth 

muscle cell proliferation, further experiments were conducted to elucidate the 

differences in growth characteristics by investigating cell cycle parameters. Flow 

cytometric analysis byDNA propidium iodide staining assesses each phase of the cell 

cycle. The results presented in Figure 3.12 demonstrates that MASMCs derived from 

the MKP-2
-/-

 model exhibit a significant reduction in cells residing in G1 phase of the 

cell cycle (p=0.012) when compared with MKP-2
+/+

 MASMCs. Interestingly,  an 

evident increase in the DNA content of cells derived from MKP-2
-/-

 in G2/M phase 

(77.4%) in comparison with cells from MKP-2
+/+

 (51.2%) (P=0.001). These data 

suggests that MKP-2 deletion has resulted in the inhibition of normal progression of 

these cells through the cell cycle.  

 

3.2.4.4 MKP-2 deficient MASMCs have no effect on G2/M transition proteins 

 

In order to correlate these changes in cell cycle parameters with regulated proteins at 

specific phases of the cycle, cyclin B1 expression and cdc-2 phosphorylation were 

examined. These proteins are well recognised indicators of G2/M phase transition 

(Gutierez et al., 2010) (figure 3.13). Stimulation of quiescent MKP-2
+/+

 MASMCs with 

serum induced an significant increase in cyclin B1 which was apparent by 8 h and 

increased further up to 24 h, a trend evident in both WT and KO MASMCs (WT-

1.0167±0.0441 fold stimulation, 0.5200±0.0379 fold stimulation; p=0.016; KO 

1.007±0.103, 0.473±0.023; p=0.023).  Interestingly however, there were no significant 

differences between either basal (p=0.908) or stimulated cyclin B expression in MKP-2 

deficient cells (p=0.625).  This expression correlated with a decrease in cdc-2 

phosphorylation, taken together this is to be expected, due to the established role of 

these proteins acting as mutual partners of a mitosis-promoting complex.  Stimulation 

of quiescent MKP-2
+/+

 MASMCs with serum induced an significant decrease in p-cdc-

2 which was apparent by 8 h and sustained up to 24 h, a trend evident in both WT and 

KO MASMCs (WT 1.0333±0.033 fold stimulation, 2.5111±0.0768 fold stimulation; 

p=0.005 KO 1.0081±0.0520 fold stimulation, 2.5240±0.0692 fold stimulation; 
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p=0.004).  Interestingly however, there were no significant differences between either 

basal (p=0.908) or stimulated cyclin B expression in MKP-2 deficient cells In MKP-2
- /-

 

MASMCs both cyclin B1 expression and cdc-2 phosphorylation were unchanged when 

compared with MKP-2
+/+ 

(p=0.932). This data was unexpected as G2/M phase cycle 

arrest is usually associated with an accumulation of cyclin B1 and an extended 

phosphorylation of cdc-2. 
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Figure 3.12: Cell cycle G2/M accumulation in MASMC deficient in MKP-2. 

Subconfluent mouse aortic smooth muscle cells were rendered quiescent in 0.1% FCS 

for 24h prior to stimulation, both MKP-2+/+ and MKP-2−/− were stimulated with 10% 

FCS for 24h. Whole cells were harvested and fixed in 70% ethanol and stained with 

propidium iodide as outlined in the Materials and Methods section.  A) Raw 

representative histogram   of MKP-2
+/+ 

MASMCs in different phases of cell cycle.  B) 

Raw representative histogram of MKP-2
-/-

 MASMCs in different phases of the cell 

cycle.  C) Comparison of MKP-2
+/+

 and MKP-2
-/-

 MASMCs in G1 phase of the cell 

cycle.  D) Comparison of MKP-2
+/+

 and MKP-2
-/-

 MASMCs in S phase of the cell 

cycle. E) Comparison of MKP-2
+/+

 and MKP-2
-/-

 MASMCs in G2/M phase of the cell 

cycle.These results are representative of 4 independent experiments, mean ± S.E. **, p 

< 0.01 when compared with wild type MASMCs. Statistical analysis was corrected 

using Bonferoni‘s considerations.  

 

 

 

 

 

MKP-2+/+ MKP-2-/-

G1 Population

P
e

rc
e

n
ta

g
e

 (
%

)

**

MKP-2+/+ MKP-2-/-

S Population

P
e

rc
e

n
ta

g
e

 (
%

)

MKP-2+/+ MKP-2-/-

G2/M Population

P
e

rc
e

n
ta

g
e

 (
%

)

**

A B

C D E

MKP-2+/+ MKP-2-/-

MKP-2-/-MKP-2+/+

MKP-2+/+ MKP-2-/-

G1 Population

P
e

rc
e

n
ta

g
e

 (
%

)

**

MKP-2+/+ MKP-2-/-

S Population

P
e

rc
e

n
ta

g
e

 (
%

)

MKP-2+/+ MKP-2-/-

G2/M Population

P
e

rc
e

n
ta

g
e

 (
%

)

**

A B

C D E

MKP-2+/+ MKP-2-/-

MKP-2-/-

MKP-2+/+ MKP-2-/-

G1 Population

P
e

rc
e

n
ta

g
e

 (
%

)

**

MKP-2+/+ MKP-2-/-

S Population

P
e

rc
e

n
ta

g
e

 (
%

)

MKP-2+/+ MKP-2-/-

G2/M Population

P
e

rc
e

n
ta

g
e

 (
%

)

**

A B

C D E

MKP-2+/+ MKP-2-/-MKP-2+/+ MKP-2-/-

G1 Population

P
e

rc
e

n
ta

g
e

 (
%

)

**

MKP-2+/+ MKP-2-/-

S Population

P
e

rc
e

n
ta

g
e

 (
%

)

MKP-2+/+ MKP-2-/-

G2/M Population

P
e

rc
e

n
ta

g
e

 (
%

)

**

A B

C D E

MKP-2+/+ MKP-2-/-MKP-2+/+ MKP-2-/-

G1 Population

P
e

rc
e

n
ta

g
e

 (
%

)

**

MKP-2+/+ MKP-2-/-

S Population

P
e

rc
e

n
ta

g
e

 (
%

)

MKP-2+/+ MKP-2-/-

G2/M Population

P
e

rc
e

n
ta

g
e

 (
%

)

**

A B

C D E

MKP-2+/+ MKP-2-/-MKP-2+/+ MKP-2-/-

G1 Population

P
e

rc
e

n
ta

g
e

 (
%

)

**

MKP-2+/+ MKP-2-/-

S Population

P
e

rc
e

n
ta

g
e

 (
%

)

MKP-2+/+ MKP-2-/-

G2/M Population

P
e

rc
e

n
ta

g
e

 (
%

)

**

A B

C D E

MKP-2+/+ MKP-2-/-

G1 Population

P
e

rc
e

n
ta

g
e

 (
%

)

**

MKP-2+/+ MKP-2-/-

S Population

P
e

rc
e

n
ta

g
e

 (
%

)

MKP-2+/+ MKP-2-/-

G2/M Population

P
e

rc
e

n
ta

g
e

 (
%

)

**

MKP-2+/+ MKP-2-/-

G1 Population

P
e

rc
e

n
ta

g
e

 (
%

)

**

MKP-2+/+ MKP-2-/-

S Population

P
e

rc
e

n
ta

g
e

 (
%

)

MKP-2+/+ MKP-2-/-

G2/M Population

P
e

rc
e

n
ta

g
e

 (
%

)

**

MKP-2+/+ MKP-2-/-

G1 Population

P
e

rc
e

n
ta

g
e

 (
%

)

MKP-2+/+ MKP-2-/-

G1 Population

P
e

rc
e

n
ta

g
e

 (
%

)

**

MKP-2+/+ MKP-2-/-

S Population

P
e

rc
e

n
ta

g
e

 (
%

)

MKP-2+/+ MKP-2-/-

G2/M Population

P
e

rc
e

n
ta

g
e

 (
%

)

**

****

MKP-2+/+ MKP-2-/-

S Population

P
e

rc
e

n
ta

g
e

 (
%

)

MKP-2+/+ MKP-2-/-

S Population

P
e

rc
e

n
ta

g
e

 (
%

)

MKP-2+/+ MKP-2-/-

S Population

P
e

rc
e

n
ta

g
e

 (
%

)

MKP-2+/+ MKP-2-/-

G2/M Population

P
e

rc
e

n
ta

g
e

 (
%

)

**

MKP-2+/+ MKP-2-/-

G2/M Population

P
e

rc
e

n
ta

g
e

 (
%

)

**

A B

C D E

MKP-2+/+ MKP-2-/-

MKP-2-/-MKP-2+/+



Chapter 3: Characterisation of cellular functions of MKP-2 in MASMC 

 

 

101 
 

 

 

 

 

 

 

Figure 3.13: Expression of cyclin B and cdc-2 throughout the cell cycle 

Confluent mouse aortic smooth muscle cells of both WT and MKP-2 KO were 

rendered quiescent in 0.1% FCS for 24h prior to stimulation of FCS (10%) for the 

times indicated. Whole cell lysates were prepared, separated by SDS PAGE and probed 

for cyclin B1 (58kDa) and p-cdc-2 (34kDa) as described in the Materials and Methods 

section. Blots were stripped and reprobed for GAPDH which was used a loading 

control These results are representative of 3 independent experiments. Each value 

represents mean±S.E.M.  Gels were quantified by scanning densitometry. 
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Figure 3.13: Expression of cyclin B and cdc-2 throughout the cell cycle 

Confluent mouse aortic smooth muscle cells of both WT and MKP-2 KO were 

rendered quiescent in 0.1% FCS for 24h prior to stimulation of FCS (10%) for the 

times indicated. Whole cell lysates were prepared, separated by SDS PAGE and probed 

for cyclin B1 (58kDa) and p-cdc-2 (34kDa) as described in the Materials and Methods 

section. Blots were stripped and reprobed for GAPDH which was used a loading 

control These results are representative of 3 independent experiments. Each value 

represents mean±S.E.M.  Gels were quantified by scanning densitometry. 
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3.2.5 MKP-2 deletion results in cytokinesis deficiency 

3.2.5.1 MKP-2
-/-

MASMCs exhibit a delay in cytokinesis 

 

To further investigate the role for MKP-2 in MASMC cell cycle, and moving forward 

from the techniques which provide merely a snapshot in G2/M phase of the cell cycle, 

time lapse microscopy was utilised.  Mouse aortic smooth muscle cells were grown in 

60mm dishes enclosed in an environmental chamber at optimal condition (37ºC, 5% 

CO2), and images were taken every 500 seconds to aid the visualisation of endogenous 

cellular proliferation.  With reference to Figure 3.16, MKP-2
-/- 

MASMCs display a 

delayed mitotic progression when compared with cells derived from wild-type mice.  

There is an evident delay in telophase and cytokinesis, with MKP-2
-/-

 requiring 72min 

to reach cytokinesis from metaphase compared with 39min in MKP-2
+/+

 smooth muscle 

cells.  Further time points were assessed to ascertain a difference in cytokinesis 

between wild-type and knockout MKP-2 MASMCs.  As depicted in Figure 3.17 the 

intercellular bridges between MKP-2 deficient cells display a difficulty in separating 

into two daughter cells; resulting in an increased cytokinetic failure in these cells.  

Overall, quantification reveals 78% of wild-type MASMCs successfully completed 

cytokinesis throughout the duration of each movie, compared with 42% of MKP-2 

deficient cells successfully completing cytokinesis.  Additional analysis reveals a 

marked increase in time for cells completing cytokinesis (WT 9 min, KO 19 min) 

(Figure 3.16).  Collectively these data reveal that MKP-2 deficient smooth muscle cells 

have a delay in cytokinesis with a marked reduction in the overall cytokinetic success 

rate, with some cells never fully completing cytokinesis throughout the duration of the 

experiment.  Taken together, these data suggest an essential role for MKP-2 in 

cytokinesis.   
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Figure 3.14: MASMCs lacking in MKP-2 exhibit a delay in mitosis. 

Subconfluent mouse aortic smooth muscle cells of both MKP-2+/+ and MKP-2−/− 

grown in full media (10% FCS) and analysed using Zeiss microscope. Images were 

taken every 3min for the duration of the experiment. These results are representative of 

3 independent experiments. 
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Figure 3.15: MASMCs lacking MKP-2 exhibit a delay in abscission.   

Subconfluent mouse aortic smooth muscle cells of both MKP-2
+/+

 and 
−/− 

grown in full 

media (10% FCS) and analysed using Zeiss microscope. Images were taken every 3 

min for the duration of the experiment.  These results are representative of 3 

independent experiments. 
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Figure 3.16: MASMC lacking MKP-2 exhibit a reduced success rate in cytokinesis 

completion 

Subconfluent mouse aortic smooth muscle cells of both MKP-2
+/+

 and 
−/−

 grown in full 

media (10% FCS) and analysed using Zeiss microscope. Images were taken every 3 

min for the duration of the experiment.  Cells were tracked over still TIF images and 

quantified accordingly.  *P<0.05 mean ± SEM. 

