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Cardiovascular disease is the leading cause of death worldwide. Vascular smooth muscle 

cells (VSMC) have a critical role in vascular pathologies such as restenosis, atherosclerosis and 

pulmonary arterial hypertension. Following injury or inflammation VSMC switch from a 

quiescent state to proliferative, migratory and secretory phenotype. These changes contribute to 

the progression of vascular disease and are regulated by various cellular factors including 

mitochondria. 

Mitochondria are a central source of reactive oxygen species (ROS) in the cell and are 

undergoing constant morphological changes (fusion and fission) that allow a proper response to 

changes in the cellular environment. A family of large GTPases that include mitofusin-2 (Mfn2) 

and dynamin related protein 1 (Drp1) regulates mitochondrial shape. The activity and expression 

of these shaping proteins are regulated by multiple mechanisms including post translational 

modifications, degradation and transcription. The scaffolding protein Ezrin Radixin Moesin 

binding phosphoprotein-50 (EBP50) plays an important role in vascular remodeling. EBP50 

regulates numerous cellular processes by controlling localization and function of proteins it 

interacts with. Among EBP50 partners are the S-phase kinase associated protein 2 (Skp2) that 

ubiquitinates and targets for degradation Forkhead box protein O1 (FoxO1) and Protein Kinase 

Cζ (PKCζ) that is activated by Tumor Necrosis Factor α (TNFα) in VSMC.  

In my thesis work I found that EBP50 regulates mitochondrial morphology and 

fragmentation by affecting Mfn2 levels, through regulation of FoxO1 stability, and Drp1 
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phosphorylation through activation of PKCζ. In addition, I demonstrated that EBP50 regulates 

the expression of two important enzymes, MnSOD and catalase and affects mitochondrial 

superoxide levels. Cellular bioenergetics analysis revealed that EBP50-/- VSMC have lower 

glycolytic metabolism consistent with the lower proliferative response of EBP50 depleted 

VSMC to TNFα. In addition, increased levels of MnSOD in EBP50-/- VSMC reduced cell 

migration and conversely, MnSOD knock down, increased VSMC migration.  

Taken together, my data shows that the effects of EBP50 on mitochondrial morphology 

and redox balance have significant impacts on VSMC metabolism, proliferation and migration 

and could contribute to the progression of vascular diseases. Therefore, EBP50 should be 

considered as a central regulator of vascular remodeling and a potential therapeutic target for 

vascular disorders.    
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1.0  INTRODUCTION 

 

1.1 HYPERPROLIFERATIVE VASCULAR DISEASES 

Vascular disease is a sub group in the cardiovascular diseases (CVD) class that involves the heart 

or blood vessels. CVD are the leading cause of deaths worldwide accounting for 32.1% of all 

deaths in 2015 [1]. Surgical, biochemical or immunological stresses, that are characteristic of 

vascular disease, trigger cellular proliferation that leads to vessel obstruction – a condition called 

vascular proliferative disease.  

Blood vessels consist of three layers (Figure 1). The intima is a single layer of 

endothelial cells that serve as a protective barrier between the lumen and the blood vessel and 

regulate multiple processes including, neutrophil recruitment, angiogenesis and vascular tone. 

After the intima there is an elastic lamina that separates intima from the media and is comprised 

of connective tissue and elastin. The media is the middle layer that consists of vascular smooth 

muscle cells (VSMC) and is the thickest part of an arterial blood vessel. The main role of the 

media layer is to maintain vascular tone through contractions and relaxations and by that to 

regulate blood pressure and vessel diameter. The last, outermost layer is the adventitia that is 
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comprised of fibroblasts and connective tissue. The adventitia is separated from the media by the 

external elastic lamina [2].   

 

 

 

Vascular injury triggers a series of events that includes endothelial denudation or 

dysfunction, inflammation and VSMC activation and proliferation. Multiple growth factors and 

cytokines are present in human vascular lesions. These mediators may be released by 

dysfunctional endothelial cells, inflammatory cells, platelets and VSMC, affecting chemo-

attraction, cell migration, proliferation, apoptosis and matrix modulation [3].  

Hyper-proliferation is considered a pathological event that is present in cancer and 

vascular diseases. In the vascular system VSMC are the main cell type responsible for the 

Figure 1: Arterial vessel wall structure 

Tunica intima is the thinnest layer in the blood vessel that is comprised of a single layer of endothelial cells 

(and VSMC in humans). Tunica media is the thickest layer in the arterial vessel wall and is comprised from 

vascular smooth muscle cells supported by connective tissue that is mostly made of elastic fibers. Tunica 

adventitia is comprised of fibroblasts, connective tissue, small blood vessels and nerves. 
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progression of the proliferative disease. Under normal physiological state, VSMC are quiescent 

and maintain vascular tone through contraction and relaxation. However, following inflammation 

or injury to the vessel VSMC undergo a phenotypic switch characterized by de-differentiation 

and increased protein secretion, proliferation and motility. During these processes VSMC 

migrate from the media layer where they are normally localized to the intima layer. As a result, 

the vessel narrows, interfering with blood flow and further damaging to the organism [4]. 

Numerous extracellular and intracellular factors regulate these changes in VSMC. Platelet 

derived growth factor (PDGF), tumor necrosis factor α (TNFα), epidermal growth factor (EGF) 

and mitochondria are among them [5-10]. Signaling cascades that are activated by these factors 

impact the cell cycle and promote proliferation and migration. 