 

* 
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3.2.5.2 Optimising conditions for G2/M phase arrest 

 

Since the emergence of mitotic inhibitors, they have been utilised as synchronisation 

tools to aid in the analysis of mitotic proteins which are rapidly turned over (Sentein, 

1977).  The inhibitor of choice in this case is nocodazole, which acts as an anti-

microtubule polymerisation agent; the absence of microtubule attachment to 

kinetochores activates the spindle assembly checkpoint, causing the cell to arrest in 

prometaphase (Xu et al., 2002).  MASMCs were treated with varying concentrations 

(10ng/ml – 100ng/ml) of nocodazole to ascertain optimal treatment conditions, not only 

with a high percentage of cells accumulating in the G2/M phase but also the ability of 

the cells to regain microtubule attachment and complete cycling post-treatment (Figure 

3.17).  Low concentrations of nocodazole (10ng/ml and 20ng/ml) had little or no effect 

on prometaphase arrest when analysed by flow cytometry, with a G2/M accumulation 

of 33.4% and 35.1%, respectively.  However, both 50ng/ml and 100ng/ml displayed a 

significant accumulation of cells in G2/M phase of the cell cycle with 81.9% and 

74.2%, accordingly.  Critically however, at the top nocodazole concentration of 

100ng/ml cells were unable to cycle again, rendering this condition unsuitable.  

Deduced from these results, the nocodazole concentration of 50ng/ml will be used here 

forth in order to synchronise cells in order to assess mitotic and cytokinetic proteins.    
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Figure 3.17: Characterisation of nocodazole arrest treatment 

Subconfluent mouse aortic smooth muscle cells were treated with increasing 

concentrations of nocodazole for 16h. Cells were washed twice in PBS and stimulated 

with 10% FCS for the noted timepoint. Whole cells were harvested and fixed in 70% 

ethanol and stained with propidium iodide as outlined in the Materials and Methods 

section. These results are representative of 2 independent experiments. 
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3.2.5.3 MKP-2 is essential for the expression of proteins required for cytokinesis 

 

In order to correlate the difference in cytokinetic parameters between MKP-2 wild-type 

and knockout smooth muscle cells, they were synchronised by nocodazole to arrest in 

prometaphase of mitosis and subsequently released back into the cell cycle.   

Timepoints were determined from previous time-lapse microscopy data in order to 

convey approximate phases of prometaphase (0h), telophase (1h) and cytokinesis (2h) 

respectively.  At such times post-release, cells were lysed and assessed using SDS-

PAGE.  Cytokinesis is a complex, well-regulated process and proteins of interest 

known to be essential in the progression of cytokinesis, include Aurora B, VRK1 and 

their shared downstream target Histone H3 (Jeong et al., 2013).  A significant reduction 

in aurora B phosphorylation was evident in both asynchronous (WT 1±00 fold 

stimulation, KO 0.31±0.14 fold stimulation; p=0.0126) and nocodazole treated MKP-2
-

/-
 cells (WT 1.37±0.14 fold stimulation, KO 0.81±0.04 fold stimulation; p=0.039) in 

comparison with wild-type cells (Figure 3.18).  This trend is also noted in VRK1 

expression, however to a lesser extent than aurora B.  Further analysis to investigate the 

effect of the reduction in expression of the noted mitotic kinases, Aurora B and VRK1, 

focussed upon their shared downstream target Histone H3 on the Ser10 residue.  

Interestingly, there is no difference in Histone H3 phosphorylation between MKP-2
+/+

 

and MKP-2
-/-

 asynchronous cells (p=0.08), however upon prometaphase arrest there is 

a marked reduction in histone H3 phosphorylation at the 0h, 1h and 2h time points 

(p=0.00, 0.03, 0.006, respectively).  The noted reduction of mitotic protein expression 

supports previous data described regarding the phenotype associated with MKP-2
-/-

 

smooth muscle cells and the deficiency in cytokinesis progression.   

 

 

 



Chapter 3: Characterisation of cellular functions of MKP-2 in MASMC 

 

 

110 
 

 

 

Figure 3.18 MKP-2 is required for phosphorylation of cytokinetic proteins 

Subconfluent mouse aortic smooth muscle cells were treated with nocodazole 

(50ng/ml) for 16h. Cells were washed twice in PBS and stimulated with 10% FCS for 

the noted timepoint. Whole cell lysates were prepared, separated by SDS PAGE and 

probed for p-Histone H3 (ser10) (17kDa), VRK1 (48kDa), p-Aurora B (40 kDa) and 

GAPDH (37kDa) as described in the Materials and Methods section. Blots were 

stripped and reprobed for GAPDH which was used a loading control. These results are 

representative of 3 independent experiments. 
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Figure 3.18 cont.  Effect of MKP-2 proteins required for cytokinesis 

Subconfluent mouse aortic smooth muscle cells were treated with nocodazole 

(50ng/ml) for 16h. Cells were washed twice in PBS and stimulated with 10% FCS for 

the noted timepoint. Whole cell lysates were prepared, separated by SDS PAGE and 

probed for p-Histone H3 (ser10) (17kDa), p-Aurora B (40kDa) and GAPDH (37kDa) 

as described in the Materials and Methods section. These results are representative of 3 

independent experiments. .  *P<0.05 ***P<0.01 mean ± SEM 
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3.2.6 Over-expression of MKP-2 failed to regain MKP-2
-/-

 MASMCs proliferative 

deficiency 

3.2.6.1 Over-expression of Adenoviral WT-MKP-2 decreased proliferation rates in 

both wild-type and MKP-2 deficient MASMCs 

 

Having established from previous experiments that MKP-2 deletion significantly 

inhibited proliferation in MKP-2 deficient MASMCs, a gain of function study was 

conducted to determine whether over-expression of Adv. MKP-2 could reverse this 

deficit in cell growth. For this purpose MASMCs were infected with increasing 

concentrations of Adv. MKP-2 (200-500pfu) and assessed for MKP-2 expression by 

Western blotting (see figure 3.19). Maximum expression was achieved between 300 

and 500pfu. Based on this result the cells derived from MKP-2
-/-

 were infected with 

Adv.MKP-2 at 300pfu and cellular proliferation assessed at this concentration. In 

accordance with earlier data, cellular proliferation was reduced in the absence of MKP-

2 at all time points assessed.  Interestingly, cellular proliferation was not regained 

following Adv. MKP-2 over-expression in MKP-2
-/-

 MASMCs as shown in Figure 3.23 

(KO 14.859± 0.907x10
4
 cell number, KO + Adv.WT-MKP-2 15.9± 0.907x10

4
 cell 

number; p=0.067). In fact, addition of Adv. WT-MKP-2 cells derived from MKP-2 

wild-type, displayed a decrease in proliferation rate likewise.  (WT 21.87±0.665 x10
4
 

cell number, WT + Adv.WT-MKP-2 17.39±1.63 x10
4
 cell number; p=0.03).  These 

results demonstrate that Adv. WT-MKP-2 over-expression did not possess the ability to 

reverse the proliferative deficiency of these cells and suggest that MKP-2 

overexpression is responsible for the decrease in cell growth observed in these cells. 

Taken together, it could be noted that MKP-2 plays a significant role in proliferation in 

mouse aortic smooth cells. 
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3.2.6.2 Over-expression of Adenoviral WT-MKP-2 resulted in G1 accumulation in 

both wild-type and MKP-2 deficient MASMCs 

 

In order to further elucidate how the over-expression of Adv. WT-MKP-2 resulted in a 

significant reduction in proliferation of both wild-type and knockout smooth muscle 

cells, analysis of the cell cycle profiles were assessed using flow cytometry.  It can be 

observed that over-expression of MKP-2 results in an accumulation of cells in G1 

phase of the cell cycle in both MKP-2
+/+ 

(WT 74.1% vs. 92.3% with Adv.WT-MKP-2) 

and MKP-2
-/-

 smooth muscle cells (KO 62.5% vs. 88.1% with Adv.WT-MKP-2) 

(depicted in Figure 3.20).  Consistent with previous data displayed in Figure 3.14, 

MASMCs derived from the MKP-2 knockout mouse exhibited a greater G2/M 

accumulation (WT 26% vs. KO 38%).  This result supports data described in section 

3.2.6 where Adv.WT- MKP-2 over-expression did not possess the ability to reverse the 

proliferative deficiency of these cells; suggesting that alteration of MKP-2 expression 

is responsible for the decrease in cell growth observed in these cells.  
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Figure 3.19 Pfu curve of Adv. WT-MKP-2 in MASMCs 

Confluent mouse aortic smooth muscle cells were infected with Adv.WT-MKP-2 in 

concentrations varying from 200-500 pfu in 0.1% media. Cells were stimulated in 10% 

FCS, prepared, separated by SDS PAGE and probed for MKP-2 (43kDa). Blots were 

stripped and reprobed for T-ERK which was used a loading control These results are 

representative of 3 independent experiments. 
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Figure 3.20 Effect of Adv.WT-MKP-2 on cell cycle in MASMCs  

Subconfluent mouse aortic smooth muscle cells were infected with Adv.WT-MKP-2 

(300pfu) rendered quiescent in 0.1% FCS for 24h prior to stimulation, both MKP-2
+/+

 

and
 −/−

 were stimulated with 10% FCS for 24h. Whole cells were harvested and fixed in 

70% ethanol) and stained with propidium iodide as outlined in the Materials and 

Methods section.  These results are representative of 2 independent experiments. 
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Figure 3.21: Effect of Adv. WT MKP-2 on proliferation 

Subconfluent mouse aortic smooth muscle cells of both MKP-2+/+ and MKP-2−/−, 

were infected with Adv.WT-MKP-2 (300pfu) and rendered quiescent in 0.1% FCS for 

24h prior to stimulation. Cells were then stimulated with 10% FCS for 48h over 24h 

time periods. Proliferation was measured by cell counting at 24h intervals over a 48h 

time period. These results are representative of 3 independent experiments. 
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3.6.3 Over-expression of Adenoviral WT-MKP-2 and CI-MKP-2 and the 

differential effect on ERK signalling  

 

Following the observation of Adv.WT-MKP-2 having a detrimental effect on cell 

proliferation, opportunity arises to question the mechanism by which this occurs and 

how, or if this relates to MKP-2
-/-

 smooth muscle cells exhibiting cytokinetic 

phenotypic differences.  The use of a constitutively-inactive (CI) adenoviral MKP-2, 

allows for exploration into the non-catalytic effect of MKP-2.  Figure 3.22 displays the 

effect of both the Adv.WT-MKP-2 and Adv.CI-MKP-2 on ERK signalling.  It can be 

seen that over-expression of WT-MKP-2 abolishes ERK signalling; however this effect 

is not seen with over-expression of CI-MKP-2 (Figure 3.22), confirming the lack of 

catalytic activity.  It should be noted that no difference in total ERK was observed and 

therefore the effect observed is dependent upon the activity of ERK rather than total 

protein. It can therefore be concluded that Adv.CI-MKP-2 can be used as a tool to 

investigate the potential for MKP-2 to be acting independent of its catalytic activity.  
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Figure 3.22: Adv. WT MKP-2 inhibits ERK signalling in MASMC 

Confluent mouse aortic smooth muscle cells were infected with Adv.WT-MKP-2 and 

Adv.CI-MKP-2 300 pfu in 0.1% media. Cells were stimulated in 10% FCS, prepared, 

separated by SDS PAGE and probed for p-ERK (44/42kDa), MKP-2(43kDa). Blots 

were stripped and reprobed for T-ERK which was used a loading control (44/42kDa). 

These results are representative of 2 independent experiments. 
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3.2.7 Over-expression of CI-MKP-2 suggests a non-MAP kinase dependant role 

for MKP-2 in MASMC proliferation 

3.2.7.1 Over-expression of Adenoviral CI-MKP-2 decreased proliferation rates in 

both wild-type and MKP-2 deficient MASMCs 

 

Having established from previous experiments that WT-MKP-2 over-expression 

significantly inhibited proliferation in MASMCs, a gain of function study was 

conducted to determine whether over-expression of Adv. CI-MKP-2 could reverse this 

deficit in cell growth by reintroducing the capacity for MKP-2 to bind to known or 

unknown substrates. For this purpose MASMCs were infected with increasing 

concentration of Adv. CI-MKP-2 (200-500 pfu) and assessed for MKP-2 expression by 

Western blotting (see figure 3.23). Maximum expression was achieved between 300 

and 500 pfu. Based on this result the cells derived from MKP-2
-/-

 were infected with 

Adv. MKP-2 at 300 pfu and cellular proliferation assessed at this concentration.   

 

Assessment of Adv.CI-MKP-2 over-expression in reversing the G2/M accumulation in 

MKP-2
-/-

 MASMC was conducted using flow cytometric cell cycle analysis.  Initial 

results depicted in Figure 3.24, imply over-expression of CI-MKP-2 has the capacity to 

reverse the G2/M accumulation observed in MKP-2
-/-

 MASMCs, with a significant 

reduction of 16% (p<0.05).  However, also notable was the slight, albeit not significant 

reduction of adenovirally infected MKP-2
+/+

 cells in G2/M phase of the cell cycle.  

This could therefore suggest that over-expression of a catalytically-inactive mutant of 

MKP-2 may have an effect on the proliferation of both wild-type and MKP-2 knockout 

MASMCs.  To investigate this possibility, the effect of Adv.CI-MKP-2 on cellular 

proliferation was assessed using haemocytometer counting (as described in Materials 

and Methods section).  In concordance with previously described data, MKP-2
-/-

 

MASMCs have a slower proliferative growth when compared with MKP-2
+/+

 

MASMCs (Figure 3.25).  However, it can be seen that once overexpressed with CI-

MKP-2 both wild-type and knockout MASMCs exhibit a marked reduction in 

proliferation, comparable MKP-2
-/-

 cells (WT 21.87±0.665 x10
4
 cell number, WT + 

Adv.WT-MKP-2 18.14±1.02 x10
4
 cell number; KO 14.859± 0.907 x10

4
 cell number, 
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KO + Adv.WT-MKP-2 16.15± 1.54 x10
4
 cell number).  Due to lack of ERK 

dephosphorylation in Adv.CI-MKP-2 cells, it can be deduced that this proliferative 

defect is not an ERK-dependant signalling deficit but does suggest MKP-2 requires its 

catalytic activity for a successful proliferative profile.   
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Figure 3.23 PFU curve of Adv.CI-MKP-2 

Subconfluent mouse aortic smooth muscle cells were infected with Adv.CI-MKP-2 in 

concentrations varying from 200-500 pfu in 0.1% media. Cells were stimulated in 10% 

FCS, prepared, separated by SDS PAGE and probed for MKP-2 (43 kDa) and  stripped 

and reprobed for GAPDH which was used a loading control GAPDH (37kDa). 
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Figure 3.24 Effect of Adv.CI-MKP-2 on MASMC Cell Cycle 

Subconfluent mouse aortic smooth muscle cells were infected with Adv.CI-MKP-2 

(300pfu) rendered quiescent in 0.1% FCS for 24h prior to stimulation, both MKP-2
+/+

 

and 
−/− 

were stimulated with 10% FCS for 24h. Whole cells were harvested and fixed in 

70% ethanol and stained with propidium iodide, as outlined in the Materials and 

Methods section. These results are representative of 3 independent experiments. 

*P<0.05 mean ± S.E. Statistical analysis was corrected using Bonferoni‘s 

considerations 
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Figure 3.25 Effect of Adv.CI-MKP-2 on MASMC Proliferation 

Subconfluent mouse aortic smooth muscle cells of both MKP-2
+/+

 and
 −/−,

 were infected 

with Adv.CI-MKP-2 (300pfu) and rendered quiescent in 0.1% FCS for 24h prior to 

stimulation. Cells were then stimulated with 10% FCS for 48h over 24h time periods. 

Proliferation was measured by cell counting at 24h intervals over a 48h time period. 

These results are representative of 2 independent experiments. 
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3.2.7.2 Over-expression of Adenoviral CI-MKP-2 decreased expression of proteins 

required for cytokinesis in both wild-type and MKP-2 deficient MASMCs 

 

From previous experiments it has been established that an MKP-2 catalytically-inactive 

mutant results in a proliferative deficit, however the effect on proteins required for 

cytokinesis are yet to be elucidated.  Using a combination of nocodazole and Adv.CI-

MKP-2 treatment, the effect of CI-MKP-2 on synchronised cells in mitosis was 

conducted.   It can be seen from Figure 3.26, asynchronous MKP-2
-/-

MASMCs exhibit 

a significant lower expression of phospho-Histone H3 when compared with wild-type 

cells (WT 1, KO 0.71±0.09; p=0.05).  Upon infection with Adv.CI-MKP-2, a modest 

reduction in Histone H3 expression was consistent in MKP-2 deficient MASMCs (WT 

+ Adv.CI-MKP-2 0.63±0.1; KO + Adv.CI-MKP-2 0.57 ±0.002; p=0.122).  Once 

synchronised both MKP-2
+/+

 and MKP-2
-/-

 MASMCs exhibit a marked reduction in 

Histone H3 (ser10) phosphorylation once infected with Adv.CI-MKP-2 (WT 

0.789±0.09, WT + Adv.CI-MKP-2 0.5±0.04; KO 0.742±0.084, KO + Adv.CI-MKP-2 

0.34±0.009).  This reduction of phosphorylation shown in Histone H3 is consistent 

over the 0h and 2h time point (WT 0.6±0.02, KO 0.54 ±0.04; p=0.003) post-release 

from nocodazole, suggesting that the catalytic activity of MKP-2 is required for cells in 

prometaphase and cytokinesis.  Interestingly, ERK phosphorylation was shown to be 

upregulated in cytokinesis timepoints when compared to asynchronous cells and cells 

in prometaphase of mitosis.  This requirement of ERK is exhibited in MASMCs 

derived from both wild-type and MKP-2 knockout mice; however the Adv.CI-MKP-2 

had no effect on ERK phosphorylation.  Collectively these data suggest that MKP-2 

requires its catalytic activity for full proliferative capacity but may not involve the 

inactivation of ERK or JNK. 
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Figure 3.26 Effect of Adv.CI-MKP-2 on MASMCs in proteins required for 

cytokinesis 

Subconfluent mouse aortic smooth muscle cells were infected with Adv.CI-MKP-2 

(300pfu). Once infected, cells they were treated with nocodazole (50ng/ml) for 16h. 

Cells were washed twice in PBS and stimulated with 10% FCS for the noted timepoint. 

Whole cell lysates were prepared, separated by SDS PAGE and probed for p-Histone 

H3 (ser10) (17kDa), p-ERK1/2 (44/42kDa)GAPDH (37kDa) as described in the 

Material and Methods section. These results are representative of 3 independent 

experiments.   
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Figure 3.26Cont. Effect of Adv.Ci-MKP-2 on MASMCs in proteins required for 

cytokinesis 

Subconfluent mouse aortic smooth muscle cells were infected with Adv.CI-MKP-2 

(300pfu). Once infected, cells were treated with nocodazole (50ng/ml) for 16h. Cells 

were washed twice in PBS and stimulated with 10% FCS for the noted timepoint. 

Whole cell lysates were prepared, separated by SDS PAGE and probed for p-Histone 

H3 (ser10) (17 kDa)as described in the Material and Methods section. These results are 

representative of 3 independent experiments. .  *P<0.05 mean ± SEM 
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3.3 Discussion 

 

MAP kinase phosphatase-2 (MKP-2) is a type 1 dual specificity phosphatase (DUSP) 

which has been previously shown to regulate the activities of MAP kinase substrates, 

ERK and JNK in vitro (Misra-Press et al. 1995; Owens and Keyse, 2007; Lawan et al., 

2012). However, unlike other DUSP family members, the cellular functions of MKP-2 

are not well described within the literature. This chapter focused upon the use of a 

novel MAP kinase phosphatase-2 knockout (MKP-2) mouse and investigated the 

consequences of deletion on both, MAP kinase regulation and cellular growth.  MKP-2 

is often overshadowed by the prototypic phosphatase, MKP-1 largely due to their 

significantly similar sequence homology and function as type 1 DUSPs.  

Considerations have also implied that there is potential for overlapping or 

compensatory functions between MKP-1 and MKP-2.  Indeed, as previously the MKP-

2 knockout mouse generated did not display an obvious phenotypic change; they were 

of normal weight, fertile and displayed no developmental, growth or behavioural 

abnormalities (Lawan et al., 2011). This is consistent with mice lacking MKP-1, which 

show no phenotypic abnormalities and cells generated from these mice demonstrate no 

sign of irregular regulation of ERK signalling (Dorfman et al., 1996).   

 

Firstly, aortae dissected from wild-type and knockout MKP-2 mice were assessed to 

investigate their endogenous structural phenotypes.  As discussed within the results 

text, there are no major structural differences exhibited between MKP-2
+/+

 and MKP
-/-

 

aortae.  There have yet to be published data to support this, as no histology of the aorta 

has previously been conducted in Dusp4 mice.  It should be recognised that the aortae 

staining shown in Figure 3.1 were carried out using basic haematoxylin and eosin 

which highlights merely nucleus and cytoplasm.  However time permitting, further 

investigative stains such as Masson‘s trichrome for collagen composition or smooth 

muscle actin to assess a possible difference in cellular composition with the vessel. In 

order to confirm the cells grown in culture were specifically smooth muscle cells 

originating from the medial layer of the aorta, they were probed for SMA-α by both 

immunofluorescence and Western blotting.  Both methods resulted in a positive result 
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of the smooth muscle actin marker, confirming that both MKP-2
+/+

and MKP-2
-/-

 cells 

in question possessed the specific contractile phenotype associated with MASMCs.  

Further analysis was carried out in order compare the ability of both wild-type and 

MKP-2 knockout cells to differentiate from contractile to synthetic, proliferative 

MASMCs driven by PDGF stimulation.  As displayed in Figure 3.2 both wild-type and 

MKP-2 knockout cells display a comparable level of differentiation denoted by the 

reduction of SMA-α expression.  No study has previously investigated the effect of 

MKP-2 on SMA-α expression; however SMC differentiation was shown to be altered 

in MKP-1 knockout mice.  Lung slices obtained from an MKP-1 deficient mouse 

expressed higher levels of SMA-α when compared with MKP-1
+/+

 mice under hypoxic 

conditions (Shields et al., 2011).  This study suggests exaggerated SMA expression in 

the vascular wall of MKP-1-null lung, may be due to chronic exposure to hypoxia 

triggering structural remodelling of the wall (Shields et al., 2011).  The contradiction 

between these studies may implicate differential roles for MKP-1 and MKP-2 despite 

the similarity in the sequence homology; however it may also indicate merely a 

difference in response of SMA expression to PDGF and hypoxia.   

 

The induction of MKP-2 was attained using established activation agents, fetal calf 

serum (Sloss et al., 2005). The induction of MKP-2 was observed 4h after serum 

stimulation in wild type MASMCs (figure 3.6). This in contrast to MKP-1 induction 

which is normally detected as early as 30 min to 1 h after treatment with serum and 

other activating agents (Wu and Bennett, 2005; Manetsch et al., 2013), suggesting that 

the mechanisms of induction of these phosphatases may not be the same. However, 

MKP-1 has been described as an early response gene and thus it is not surprising for 

the rapid activation to be evident.  This compares well with work published by Lawan 

et al., (2011), in which mouse embryonic fibroblasts cultured from MKP-2 knockout 

mice; similar to the smooth muscle cell primary culture process utilised in this study.  

The induction of MKP-2 was observed 2 h after serum stimulation in wild type MEFs, 

suggesting a similar activation of MKP-2 in smooth muscle cells and fibroblasts. 
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In this current study, induction of MKP-2 expression was exclusively controlled by 

ERK signalling but not by JNK or p38 MAPK, indicating that activation of ERK 

pathway is sufficient to promote the expression of MKP-2 (figure 3.7). Like MKP-1, 

MKP-2 contains a X(S/T)P motif (X, any neutral or basic amino acid; S/T, serine or 

threonine; P, proline), which can be usually recognized and phosphorylated by ERK 

(Clark-Lewis et al., 1991; Gonzalez et al., 1991; Zhang et al., 2007).   Although MKP-2 

can be regulated by ERK, the mechanism underlying its regulation is not fully 

understood.  Peng et al., (2010) investigated activation of MKP-2 in MDA231 breast 

cancer cell lines, where they detail MKP-2 to be completely inhibited by the MEK 

inhibitor U0126, and partially inhibited by the p38 inhibitor SB203580. However, the 

JNK inhibitor SP600125 had no effect on phosphorylation of MKP-2. This group 

further describe how SB203580 partially inhibited the activation of ERK, which could 

explain why SB203580 has some effects on phosphorylation of MKP-2.  Taken 

together, it can be deduced that MKP-2 activation is primarily controlled by ERK 

signalling.  This further supports earlier studies implicating MKP-2 as part of a 

negative feedback loop for down regulating ERK phosphorylation and hence mitogenic 

signalling (Guan and Butch, 1995).  Interestingly, it should not be overlooked that 

although the U0126 inhibitor resulted in a reduction in MKP-2 activation in MASMCs, 

it was not completely abolished.  This could suggest a potential role for non-MAP 

kinase involvement in the activation of MKP-2 in smooth muscle cells.  However it 

must not be overlooked that the inhibition of ERK may alter the stability of MKP-2 and 

therefore would suggest a possible accountability for the reduction in ERK expression.   

 

MAP kinases also regulate the stability of DUSPs at the protein level by binding to 

MAP kinase substrates (Camps, et al. 1998).  Interestingly MKP-1 has conflicting roles 

in protein stabilisation, where MAP kinase binding can decrease protein stability and 

promote MKP-1 proteolysis through the ubiquitin ligase SCFSkp2 (Lin and Yang et al., 

2006). However, ERK-mediated phosphorylation of C-terminal residues (Ser359 and 

Ser364 in DUSP1⁄ MKP-1) in DUSP1⁄MKP-1 has been shown to result in increased 

protein stability, thus resulting in positive reinforcement of phosphatase activity and 

autoregulatory negative feedback control.  Further examples include how DUSP5 
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expression has been found to be reduced by incubation with the MEK inhibitor U0126, 

post protein induction (Kucharska et al., 2009), suggesting a requirement for ERK 

activity.  Similarly, treatment with U0126 also decreased MKP-3 mRNA and protein 

expression (Zeliadt et al., 2008). Moreover, a dual effect of mTOR phosphorylation of 

MKP-3 on Ser159 and ERK phosphorylation of Ser197 residues results a threefold 

reduction in MKP-3 half-life, forming a positive feedback loop following mitogenic 

stimulation (Marchetti et al., 2005).  Thus a general pattern has emerged suggesting 

that ERK binding to MKPs is essential for full protein expression.  Work from our 

laboratory detailed a variant of MKP-2 lacking the ERK binding was more prone to 

proteolytic degradation (Cadalbert et al., 2010).  Recent work has detailed how ERK-

mediated phosphorylation of C-terminal residues on MKP-2 increased protein stability 

(Cagnol and Rivard, 2012). However, it is notable that the ERK-dependent 

phosphorylation sites on MKP-1 and MKP-2 are at the C-terminus, close to the 

catalytic site of ERK when associated via the N-terminal KIM domain.   

 

Initial experiments have demonstrated that deletion of MKP-2 resulted in a slight 

increase in baseline ERK activity in cultured MASMCs (figure 3.9). This is supported 

by similar studies in MKP-3 knockout fibroblasts which reported higher basal ERK 

phosphorylation (Maillet et al. 2008).  However, SMC derived from human carotid 

artery with MKP-1 over-expression displayed no difference in baseline ERK 

phosphorylation, thus suggesting that certain MKPs may function to regulate the 

baseline tone of some of the MAP kinases. It was also found that ERK phosphorylation 

did not increase in response to PDGF or FCS in MKP-2
-/-

 MASMCs over a time course 

that was similar to that of MKP-2 induction (Figure 3.5).  The surprising lack of 

difference in ERK signalling between MKP-2
+/+

 and MKP-2
-/-

 MASMC was supported 

by a report by Al- Mutairi et al., (2010) of which observed in macrophages, ERK 

signalling was not enhanced subsequent to MKP-2 deletion. This is contrast to work 

published by Lawan et al., (2011) where PDGF stimulated MKP-2
-/-

MEFs resulted in a 

significant, albeit slight increase in ERK phosphorylation.  Smooth muscle cell ERK 

phosphorylation has been shown to be sustained upon stimulation (McDonald et al., 

2010).  It should be recognised that despite the seeming lack of change of ERK in 
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MKP-2 deficient smooth muscle cells, further experimentation should be carried out to 

investigate the subcellular location of the active ERK; this could be completed by 

simple immunofluorescent microscopy or crude nuclear extracts.  Furthermore, the 

surprising unaltered ERK signalling in MKP-2
-/-

 MASMCs may be due to a 

reconditioning of the smooth muscle cell phenotype, when residing in the aorta they do 

not proliferative endogenously but do so in response to injury.   However, due to the 

mechanical stress endured throughout the primary culture process, combined with 

constant serum treatment may have conditioned the smooth muscle cells to have a 

sustained ERK activation, thus it is likely that the magnitude of activation obscured the 

potential regulatory effects of MKP-2 deletion.  

 

An initial important finding in this study was the observation that the loss of MKP-2 

protein caused alteration in the proliferation of MASMCs. Smooth muscle cells derived 

from MKP-2
-/-

 exhibited significantly reduced cell growth compared with MKP-2
+/+

 

counterparts (figure 3.10 & 3.11). In contrast, further studies utilising a Dusp4 

knockout mouse in an immunological setting, observed that CD4 T-cells deficient in 

MKP-2 were hyperproliferative with enhanced IL-2/IL-2R expression; nonetheless, no 

effect was exhibited of the knockout on the MAP kinase signalling profile (Huang et 

al., 2012).  However, the finding in this present study is similar to more recent data 

which showed that deletion of MKP-2 inhibited the proliferation of fibroblasts (Lawan 

et al., 2011) therefore the proliferative alterations by MKPs may act in cell-type 

specific manner.  It has been demonstrated that in response to serum, MKP-1 over-

expression in vascular smooth muscle cells (VSMC) led to an inhibition of DNA 

synthesis thereby inhibiting VSMC proliferation (Li et al., 1999).  This was supported 

by Chai et al., (2002) who detail how over-expression of MKP-1 in smooth muscle 

cells derived from spontaneously hypertensive rats result in a reduction in proliferation.  

Another report also demonstrated that fibroblasts derived from MKP-1 knockout mice 

displayed equal levels of ERK activity and cell proliferation with that of MKP-1
+/+

 

MEF (Dorfman et al., 1996). The authors concluded that MKP-1 plays a redundant role 

in the control of ERK activity and cell proliferation, yet this hypothesis does not 

correlate with the current study nor numerous other published data as described above.  
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These studies and the data presented in this chapter indicate that deletion the of some 

MKPs can lead to alteration in cell growth; whether it results in a hyperproliferative or 

hypoproliferative phenotype.   

 

The decrease in proliferation in MKP-2 deficient MASMCs correlated with a 

significant accumulation of cells in G2/M phase (Figure 3.12). This is consistent with 

work published where fibroblasts derived from MKP-2
-/-

mice exhibit a G2/M 

accumulation (Lawan et al., 2011).  Indeed, it was reported that siRNA mediated knock 

down of MKP-2 protein expression attenuated the proliferation of MKK-f cells in vitro 

and in vivo, which was correlated with the inhibition of cyclin B1 expression and cdc-2 

phosphorylation (Hasegawa et al., 2008) Other MKPs have been implicated in cell 

cycle progression, where MKP-4 over-expression resulted in an ERK-independent 

G2/M associated cell death and microtubule disruption (Liu et al., 2006).   

 

However, in the current study analysis of some of the cell cycle regulatory proteins 

were not consistent with G2/M phase arrest, for example the expression patterns of 

cyclin B1 and p-cdc-2 were unaltered in MKP-2
-/-

 MASMCs (Figure 3.13). The 

findings outlined in this chapter could possibly be due to only a proportion of cells 

were delayed in this phase of the cycle and that a large proportion of the cells 

progressed through the cycle normally and change in protein may be concealed.  This 

limitation could be overcome by refining the population using cell sorting techniques 

and extracting the viable cells and subsequently assessing cdc-2 and cyclinB1 

expression.  Interestingly, a mechanism known as ―mitotic slippage‖ is of increasing 

interest within the cancer chemotherapy field, a process by which cells can eventually 

override mitotic arrest without the completion of cytokinesis, resulting in hyperploid 

formation independent of cyclin B1 and p53 regulation (Huang et al., 2010; Toda et al., 

2012).  Therefore it could be hypothesised that MKP-2
-/-

 MASMCs may undergo 

mitotic slippage. Accounting for the G2/M accumulation of these cells despite the 

molecular expression of cyclin B1 and cdc-2 remaining comparable between MKP-2
-/- 

and MKP-2
+/+

 MASMCs.  Nevertheless, early work published details of how 
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butyrolactone, a cdc-2 specific inhibitor resulted in a G2/M accumulation but had no 

effect on mitotic slippage (Tsuiki et al., 2001).   

 

Furthermore, it could also be suggested that the notable dysfunction in MKP-2
-/-

 

MASMCs could be very late in mitosis; the stage at which both cdc-2 and cyclin B1 are 

degraded thus MKP-2 deletion may be involved in late-stage mitosis.  In order to 

investigate this possibility, time-lapse microscopy was utilised to build a more complex 

profile of smooth muscle cells in mitosis.  Previous studies involving MKPs have failed 

to assess late mitotic function despite a reduction in proliferative capacity. By use of 

real-time imaging in MKP-2
-/- 

MASMCs, a marked time increase in abscission 

completion was observed (Fig 3.18).  Overall, the success rate of cells deficient in 

MKP-2 completing cytokinesis was markedly reduced in comparison with wild-type.  

Notably, the extension of the intercellular bridge was longer in length for the MKP-2 

knockout in comparison with the wild-type suggesting dysfunction in the final stage of 

cytokinesis, known as abscission (Figure 3.15).  No previous data has been published to 

investigating a role for MKPs in cytokinesis, or more specifically abscission.  

Following abscission, the residual midbody structure, known as the midbody 

derivative, possesses cell-type specific fates. The midbody derivative is either released 

to the extracellular medium (Ettinger et al., 2011), degraded by autophagy (Pohl & 

Jentsch, 2009) or persists in the cytoplasm (Ettinger et al., 2011).  Therefore it could be 

suggested that MKP-2 may play a role in autophagy in the final processing of the 

midbody derivative.  To date, no studies investigating a role for MKPs in autophagy 

have been conducted.  However, autophagy is driven by Akt/mTOR signalling which is 

known to be MAP kinase-induced (Olsen et al., 2012), therefore regulation of MAP 

kinase signalling by MKPs could suggest a potential regulatory role for MKPs in 

autophagy.   

 

Despite these suggestions for a possible regulatory role for MKP-2, the effect of MKP-

2 deletion should not be overlooked.  As previously discussed, the seeming lack of 

change of ERK in MKP-2 deficient smooth muscle cells, does not investigate the 

subcellular location of the active ERK.  This could be important as MKP-2 may have 
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the potential to act as a shuttle protein and therefore phosphorylation may appear 

unchanged, when in fact the phosphorylated ERK could be accumulating in the 

cytoplasm.  When discussing cytokinesis, ERK has shown to be crucial in the 

completion of abscission; where treatment with U0126, an ERK pathway inhibitor, 

decreases tyrosine phosphorylation levels at the midbody, leading to abscission failure 

in HeLa cells (Kasahara et al., 2007).  Further study details how Src kinase activity 

during the early mitosis mediates ERK activation in late cytokinesis, indicating that 

Src-mediated signalling for abscission is spatially and temporally transmitted 

(Kasahara et al., 2007).  Therefore, with the apparent unaltered ERK signalling in 

MKP-2
-/-

 MASMCs, there is a possibility of MKP-2 acting upon Src kinase mediating 

cytokinesis in an indirect manner.   This would not be their first interaction between Src 

kinase and a member of the MKP family; by use of pharmacological tools, a Src kinase 

inhibitor (PP1) completely blocked both VEGF- and thrombin-induced MKP-1 

expression (Kinney et al., 2008).  The result of this study may merely suggest that Src 

kinase activates ERK, which is required for MKP-1 activation and therefore inhibiting 

this kinase would result in a downregulation of ERK and subsequently, MKP-1 

expression.  However, this theory is neither confirmed nor disputed.  Therefore a 

potential role for MKP-2 in regulating cytokinesis via Src kinase could be viable option 

for further investigation. 

 

In addition to the late mitotic phenotypic changes, molecular levels correlated with a 

reduction Aurora B phosphorylation in the MKP-2
-/-

 synchronised MASMCs. Severson 

et al., (2000) describe the requirement for Aurora B activity in order for the effective 

execution of cytokinesis, supporting data obtained from time-lapse microscopy. A large 

number of studies investigating cytokinesis use a yeast interaction model where a 

pivotal role of Aurora B in microtubule disassembly (Buvelot et al., 2003) and 

abscission (Norden et al., 2006) has been elucidated. In budding yeast, Ipl1 (the yeast 

equivalent to mammalian Aurora B) plays a role during cytokinesis by controlling the 

NoCut pathway that prevents abscission. Ipl1 controls the localisation of the anillin-

related proteins Boi1 and Boi2, which they can function as abscission inhibitors and 

prevent premature abscission and concomitant chromosome breakage (Norden et al., 
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2006). Conversely, inhibition of Aurora B kinase by B181123 leads to the formation of 

polyploidal cells supporting the correlation of reduced Aurora B and G2/M 

accumulation in MKP-2 knockout MASMCs. Counterintuitively, by inhibiting Aurora 

B kinase, multinucleate cells formed to continue to divide however they will resultantly 

become senescent or undergo apoptosis (Gurtler et al., 2010).  Recently, Aurora B is 

becoming linked as a marker in many hyperproliferative cancers where the gene is not 

reported to be commonly amplified nor specific mutations present (Fernandez-Miranda 

et al., 2011). However, over-expression at the mRNA and protein levels was reported 

in different types of cancer including breast, colorectal, kidney, lung and prostate 

carcinoma (Reviewed in Hegyi et al., 2012).   

 

Another emerging marker of Aurora B activity is the downstream target, histone H3 

(Ser10).  H3 phosphorylation is believed to be involved in two structurally opposed 

processes: transcriptional activation (Nowak and Corces, 2000), requiring chromatin 

decondensation, and chromosome compaction during cell division (Kaszas and Cande, 

2000).  As shown in Figure 3.19, a marked reduction in Histone H3 (Ser10) 

phosphorylation was exhibited in synchronised MKP-2
-/- 

MASMCs compared with 

MKP-2
+/+

 cells; a result consistent with the reduction in upstream aurora B 

phosphorylation.  Interestingly, there was no difference in phosphorylation of Histone 

H3 in asynchronous cells which could be significant of the multiple upstream targets of 

Histone H3 compensating for the lack of Aurora B activity.  Recent work has described 

how MKP-2 regulates histone H3 phosphorylation in response to oxidative stress in 

mitosis, however does not act via direct dephosphorylation (Jeong et al., 2013).  

Instead, it has been described that MKP-2 interacts with VRK1, another mitotic kinase 

similar to aurora B, to modulate histone H3 activity regardless of MKP-2 phosphatase 

activity.  Conversely, histone H3 was deemed a novel substrate of MKP-1 in 

endothelial cells; where MKP-1-substrate complexes were immunoprecipitated, which 

yielded four bands of 17, 15, 14, and 10 kDa identified by mass spectrometry as 

histones H3, H2B, H2A, and H4, respectively (Kinney et al., 2009).  Collectively these 

data depict the potential for MKPs to interact with histone H3 in modulating gene 
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expression and mitotic function- whether the interaction be via direct 

dephosphorylation or otherwise.   

 

In this study the adenoviral mediated over-expression of WT-MKP-2 was utilised as an 

experimental pharmacological tool to reverse the proliferative dysfunction observed in 

MKP-2
-/-

 MASMC.  In the current study however this is not the case, over-expression 

of WT-MKP-2 in wild-type and MKP-2 redundant MASMCs resulted in a reduction in 

proliferation in both cell types when compared to wild-type cells.  This supports data 

described earlier in this chapter, where MKP-2 is noted to be essential in proliferation 

and thus modulating MKP-2 expression has a detrimental effect on cellular growth.  

However, somewhat contradictory evidence has been published.  MEFs derived from 

our MKP-2 knockout mouse and treated with Adv.WT-MKP-2, exhibited a recovery of 

proliferative capacity (Lawan et al., 2011) an effect not seen in the current study.  

Interestingly, the published work did not detail the effect of MKP-2 over-expression on 

wild-type cells, where it was evident in MASMCs that MKP-2 over-expression was 

detrimental to the capacity of both MKP-2
+/+ 

and MKP-2
-/- 

cells to proliferate.   

 

Further investigations detail how MKP-2 over-expression results in a G1/S 

accumulation in both MKP-2
+/+ 

and MKP-2
-/- 

MASMCs.  No previous study has 

assessed the cell cycle progression profile of cells infected with Adv.WT-MKP-2.  

However, in rat arterial smooth muscle cells overexpressing MKP-1, growth was 

arrested in the G1 phase and entry into the S phase was blocked, supporting the 

findings of the current study. They believe the reduction in MKP-1 expression may 

contribute in part to proliferation of smooth muscle cells after vascular injury, possibly 

through a decrease in dephosphorylation of ERK (Lai et al., 1996).  As shown in Figure 

3.23, Adv.WT-MKP-2 ablates ERK signalling and could therefore account for the G1/S 

accumulation observed.  The detrimental effect of ERK inhibition has been well 

documented in the prevention of S phase progression (Ussar & Voss, 2004), where 

following G1/S arrest, known proteins upstream of ERK, including Raf and MEK, are 

not activated. However, retained ERK activation under conditions in which Raf and 

MEK activation is lost is observed, suggesting that G1/S arrest acts at the level of ERK 
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dephosphorylation; suggesting action may be via MKPs.  The responsibility of ERK in 

G1/S progression is established within the literature, a novel MEK inhibitor JTP-70902 

is utilising this interaction in an antitumour setting to reduce the growth of 

fibrosarcoma cells (Matsui et al., 2010).  Collectively, these data can explain how cells 

over-expressing WT-MKP-2 reduces their proliferative capacity, via ERK ablation and 

subsequent G1/S accumulation.  Therefore, utilising Adv.WT-MKP-2 does not seem an 

ideal tool to assess a gain of function in MKP-2
-/-

 MASMCs which display a 

dysfunction in late stage mitosis.  Ideally, an inducible WT-MKP-2 adenovirus could 

have been employed which would allow for cells to surpass S phase and reach mitosis, 

to assess any possible regain of phenotype.   

 

From the data discussed so far, it can be concluded that MKP-2 deficient MASMCs 

exhibit no apparent difference in MAP kinase signalling but do possess a significant 

dysfunction in cytokinesis, thus it could be suggested that the loss of proliferative 

capacity may act independent of MAP kinase activity.  In order to investigate this 

hypothesis further, a constitutively-inactive adenoviral MKP-2 was utilised.   

Removing the catalytic activity of MKP-2 initially seemed promising with a significant 

reduction in G2/M accumulation in MKP-2
-/-

 MASMCs over-expressing CI-MKP-2; 

thus we hypothesised that MKP-2 would have the capacity to bind with a substrate to 

promote successful mitotic exit.  However, further analysis proved controversial where 

both MKP-2
+/+

 and MKP-2
-/- 

MASMC exhibited a marked reduction in proliferation, 

with a reduction in cytokinetic protein expression suggesting a detrimental 

consequence by the removal the catalytic activity of MKP-2.  The current study, for the 

first time suggests a unique role for MKP-2 in cytokinesis requiring its phosphatase 

activity, albeit in a non-MAP kinase dependant manner.  Therefore suggesting MKP-2 

has the potential to interact with non-MAP kinase substrates in order to regulate 

cytokinesis.  Indeed, numerous conflicting studies have shown other MKPs have 

targeted proteins out with their documented MAP kinase specificity; MKP-1 has been 

proposed to act as a phosphatase towards phosphorylated histone H3. Specifically, it 

was found that the dephosphorylation of histone H3 (Ser10) correlated exactly with the 

kinetics of MKP-1 protein induction in response to thrombin and vascular endothelial 
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growth factor. Both in vitro phosphatase assays and the results of siRNA-mediated 

knockdown suggested that MKP-1 was the responsible activity (Kinney et al., 2009).  

Controversially, the Caunt group derived MEFs from MKP-1 deficient mice and in 

agreement with the previous publication; they found that histone H3 dephosphorylation 

correlated exactly with the appearance of the MKP-1 protein. However, the kinetics of 

dephosphorylation were identical in cells lacking MKP-1, indicating that this 

phosphatase is unlikely to be the activity responsible (Staple et al., 2010).  

Furthermore, the ERK-specific cytoplasmic phosphatase MKP-3 has been implicated in 

the positive regulation of gluconeogenic gene expression and is upregulated in the 

livers of diet-induced obese mice. It has suggested that MKP-3 may intervene more 

directly in this pathway by interacting with and dephosphorylating the transcription 

factor forkhead box O1 (FOXO1). MKP-3 mediated dephosphorylation of Ser256 in 

FOXO1 is proposed to promote FOXO1 nuclear import, thus increasing its 

transcriptional activity.  The main evidence implicating MKP-3 in the regulation of 

FOXO1 was its coimmunoprecipitation with FOXO1 and its ability to dephosphorylate 

FOXO1 when coexpressed in cells.  It was therefore concluded that MAPK 

phosphatase-3 promotes hepatic gluconeogenesis through dephosphorylation of 

forkhead box O1 in mice (Wu et al., 2010).  To the date, only one study has detailed 

MKP-2 directly interacting with a non-MAP kinase substrate, VRK1 regardless of its 

phosphatase activity (Jeong et al., 2013).  Further investigation to elucidate the site of 

interaction was in the chromatin fraction; more specifically MKP-2 interacts with 

VRK1 in the heterochromatin fraction, where histones are abundant and MKP-2 and 

VRK1 exist together.  This could serve as a potential mechanism of action to the 

cytokinetic dysfunction in MKP-2
-/- 

MASMC, where cells deficient in MKP-2 lack the 

VRK1 interaction on heterochromatin and subsequently alter histone H3 activity.   

 

Ultimately, throughout this chapter there have been some baseline errors that were 

initially overlooked which would have strengthened the impact of this data.  Firstly, for 

all Western blots carried out, Bradford assays to quantitatively assess the amount of 

protein in each sample would have been advantageous.  Instead, protein in each 

samples was estimated by comparable confluency of cells and subsequently compared 
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to the loading control.  Furthermore, analysis of Western blotting could have been 

clearer by quantifying bands as a ratio to the loading control.   

 

In conclusion, the findings in this study strongly suggest that MKP-2 is necessary for 

cell proliferation and more specifically, cytokinesis. It also demonstrates that the 

mechanism, by which MKP-2 controls mitotic progression, requires its phosphatase 

activity albeit possibly in a non-MAP kinase dependant manner.   

 

  



Chapter 4: Effect of MKP-2 over-expression on cellular proliferation in HASMC 

 
 

Chapter 4: Effect of MKP-2 over-expression on cellular 

proliferation in human aortic smooth muscle cells (HASMC). 

4.1 Introduction 

The results in chapter 3 demonstrated a novel role for MKP-2 in mouse aortic smooth 

muscle cell proliferation.  Adenoviral over-expression of MKP-2 was shown to result 

in a reduction in proliferation and failure to regain the function of MKP-2
-/- 

MASMCs, 

serving to be a rather impractical tool for the elucidation of the mechanism of 

proliferative dysfunction.  Nevertheless, the use of Adv.WT-MKP-2 may have the 

potential to be utilised as a therapeutic agent to reduce smooth muscle cell 

proliferation. This in itself may be a useful approach, as several cardiovascular diseases 

have a well-accepted pathology that underlying smooth muscle hypertrophic 

remodelling is also a key event in cardiovascular disease. This adaptive phenotype is a 

marker of atherosclerosis, (Brevetti et al., 2003), hypertension (Mulvany, 2008), 

balloon angioplasty and stent insertion (Coats et al., 2008), critical limb ischaemia 

(Coats et al., 2003) and other conditions related to impaired peripheral flow.  It is well 

established that MAP kinases play a key role in the induction of the VSMC 

hyperproliferative phenotype (Schad et al., 2011).  MKP-2, as a type 1 nuclear 

phosphatase, possesses the ability to dephosphorylate and ultimately inactivate MAP 

kinases ERK and JNK in vitro (Lawan et al., 2012).  Therefore, MKP-2 may be a novel 

therapeutic target in cardiovascular disease.  

In this chapter, human aortic smooth muscle cells were used to assess the effect of WT-

MKP-2 over-expression on HASMC function.  Investigation of the proliferative 

capacity of the human smooth muscle cells, as well as their MAP kinase signalling 

profiles were analysed to assess the therapeutic potential of adenoviral MKP-2 in 

preventing hypertrophic remodelling of the blood vessel following injury or stent 

implantation.   
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4.2 Results 

4.2.1 FCS-mediated activation of ERK and c-Jun signalling in HASMCs 

Firstly, the effect of FCS treatment on MAP kinase phosphorylation in HASMCs was 

investigated. HASMCs were grown to confluency in 6-well plates and quiesced in 

0.1% FCS for 24 h.  As described with MASMC in Chapter 3, the phosphorylation 

level of MAP kinases was measured by Western blotting with antibodies that 

specifically recognize both phospho-Tyr and phospho-Thr residues that are regarded to 

be necessary and sufficient for the activation of MAP kinases. Both ERK and c-Jun 

phosphorylation was examined over early time courses. Cells were rendered quiescent 

overnight before stimulation with 10% FCS over a period of 120min.  As depicted in 

Figure 4.1, initial FCS stimulation resulted in a rapid increase in ERK phosphorylation 

from control at 30 min (1±0.0 fold stimulation, 3.48±0.275 fold stimulation; p=0.012).  

This was sustained until 90min (3.48±0.275 fold stimulation, 3.54±0.14 fold 

stimulation; p=0.894).  ERK phosphorylation at 120min was significantly reduced from 

the 90min time point (3.54±0.14 fold stimulation, 3.27±0.168 fold stimulation; 

p=0.047). 

FCS stimulated HASMCs were assessed for the induction of p-c-Jun, cells were 

rendered quiescent overnight before stimulation with 10% FCS over a period of 120 

min.  As depicted in Figure 4.2, initial FCS stimulation resulted in a rapid increase in c-

Jun phosphorylation from control at 30min (1±0.0 fold stimulation, 1.753±0.138 fold 

stimulation; p=0.032).  The level of c-Jun phosphorylation was sustained until a 

significant increase in phosphorylation at the 90min time point, achieving the 

experimental maximal (C 1±0.0 fold stimulation, 90 min 3.337±0.529 fold stimulation; 

p=0.048).  Observed at 120 min, was c-Jun phosphorylation reducing towards baseline 

levels. 
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4.2.2 PDGF-mediated activation of ERK and c-Jun signalling in HASMCs 

Having established the ability of FCS to induce both ERK and JNK activation it was 

important to confirm a similar effect using PDGF, a physiologically relevant agent.  

PDGF stimulated HASMCs were assessed for ERK phosphorylation as shown in 

Figure 4.1.  Cells were rendered quiescent overnight before stimulation with PDGF 

over a period of 120 min.  Initial PDGF stimulation resulted in a rapid increase in ERK 

phosphorylation from control at 30min (1±0.0 fold stimulation, 3.98±0.182 fold 

stimulation; p=0.004), at this point the experimental maximal time of ERK 

phosphorylation is noted.  ERK phosphorylation is reduced at 60min from 30min, 

albeit non-significantly (3.98±0.182 fold stimulation, 3.56±0.31 fold stimulation; 

p=0.088).  The trend regarding the reduction of ERK phosphorylation across the time 

course was consistent, however at 120min the reduction of ERK from 30min is 

markedly reduced, nevertheless surprisingly insignificant (3.98±0.182 fold stimulation, 

2.937±0.097 fold stimulation; p=0.062). 

As shown in Figure 4.2, no PDGF-induced c-Jun phosphorylation could be detected. 

Unfortunately, JNK phosphorylation using specific antibodies for either p-c-Jun or p-

JNK was not successful, stimulation was low and hard to see over background. Ideally, 

JNK activity would be assessed by an in vitro kinase assay using GST-c-Jun as a 

substrate (see Materials and Methods). However, time constraints did not allow the 

analysis of c -Jun phosphorylation. 
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Figure 4.1: ERK signalling characterisation in HASMCs 

 

Confluent human aortic smooth muscle cells of were rendered quiescent in 0.1% FCS 

for 24h prior to stimulation. Cells were then stimulated with 10% FCS or PDGF 

(10ng/ml) for times indicated.  Cells were then lysed, run on SDS-PAGE and probed 

for p-ERK (44/42 kDa) and stripped and reprobed for T-ERK which was used a loading 

control (44/42 kDa).  These results are representative of 3 independent experiments.  

Blots were quantified by scanning densitometry and mean ± SEM are displayed. 
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Figure 4.2: JNK signalling characterisation in HASMCs 

 

Confluent human aortic smooth muscle cells of were rendered quiescent in 0.1% FCS 

for 24h prior to stimulation. Cells were then stimulated with 10% FCS or PDGF 

(10ng/ml) for indicated times.  Cells were then lysed, run on SDS-PAGE and probed 

for p-c-Jun (37 kDa) and stripped and reprobed for c-Jun which was used a loading 

control as outlined in the Materials and Methods section.  These results are 

representative of 3 independent experiments.  Blots were quantified by scanning 

densitometry and mean ± SEM are displayed. 
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4.2.3 Proliferation of HASMC in comparison with MASMCs 

Experiments assessing both human and mouse aortic smooth muscle proliferation by 

means of haemocytomer counting is a direct measurement of proliferation used to 

measure cell number at different time points (see Materials and Methods section).  

HASMCs were compared to MASMCs in order to ascertain appropriate comparisons 

with work detailed in Chapter 3.  HASMCs were seeded to equal cell numbers and 

grown for 48h in 10% FCS. 

As depicted in Figure 4.3, serum-stimulated MKP- 2
+/+

 MASMCs over a 48h time 

period, resulted in a significant increase in cell number which was apparent as early as 

24 h (8.133±0.33, 15.64±1.13; p=0.016).  The trend in cell number increase was 

observed in these cultures was alike to that exhibited in HASMC (8.84 ±0.216, 

15.88±0.45; p=0.006).  There were no significant difference in cell number between 

MASMCs and HASMCs at the 0h time point which would suggest no marked 

adherence difference (8.133±0.33; 8.84±0.2166; p= 0.916). At the later time point of 

48h, a significant difference in proliferation was evident between MASMCs and 

HASMCs (Mouse 22.284±0.665x10
4
 cell number, Human 17.29±1.607x10

4 
cell 

number; p=0.02).  This proliferation assay suggests HASMC proliferate at a slower rate 

than that of MASMCs.   
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Figure 4.3 Proliferation of HASMC in comparison with MASMCs 

 

Subconfluent mouse aortic and human aortic smooth muscle cells were rendered 

quiescent in 0.1% FCS for 24h prior to stimulation, both cell types were stimulated 

with 10% FCS for the times indicated. Proliferation was measured by cell counting at 

24h intervals over a 48h time period. These results are representative of 3 independent 

experiments. *p<0.05  
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4.2.4 Over-expression of adenoviral WT-MKP-2 in HASMCs 

Having established from previous experiments, that the over-expression of Adv. WT-

MKP-2 could not reverse the deficit shown in MKP-2
-/-

 MASMC cell growth and 

surprisingly served to be detrimental in proliferation of MKP-2
+/+ 

MASMCs, we assess 

whether Adv.WT-MKP-2 could serve as therapeutic agent in reducing SMC 

proliferation. For this purpose HASMCs were infected with increasing concentration of 

Adv.WT-MKP-2 (200-500pfu) and assessed for MKP-2 expression by Western blotting 

(see figure 4.4). Maximum expression was achieved between 300 and 500pfu. Based 

on this result HASMCs were infected with Adv.WT-MKP-2 at 300pfu the effect on 

MAP kinase signalling assessed at this concentration.   

 

4.2.5 Over-expression of adenoviral WT-MKP-2 inhibits ERK signalling in human 

aortic smooth muscle cells 

Since over-expression of MKP-2 via infection with Adv.WT-MKP-2 inhibited ERK 

phosphorylation in MASMCs, it was important to compare the effect of MKP-2 over 

expression on MAP kinase signalling profiles in HASMCs.  Cells were incubated with 

Adv.WT-MKP-2 (300 pfu/cell) for 24h in quiescent media, prior to stimulation with 

FCS for times indicated.  As depicted in Figure 4.5, ERK basal levels were high in both 

control and LacZ treated HASMCs, therefore only a modest increase in ERK 

phosphorylation was observed (1±0.0 fold stimulation, 1.15±0.051 fold stimulation).  

However, over-expression of WT-MKP-2 results in a significant inhibition, more so a 

complete ablation of ERK signalling, at time points as early as 15min (1.15±0.051 fold 

stimulation, 0.32±0.04 fold stimulation; p=0.012).  This inhibition of ERK signalling 

was consistent across all time points assessed in HASMCs including 30 min 

(1.26±0.021 fold stimulation, 0.29±0.001 fold stimulation; p=0.006) and 60 min 

(1.18±0.03 fold stimulation, 0.362±0.09 fold stimulation; p=0.03).  As described in 

section 4.2.2, unfortunately levels of JNK phosphorylation were deemed undetectable 

in either treated or untreated HASMCs.  Nevertheless, it can be concluded that 

Adv.WT-MKP-2 possesses the ability to negate ERK signalling in HASMCs. 
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Figure 4.4 PFU curve of Adv. WT-MKP-2 in HASMCs  

 

Subconfluent human aortic smooth muscle cells were infected with Adv.WT-MKP-2 in 

concentrations varying from 200-500 pfu in 0.1% media. Cells were stimulated in 10% 

FCS, prepared, separated by SDS PAGE and probed for MKP-2 (43 kDa) as described 

in the Materials and Methods section. Blots were stripped and reprobed for GAPDH 

which was used a loading control These results are representative of 3 independent 

experiments. 
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Figure 4.5: Effect of Adv. WT MKP-2 on ERK signalling  

 

Subconfluent human aortic smooth muscle cells of were infected with Adv.WT-MKP-2 

(300pfu) and rendered quiescent in 0.1% FCS for 24h prior to stimulation. Cells were 

then stimulated with 10% FCS for indicated times.  Cells were then lysed, run on SDS-

PAGE and probed for p-ERK (44/42kDa), T-ERK (44/42kDa) and MKP-2(43kDa) as 

described in the Material and Methods section. Blots were stripped and reprobed for T-

ERK which was used a loading control *p<0.05 ***p<0.01 (15min p=0.012; 30min 

p=0.006; 60min p=0.03).  These results are representative of 3 independent 

experiments.  Blots were quantified by scanning densitometry and mean ± SEM are 

displayed. 
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Figure 4.5: Effect of Adv. WT MKP-2 on ERK signalling  

 

 

Subconfluent human aortic smooth muscle cells of were infected with Adv.WT-MKP-2 

(300pfu) and rendered quiescent in 0.1% FCS for 24h prior to stimulation. Cells were 

then stimulated with 10% FCS for indicated times.  Cells were then lysed, run on SDS-

PAGE and probed for p-ERK (44/42kDa), T-ERK (44/42kDa) and MKP-2(43kDa) as 

described in the Material and Methods section.  These results are representative of 3 

independent experiments.  Blots were quantified by scanning densitometry and mean ± 

SEM are displayed. 
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4.2.6 Over-expression of adenoviral WT-MKP-2 results in a reduction in human 

aortic smooth muscle cell proliferation 

Based on the result of the pfu curve, human aortic smooth muscle cells were infected 

with Adv. MKP-2 at 300pfu and cellular proliferation assessed at this concentration.  

As depicted in Figure 4.6, serum-stimulated HASMCs of both Adv.WT-MKP-2 and 

uninfected cells were assessed over a 48h time period; a significant increase in cell 

number which was apparent as early as 24h in HASMCs (0h 8.849±0.33x10
4
 cell 

number, 24h 11.3±0.31 x10
4
 cell number; p=0.022).  The trend in cell number increase 

was observed in LacZ treated human aortic smooth muscle cells and comparable to 

control cells (0h 9.002±0.36 x10
4
 cell number, 24h 12.92 ±0.216 x10

4
 cell number).  

There were no significant difference in cell number between Adv.WT-MKP-2 infected 

and uninfected HASMCs at the 0h time point which would suggest no marked 

adherence difference (8.849±0.33 x10
4
 cell number; 8.79±0.12 x10

4
 cell number; p= 

0.916).  Interestingly however, at the 24h time point, a marked but insignificant 

difference in LacZ-infected HASMC and
 
Adv.WT-MKP-2 infected cell number was 

evident (LacZ 12.72±1.21 x10
4
 cell number, Adv. WT-MKP-2 10.28±0.09 x10

4
 cell 

number; p= 0.074). At the later time point of 48h, a significant difference in 

proliferation was observed between LacZ-infected HASMC and
 

Adv.WT-MKP-2 

infected cells (LacZ 16.75±0.75 x10
4
 cell number, Adv.WT-MKP-2 12.15±1.07 x10

4
 

cell number; p=0.005).  This proliferation assay suggests that increase of MKP-2 

expression results in a reduction of human aortic smooth muscle cell proliferation.   
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Figure 4.6: Effect of Adv. WT MKP-2 on proliferation in HASMC 

 

Subconfluent human aortic smooth muscle cells were infected with Adv.WT-MKP-2 

(300pfu) and rendered quiescent in 0.1% FCS for 24h prior to stimulation. Cells were 

then stimulated with 10% FCS for 48h over 24h time periods. Proliferation was 

measured by cell counting at 24h intervals over a 48h time period. These results are 

representative of 3 independent experiments. *p<0.05 
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4.2.7 Over-expression of adenoviral WT-MKP-2 inhibits G1/S progression of 

human aortic smooth muscle cells. 

Following the observation that the over-expression of MKP-2 significantly reduced 

smooth muscle cell proliferation, further experiments were conducted to elucidate the 

difference in growth characteristics by investigating cell cycle parameters. Flow 

cytometric analysis using DNA propidium iodide staining was used to assess each 

phase of the cell cycle. The results presented in Figure 4.7 demonstrated that 

unsurprisingly, FCS stimulated an increase in cells in G2/M phase when compared to 

control (C 6.13±1.18, FCS 16.10±1.62; p=0.022).  Although the induction is stark, it is 

currently not significant post Bonferoni‘s considerations.  In concordance with this 

data, the number of HASMC residing in G1 phase of the cell cycle is significantly 

reduced as they drive towards mitosis (91.43±1.56, 78.93±1.39; p=0.000). The use of 

an empty LacZ adenoviral vector had no effect of the proliferation of HASMC cell 

cycle progression with a comparable of cells in G2/M phase (FCS 16.10±1.62, LacZ + 

FCS 16.73±0.50 p=0.768).  Interestingly, over-expression of MKP-2 resulted in a 

significant reduction in cells in the G2/M population in comparison with LacZ control 

(LacZ 16.73±0.50, Adv.WT-MKP-2 16.733±0.498; p=0.009).  As the data is assessed 

as percentage population, it does not seem surprising that as the G2/M population has 

decreased, the G1 population has increased.  However, it should be noted that this G1 

accumulation in Adv.WT-MKP-2 treated HAMSC, was not significant (p=0.081).  This 

result supports data described in section 4.2.6 where Adv. MKP-2 over-expression 

proved detrimental to the ability of HASMCs to proliferate; suggesting that alteration 

of MKP-2 expression is responsible for the decrease in cell growth observed in these 

cells. 
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Figure 4.7 Effect of Adv.WT-MKP-2 on cell cycle progression in HASMCs  

 

Subconfluent human aortic smooth muscle cells were infected with Adv.WT-MKP-2 

(300pfu) rendered quiescent in 0.1% FCS for 24h prior to stimulation, cells were then 

stimulated with 10% FCS for 24h. Whole cells were harvested and stained with 

propidium iodide as described in the Material and Methods section. These results are 

representative of 3 independent experiments, mean ± S.E. Statistical analysis was 

corrected using Bonferoni‘s considerations *p<0.0167. 
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4.3 Discussion 

As discussed in Chapter 3, the cellular function of this poorly studied MKP family 

member is not well described especially in the vascular system. In this chapter, use of 

adenoviral MKP-2 was utilised to assess the consequence of MKP-2 over-expression at 

the level of MAP kinase regulation, in relation to proliferation and also cell cycle 

progression. This chapter focussed upon the use of human aortic smooth muscle cells 

and the potential to utilise adenoviral MKP-2 in a therapeutic setting against the SMC 

hyperproliferative phenotype associated with many vascular disorders (Coats et al., 

2008; Brevetti et al., 2003).  Initial experiments in HASMCs illustrated that both FCS 

and PDGF activated ERK signalling in a time dependent manner with similar kinetics. 

These results were consistent with previous findings in human aortic smooth muscle 

cells where FCS and PDGF induced DNA synthesis, proliferation and differentiation 

(Beamier et al., 1998).  

However, the JNK pathway which is well known to be activated primarily by cellular 

stresses and implicated in mediating apoptosis has also been demonstrated to play a 

role in growth factor mediated cellular proliferation in other cell types (Potapova et al., 

1997, Smeal et al., 1991). In this chapter, JNK was phosphorylated in response to FCS, 

however we were unable to detect levels of JNK phosphorylation using specific 

antibodies in response to PDGF in HASMCs. There are numerous possibilities which 

could explain this difficulty; as described above, JNK is primarily activated in response 

to stress and therefore a growth factor, such as PDGF may not be regarded as an 

appropriate agent for such activation.  However, a crosstalk between ERK and JNK 

pathways have been described in numerous cell lines; previous findings in vascular 

smooth muscle cells detail how growth factors and GPCR agonists such as ATP and 

Angiotensin II were able to activate JNK (Zhang et al., 2005, Robinson et al., 2006).  

Therefore, it would be possible to expect activation, albeit a small activation of JNK by 

PDGF however this was not observed in the current study.  To overcome possible 

limitations due to antibody unreliability, GST c-Jun beads were generated in order to 

use an in vitro solid phase kinase assay however due to the hindrance of time 

constraints, this technique was not utilised as readily as initially aimed.  Therefore the 
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remainder of this chapter will focus on ERK as a key member of the MAP kinase 

signalling pathway, detailed to be responsible for MKP-2 activation.  Furthermore, the 

lack of MKP-2 expression detected in HASMCs, in contrast to rodent systems, is a 

common feature of human cellular studies (Al-Mutairi et al., 2010) and it is at present 

unclear as to what manipulations are required to promote protein expression. 

Nevertheless, it allowed the use of Adv.WT-MKP-2 without the potential of 

contaminating endogenous protein.  

Initial characterisation of human aortic smooth muscle cells explored their endogenous 

proliferative phenotype.  An array of literature has documented the low proliferative 

index of HASMCs within the artery, only reaching the threshold for the phenotypic 

switch upon mechanical damage (Braun-Dullaeus et al., 2011).  HASMCs were plated 

and counted by haemocytometer as a direct measurement of cellular proliferation over 

a 48h time period.  The cells proliferated exponentially over all time points, however 

when compared with MASMCs, these cells proliferate at a much slower rate.  It is 

seems intuitive that this would be the case, as previously mentioned human smooth 

muscle cells physiologically exist in their quiescent state until stimulated by vessel 

damage (Beamish et al., 2010). This is supported by recent work which suggests that 

hypertension negates the activity of myocardin, in smooth muscle cells on multiple 

levels, hence eliminating a crucial determinant of SMC quiescence. Therefore this 

mechanism may control the initial switch from contractile phenotype towards the 

synthetic proliferative smooth muscle cell phenotype during hypertension (Pfisterer et 

al., 2012).  Collectively, human aortic smooth muscles can proliferative in culture 

albeit at a slower rate than exhibited in mouse aortic smooth muscle cells. 

In this study, the adenoviral mediated over-expression of WT-MKP-2 was utilised as 

an experimental pharmacological tool to investigate the subsequent effect on MAP 

kinase signalling in HASMCs.  Once again, in agreement with studies in MASMCs in 

Chapter 3, over-expression of WT-MKP-2 significantly inhibited ERK signalling, to 

the point of ablation.  Controversially, over-expression of WT-MKP-2 in endothelial 

cells was not effective in inhibiting ERK phosphorylation but exhibited significant 

dephosphorylative actions again JNK (Al-Harthi et al., 2010b).  This strongly suggests 
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that the function of MKP-2, in terms of substrate specificity, may be cell type specific 

and agonist dependent rather than being wholly defined by in vitro dephosphorylation 

studies.  

An initial important finding reported in Chapter 3, was the observation that the loss of 

MKP-2 protein resulted in alteration of MASMCs proliferation. Smooth muscle cells 

derived from Dusp4 knockout mice exhibited significantly reduced cellular growth rate 

compared with MKP-2
+/+

 counterparts. However, over-expression of WT-MKP-2 in 

wild-type and MKP-2 redundant MASMCs resulted in a reduction in proliferation in 

both cell types when compared to wild-type cells thus we assess whether modulating 

MKP-2 expression in human smooth muscle cells has a detrimental effect on cellular 

growth.  HASMCs over-expressing WT-MKP-2 display a significantly reduced 

proliferation rate over a 48h time course than that compared with LacZ control cells.  

This supports work detailed in the previous chapter which states that modulating MKP-

2 expression results in detrimental effects on cellular proliferation.  A link between the 

inhibition of ERK signalling and a subsequent reduction in cellular proliferation has 

been well-established in smooth muscle cells.  Treatment of bovine smooth muscle 

cells with an established ERK inhibitor results in a significant reduction in proliferation 

(Abe et al., 2011).  Supportingly, a recent study investigated a curcumin analogue, 

bisdemethoxycurcumin which inhibited migration and proliferation of smooth muscle 

cells by the suppression of PDGF-induced ERK signalling (Hua et al., 2013).  

Collectively, it can be deduced that ERK inhibition dependant on MKP-2 over-

expression is responsible for the reduction in human smooth muscle cellular 

proliferation.   

 

Investigating the mechanism by which MKP-2 over-expression results in a reduction in 

proliferative capacity, exhibited a G1/S accumulation HASMC cell cycle progression.  

The only previous data to describe the cell cycle progression of cells infected with 

Adv.WT-MKP-2 was discussed in Chapter 3.  However as mentioned in the previous 

chapter, rat arterial smooth muscle cells overexpressing MKP-1 arrested in the G1/S 

border, supporting the findings of the current study. The authors believe the reduction 

in MKP-1 expression may contribute in part to proliferation of smooth muscle cells 
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after vascular injury, possibly through a decrease in dephosphorylation of ERK (Lai et 

al., 1996).  This was supported by Chai et al., (2002) who detail how over-expression 

of MKP-1 in smooth muscle cells derived from spontaneously hypertensive rats result 

in a reduction in proliferation. Moreover, inhibition of ERK by olive oil polyphenol 

oleuropein exhibited a proliferative G1/S block of smooth muscle cells.  This was 

reversed by the removal of treatment, and the smooth muscle cells in question 

possessed the ability to regain their full proliferative capacity.   

 

Due to the fundamental progress in elucidating the molecular mechanisms of human 

diseases, increasing numbers of therapeutic genes and cellular targets are available for 

gene therapy. In the meantime, the challenge is to develop gene delivery vectors that 

exhibit high target cell selectivity and efficiency in vivo. The most commonly used 

vector system to transduce cells is based on adenovirus.  Where adenoviruses have 

 the ability to infect dividing and non-dividing cells (Douglas, 2004) and after 

administration, they do not integrate into the host genome (Waehler et al., 2007). This 

property makes them particularly attractive for gene therapeutic applications, where 

temporary gene over-expression is acceptable or even beneficial. 

A critical study investigating Adv.WT-MKP-2 over-expression in endothelial cells 

showed that MKP-2 was able to negate TNFα-stimulated apoptosis by regulating not 

only nuclear events such as phosphorylation of H2AX, but also cytosolic events such as 

caspase-3 cleavage. The authors believe that Adv.WT-MKP-2 has a potential 

therapeutic use in clinical conditions where JNK-mediated endothelial apoptosis is a 

feature (Al-Mutairi et al., 2010).  Taken together with results from this chapter, it could 

be suggested that the differential effects of Adv.WT-MKP-2 on both human endothelial 

and smooth muscle cells would serve as a viable clinical aide in vascular disorders, 

such as atherosclerosis and restenosis. The aetiology of these disorders is somewhat 

alike; disease progression initiates from insult to the endothelium, triggering smooth 

muscle cell proliferation.  As described previously, Adv.WT-MKP-2 has shown to be 

successful not only in the reduction of endothelial apoptosis but also in the reduction of 

smooth muscle cell proliferation, emphasising the two-tier targeting potential of this 
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adenovirus in vascular disease.  Therefore, here we discuss the therapeutic options for 

utilising MKP-2 over-expression in reducing progression of vascular disease, notably 

smooth muscle cell restenosis. 

Restenosis is the most important long-term vascular limitation of stent implantation for 

coronary artery disease, occurring in 15–60% of patients (Adams et al., 2000).  As 

discussed within the introduction section of this thesis, many different biological 

mechanisms contribute to restenosis an array of systemically administered drugs have 

been clinically tested, such as antiplatelet agents, anticoagulants, calcium-channel 

blockers, angiotensin converting-enzyme inhibitors cholesterol-lowering agents, and 

antioxidants, which have been proven almost universally negative (Reviewed by Fattori 

and Piva, 2003).  Interestingly, many other agents were previously tested in animal 

models and found to be beneficial (George et al., 2011).  It is possible that the lack of 

efficacy exhibited in human subjects may be due, in part at least, to insufficient dosing 

of the drug to the site.  Therefore the development of drug-eluting stents avoids 

systemic toxicity, by local drug-release at the site of vascular injury via a polymeric-

coated stent and is therefore an attractive therapeutic method to achieve an effective 

local concentration of drug for a designed period.  One of the first drugs approved in 

stent elution was rapamycin, which blocks G1/S cell-cycle progression (Javier et al., 

1997) and expression of inflammatory cytokines, thus inhibiting cellular proliferation; 

similar to the action of over-expressed MKP-2 in smooth muscle cells.   It is 

hypothesised that Adv.WT-MKP-2 would serve as a good clinically translational 

therapeutic agent.  This adenovirus has the potential to be delivered with stent 

implantation linked to the stent surface, embedded and released from within polymer 

materials, or more complexly surrounded by and released through a carrier (Schwartz 

et al., 2002).  Furthermore, the Baker group developed adenoviral-TIMP3 in a porcine 

vein-graft bypass model, however they utilised a novel method by luminally infecting a 

vessel for thirty minutes prior to surgery (George et al., 2011).  Recent work describes 

magnetically targeted delivery as a promising experimental strategy for site-specific 

therapy of vascular disease.  Carrier particles containing a therapeutic agent, in this 

case possibly Adv.WT-MKP-2, are guided by one or several properly positioned 

magnetic field sources that help concentrate the therapy to a specific site in the body. 
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(Chorny et al., 2012).  This novel technique has been currently studied in rats and has 

the potential to upscale into a novel human therapeutic delivery system. Nevertheless, 

the authors believe that a more sophisticated, alternative two-source strategy can be 

utilised through the use of uniform, deep-penetrating magnetic fields in conjunction 

with vascular stents included as part of the magnetic setup and the platform for targeted 

delivery to injured arteries in humans. This would seem a viable delivery method for 

MKP-2 adenoviral therapeutic over-expression.  

In conclusion, the findings in this study strongly suggest that Adv.WT-MKP-2 could 

serve as a potential therapeutic in reducing smooth muscle cell proliferation by the 

inhibition of ERK signalling. The differential effects of over-expressing MKP-2 in 

endothelial and HASMCs, has potential for application in vascular disorders by 

reducing both endothelial apoptosis and smooth muscle cell proliferation.   
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General Discussion 

In this thesis the characteristics of a novel Dusp4 (MKP-2) knockout mouse were 

examined in smooth muscle cell function, where novel data was generated in relation to 

changes in cell cycle progression and cytokinetic exit.  Preliminary observations were 

made in relation to the use of MKP-2 over-expression in human smooth muscle cell 

proliferation. This was part of a longer term objective to explore MKP-2 as a possible 

tool for use in cardiovascular disease such as atherosclerosis or in conditions such as 

restenosis following interventions such as balloon angioplasty.  However, a number of 

key questions remain to be answered and the implications of the findings of this thesis 

require to be put into context of the field as whole.   

 

Many questions regarding the function of MKP-2 in vitro in the context of kinase 

signalling must be posed. A number of studies, largely from our laboratory suggest 

specificity of MKP-2 for JNK and ERK in particular the former (Cadalbert et al., 2005; 

Sloss et al., 2005). However, in this thesis MKP-2 deletion did not give rise to any 

consistent changes in kinase signalling. Whilst this might be unexpected it is 

recognised that MKPs have overlapping specificities and therefore redundancy may be 

a feature. One possibility to explain these results, not examined in this thesis, was the 

potential for MKP-2 deletion to affect the retention of phosphorylated MAP kinase 

within the nucleus which has been found to be a feature of the MKPs (Keyse, 2008). As 

touched upon in the discussion of Chapter 3, this possibility could be investigated by 

simple immunofluorescent microscopy, or crude nuclear extracts to compare the 

subcellular localisation of ERK in MASMCs.  Furthermore, MKP-2 has shown to 

compete with the pseudophosphatase STYX for binding to ERK, where STYX acts as a 

nuclear anchor that regulates ERK nuclear export (Reiterer et al., 2013).  It could 

therefore be proposed that the removal of MKP-2 may result in STYX-mediated ERK 

retention in the nucleus and therefore would obscure differences in ERK signalling in 

MKP-2 deficient MASMCs.  A second possibility is that MKP-2 may have functions 

distinct from the dephosphorylation of MAP kinases. Kinney et al., (2009) has 

demonstrated recently that MKP-1 is able to dephosphorylate histone H3, similarly 

MKP-3 directly interacts and dephosphorylates the transcription factor forkhead box 
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O1 (FOXO1) (Wu et al., 2010).  It should not be overlooked that RNA interference for 

MKP-2 should be utilised in MASMCs to confirm the findings observed in smooth 

muscle cells derived from MKP-2
-/-

 mice. 

 

A related issue concerns the possibility of compensation by other MAP kinase 

phosphatases. As mentioned above, MKP-2 has recently been shown to compete with 

STYX in the modulation of spatio-temporal regulation of ERK signalling (Reiterer et 

al., 2013).  It has been demonstrated that MKP-1 induction is increased in MKP-2
-/-

 

bone marrow-derived macrophages in response to LPS and this results increased ERK 

signalling (Cornell et al., 2010). Thus further work would be required to investigate the 

level of endogenous MKP-1 expression in MKP-2
-/-

 smooth muscle cells in order to 

establish whether MKP-1 levels are increased in these cells to compensate for the loss 

of MKP-2.  Nevertheless, if an MKP compensatory mechanism is in place it is not 

sufficient to overrule the striking proliferative defect exhibited in MKP-2
-/-

 MASMCs.  

 

For the first time, MKP-2 has been shown to play a critical role in the completion of 

smooth muscle cell cytokinesis; nevertheless this is not the first study to note a 

proliferative deficit in MKP-2 deficient cells.  Earlier work has described an 

accumulation of MKP-2 knockout MEFs in the G2/M phase of the cell cycle (Lawan et 

al., 2011), supporting the work presented in this thesis.  Interestingly however, cell 

cycle regulatory proteins were not consistent with G2/M phase arrest between the two 

studies, for example the expression patterns of cyclin B1 and p-cdc-2 were unaltered in 

MKP-2
-/-

 MASMCs.  This could suggest that the MKP-2
-/-

 MEFs exhibit a proliferative 

defect prior to cytokinesis, unlike MASMCs; raising questions over the cell-type 

specific effects of Dusp4 deletion. 

 

At present there is a substantial amount of information about the biochemical structure 

of MKPs however, more work is required to fully determine the specific MAP kinase 

substrates which individual members deactivate in order to exert their physiological 

functions both in vitro and in vivo. Emerging data would suggest that the specificities 

of MKPs for their MAP kinases would be cell–type specific (Al-Mutairi et al., 2010; 
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Lawan et al., 2011).  Furthermore, multiple ERK binding sites on MKP-2 have been 

postulated, which would suggest a far more complex role for MKP-2 than first 

envisaged (Cadalbert et al., 2005). Such information is crucial in the targeting of MKP-

2 as a potential novel therapeutic in hyperproliferative diseases such as vascular 

disease, as discussed within this thesis but also may serve as a novel target in a cancer 

setting.   

 

The current study, for the first time suggests a unique role for MKP-2 in cytokinesis 

requiring its phosphatase activity, albeit in a non-MAP kinase dependant manner. 

Therefore proposing a novel mechanism by which MKP-2 has the potential to interact 

with non-MAP kinase substrates in order to regulate cytokinesis. Indeed, numerous 

conflicting studies have shown other MKPs have targeted proteins out with their 

documented MAP kinase specificity; MKP-1 has been proposed to act as a phosphatase 

towards phosphorylated histone H3, where MKP-3 may directly interact with 

transcription factor forkhead box O1 (FOXO1) (Kinney et al., 2009; Wu et al., 2010).  

To the date, only one study has detailed MKP-2 directly interacting with a non-MAP 

kinase substrate, VRK1 regardless of its phosphatase activity (Jeong et al., 2013).  

However, only a weak reduction in VRK1 expression could be established in MKP-2
-/-

 

MASMCs, when compared with the other mitotic kinase Aurora B.  Taken together, it 

could be hypothesised that MKP-2 has the ability to bind with a substrate upstream of 

both VRK1 and Aurora B, resulting in the marked reduction of Aurora B and p-Histone 

H3in MASMCs. To further investigate this possibility, a full microarray of mitotic 

proteins could be used to assess the up-or down-regulation of possible interactive 

targets. A previous study suggested cross-talk interaction between the Aurora B and 

VRK1 (Kim et al., 2012), which may account for the inconsistencies of Aurora B and 

VRK1 specificities in different cell lines and thus the potential for MKP-2 to bind to 

either Aurora B or VRK1 should also be considered.   This could be assessed by 

immunoprecipitation of MKP-2 with both of these mitotic kinases, with further peptide 

array analysis to ascertain the potential binding site.  This would be wholly beneficial 

in the development of MKP-2 inhibitors for use, not only in a number of disease 

conditions but also as an aide in the elucidation of their physiological role. Future work 
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employing computational modelling will go a long way in helping to interpret the data 

generated regarding their exact physiological role.   

 

Global knockout mouse models, like the Dusp4 model utilised in this study, prove to be 

key in the physiological investigation of poorly studied target proteins; phenotypes 

caused by loss of target gene function are likely to provide insight into the 

physiological roles of these gene products.  However, global deletion of factors 

essential for embryonic development will result in embryonic or neonatal lethality, 

preventing the investigation of these factors in postnatal and adult life (Davey and 

MacLean, 2006).  At times, loss of activity during development may mask the role of 

the gene in the adult state, especially if the gene is involved in numerous processes 

spanning development. Inducible knockout approaches may be insightful to first allow 

the mouse to develop and mature normally prior to ablation of the gene of interest.  In 

the current study, offspring from Dusp4 knockout mice survive a full lifespan, which 

would seem surprising regarding the striking cytokinetic deficit observed in MASMCs 

derived from these knockout mice.  It could be argued, as previously mentioned, 

smooth muscle cells do not endogenously proliferate but will be activated to do so in 

response to stress or damage.  Therefore, this phenotype may only be exhibited in 

response to activating factors, redundant in embryogenesis.  Furthermore, it could be 

proposed that the phenotype observed in MKP-2
-/-

 is exclusive to smooth muscle cells, 

and in order to investigate this, MKP-2 tissue-specific knockout mouse models may be 

utilised.   It should not be disregarded that there is a distinct possibility that the 

cytokinetic deficit phenotype observed in vitro may not be translated to an in vivo 

setting. 

 

The work in Chapter 4 of this thesis discussed a potential role for utilising an MKP-2 

over-expression system as therapeutic in vascular disorders; however the endogenous 

role of MKP-2 in this sub-class of disease has yet to be studied.  Currently, the mouse 

is the most frequently used species for atherosclerosis studies; most readily 

accomplished by the genetic ablation of ApoE or LDLR.  Although ApoE deficiency in 

humans is rare, it serves as good model to investigate atherosclerosis (Getz and 
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Reardon, 2012).  In order to assess the endogenous role in atherosclerosis, an ApoE
-/-

 

model could be backcrossed with a Dusp4 knockout mouse.  This double knockout 

would allow for a role of MKP-2 in atherosclerotic disease progression to be assessed.  

Furthermore, although in vitro MKP-2
-/-

 smooth muscle cells have shown a reduced 

proliferative capacity but have yet to be assessed if this phenotype translates in vivo.  In 

order to stimulate SMC growth, a restenosis model would ideal for investigation 

(Zaragoza et al., 2011).  The use of mouse models in restenosis are somewhat 

infrequent, due to the size of the subject, thus larger models of restenosis are often used 

such as rat, rabbit, pig and dog of which results have been projected into clinical study. 

(Touchard and Schwartz, 2006).  However, elucidation of an endogenous role for 

MKP-2 in these models would serve extremely difficult due the lack of large 

genetically altered models. Nevertheless, the experimental animals used for the study 

of in-stent restenosis usually lack the phenotypes for acquired heritable metabolic 

disorders which preclude studies of important risk factors for the disease such as 

diabetes, obesity, and systemic hypertension. A novel method of deploying a 

microvascular stent in the abdominal aorta of ApoE
-/-

 mice was described (Rodriguez-

Menocal et al., 2011).  This relatively simple method could be deployed in a double 

ApoE
-/-

MKP-2
-/- 

mouse model to investigate the in vivo aspect of SMC proliferation.  

Furthermore, this model would be advantageous as an extension to the current study, 

due to arterial damage, compared to the large number of venous studies.  It is unknown 

if the smooth muscle cells of artery and vein of the MKP-2
-/-

 mouse model would differ 

upon damage due to the difference in medial layer composition; thus the aortic damage 

model described by Rodriguez-Menocal et al., (2011) would serve as in ideal model for 

the investigation of vascular remodelling in MKP-2 deficient mice.   

 

An emerging body of evidence is available detailing the delivery of adenovirus in vivo 

with a therapeutic aim; successful inhibition of intracranial human glioblastoma growth 

has been described utilising systemic adenoviral delivery of soluble endostatin and 

soluble vascular endothelial growth factor receptor-2, reducing cellular proliferation 

and increasing tumour apoptosis (Szentirmai et al., 2008).  One study conducted local 

vascular specific gene transfer by adenoviral delivery of human ABCG1 (Ad-ABCG1-
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GFP) in cholesterol-fed atherosclerotic rabbits in vivo. Endothelial over-expression of 

ABCG1 markedly reduced atheroprogression and almost blunted vascular 

inflammation, as shown by markedly reduced macrophage and smooth muscle cell 

invasion into the vascular wall (Munch et al., 2008).  Pre-clinical studies indicate that 

gene delivery to the vasculature could potentially be utilised to treat a range of 

cardiovascular diseases such as vein graft failure (George et al., 2011), in-stent 

restenosis (Johnson et al., 2005) and peripheral vascular disease (Ishii et al, 2004). To 

date, no serious side-effects have been noted throughout any Phase II or Phase III 

clinical trials utilising therapeutic adenovirus, nevertheless they have failed to exhibit 

the potential efficacy shown in vitro (Lopes et al., 2012; Hedman et al., 2009). 

However, recent work developed a successful two-step entry pathway of adenoviral 

vectors which is initiated by the particle binding to cellular coxsackie and adenovirus 

receptor (CAR), followed by the interaction of the arginine-glycine-aspartate (RGD) 

sequence on the adenovirus penton base.   Using this technique, adenoviral-mediated 

targeting of hepatic stellate cells in vivo via p75NTR, was successful in concurrently 

avoiding its binding to hepatocytes. Thus, this new adenoviral targeting technique may 

provide a potentially feasible, selective and effective mechanism for therapeutic gene 

delivery to activated hepatic stellate cells (Reetz et al., 2013). We therefore question 

whether over-expression of MKP-2 would be an attractive application in reducing 

smooth muscle cell hyperproliferation associated with numerous vascular disorders.  

 

Future work using a smooth muscle cell specific MKP-2 knockout during cardiac 

vascular disease will build upon the current data and will provide a crucial mechanistic 

understanding of how MKP-2 at a cellular level impacts on the remodelling process.  

The tissue specific knockout would be an ideal model in order to selectively analyse 

MKP-2, rather than the current global Dusp4 knockout model utilised in the current 

study.  As discussed previously, vascular disorders including atherosclerosis and 

restenosis are often characterised as diseases of inflammation; due to the multiple 

implications of inflammatory mediators acting upon the vessel itself (Rudijanto et al., 

2006).  However, in the current Dusp4 global knockout model, not only surrounding 

cells but critical inflammatory mediators are also deficient in MKP-2; a key factor 
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which may distort the real effect exhibited by MKP-2 in smooth muscle cell 

proliferation.  There has been some interesting data regarding MKP-2 in an 

immunological setting, where systemic infection of Leishmania mexicana is enhanced 

in MKP-2
-/-

 macrophages due to an increased uptake of the parasite and reduced Th1 

responses, facilitated by high levels of arginase-1 and low levels of NO production (Al-

Mutairi et al., 2010). Furthermore, T cell hypo-responsiveness against Leishmania 

major in Dusp4-knockout mice does not alter the healer disease phenotype (Schroeder 

et al., 2013).  From these studies, it would seem that altering the inflammatory 

responsiveness may serve as an aide in reducing smooth muscle hyperproliferation in 

vascular disease states.  This is supported by work which has detailed that nitric oxide 

can inhibit SMC proliferation and reduce the injury responses within the blood vessel 

wall (Yu et al., 2011).  Controversially, nitric oxide has shown to also induce apoptosis 

in smooth muscle cells (Perales et al., 2010), a process which in recent years, has 

displayed negative consequences both in vitro and in vivo emerging as an activator of 

smooth muscle cell hyperproliferation.  SMCs release specific cytokines dependent 

upon the mode of cell death; IL-1β predominates during apoptosis, whilst IL-1α 

predominates during necrosis. Both IL-1α and β promote release of further cytokines 

from adjacent live cells, in particular IL-6 and MCP-1. The balance of cytokines results 

in a pathology with differing compositions, including inflammation or neointima 

formation, via direct promotion of SMC proliferation (Bennett et al., 2012).   

 

In conclusion, the work presented in this thesis suggests a novel role for MKP-2 in 

mouse aortic smooth muscle cell proliferation, providing new insights into the 

understanding of MKP-2 in the completion of cytokinesis. Furthermore, the MKP-2 

kinase binding domain is required for successful completion of cytokinesis but may not 

involve the inactivation of ERK or JNK.  Furthermore, an early investigation into the 

possible use of Adv.WT-MKP-2 as a vascular therapeutic in human aortic smooth 

muscle cells (HASMCs) was conducted.  The over-expression of MKP-2 negated ERK 

signalling and consequently resulted in a reduction in cellular proliferation.  

Furthermore, the reduction in cellular proliferation was shown to be caused by a G1/S 

accumulation in the cell cycle.  Collectively, these data may suggest that modification 
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of MKP-2 expression or function may represent a new approach in reducing SMC 

hyperproliferation in vascular disease states.  
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