1.1.1 Restenosis 

Arterial bypass and angioplasty have been the main treatment for arterial disease for several 

decades [11]. While arterial bypass is a complicated surgical procedure, angioplasty is less 

invasive. However, several studies show that angioplasty leads to higher re-intervention 

compared to coronary arterial bypass [12]. During angioplasty a balloon is inflated at the site of 

atherosclerotic blockage in order to widen the vessel. As a result, the artery undergoes superficial 

and deep injuries. These injuries lead to sequential response of vascular cells that eventually 

result in narrowing and occlusion of the vessel [13].  

Restenosis can be defined as a re-narrowing of the vessel by more than 50% and its 

incidence after balloon angioplasty is 25-50% [13, 14]. Three processes lead to development of 

restenosis: elastic recoil, neointimal proliferation and negative remodeling. Elastic recoil is a 

passive process that occurs immediately after the mechanical stretch by the balloon and causes 
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40% reduction of the lumen [15, 16]. Inflammation plays an important role in neointimal 

proliferation. The inflammatory response can be divided into several phases. First, the early 

thrombotic phase occurs, when the endothelial cells are removed due to the mechanical forces 

and the sub-intima layer is exposed. The exposed layer contains collagen, Von Willebrand factor, 

fibronectin, and laminin that stimulate platelet adherence and aggregation [16].  Later on, 

platelets begin to release mitogenic factors (such as PDGF), that in combination with circulating 

angiotensin II (AngII) and plasmin induce proliferation and migration of VSMC to the intima 

[16, 17]. Late neo-intimal proliferation phase occurs when new extracellular matrix forms 

providing a scaffold for new VSMC in the intima [17]. Negative remodeling is the third phase 

that happens in restenosis. Negative remodeling is defined as a local shrinkage of vessel size.  

Intravascular ultrasound studies show that negative remodeling accounts for two thirds of lumen 

loss in restenosis following angioplasty [18].  

Intravascular stenting was introduced in order to overcome some of these limitations. It 

was found that stents mainly prevent the elastic recoil thus supporting a larger initial gain in 

lumen size compared to angioplasty alone [19, 20]. The stent is inserted into the lumen of the 

vessel and prevents its closure. Stents improved the outcome of coronary angioplasty by 

reducing restenosis rates by 10% [17]. However, restenosis may still occur in the presence of a 

stent. In fact, it was shown that stenting causes greater neointimal growth, a process called in -

stent restenosis [16]. To prevent in-stent restenosis a new methodology has emerged in the form 

of drug eluting stents (DES). These devices considerably improved the outcome of angioplasty 

by reducing restenosis to 5% [21]. DES inhibit multiple biological processes involved in 

restenosis and allow local drug delivery of higher doses without systemic effects. Among the 

drugs that are used in DES are Rapamycin, that inhibits inflammatory responses and VSMC 
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proliferation, and taxenes, that inhibit tubulin polymerization and consequently proliferation 

[11]. Despite numerous advantages of DES there are several limitations to this method. One of 

them is late in stent thrombosis that necessitates life-long treatment with anti-platelet therapies. 

In stent thrombosis is seen at higher rates in patients with diabetes treated with DES and is 

accompanies with an increased risk of death [22]. In order to overcome these limitations new 

strategies are being developed. Biodegradable stents are one of the approaches that have been 

studied in multiple trials [23, 24]. Biodegradable stents allow temporal mechanical support for 

the vessel but eventually will fully degrade, preventing the inflammatory response to foreign 

material. 

1.1.2 Atherosclerosis 

Atherosclerosis is a chronic inflammatory condition of the vessels that cause, lipid accumulation 

and plaque formation in vessel wall. During atherogenesis, monocytes and lymphocytes adhere 

to the endothelial cell surface and migrate into the sub-endothelial space. There, monocytes 

differentiate into macrophages that ingest low density lipoproteins (LDL) and modified or 

oxidised low density lipoproteins (oxLDL). These events lead to accumulation of cholesterol 

esters and formation of "foam cells". Foam cells and VSMC migrate from the media into the 

intima and proliferate with the formation of atherosclerotic plaques. These processes which 

involve cell adhesion, migration, differentiation, proliferation and cell interaction with the 

extracellular matrix are regulated by a complex network of cytokines and growth regulatory 

peptides [25, 26].  

Endothelial dysfunction, inflammation, vascular proliferation and matrix alterations are 

some of the processes that contribute to the progression of atherosclerosis [27]. VSMC are the 
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main cellular component in the arterial wall and their role in atherosclerosis includes 

extracellular matrix deposition, monocyte retention, thickening of the arterial wall through 

increased proliferation and migration, expression of inflammatory mediators and production of 

ROS. In the media VSMC have a contractile phenotype and they are able to maintain vascular 

tone. But, in response to inflammation and growth factors VSMC start to proliferate, migrate and 

acquire a synthetic phenotype [28]. The synthetic phenotype is instrumental for the remodeling 

and repair of the injured vessel and in the same time contributes to the pathogenicity of the 

disease.  

In order to support VSMC migration the extracellular matrix has to be degraded. Many 

proteases including matrix metalloproteinases (MMPs) contribute to extracellular matrix 

proteolysis and VSMC migration [29] and have been implicated in plaque formation. Factors that 

promote atherosclerosis such as PDGF, transforming growth factor β (TGF-β) and ROS increase 

MMPs expression [30, 31] and indeed, MMPs expression is increased in atherosclerotic lesions  

[32]. Furthermore, knock out of MMP-9 leads to reduced VSMC hyperplasia and reduced lumen 

loss [33]. Despite these evidence the exact mechanism of MMPs effects on atherosclerotic 

lesions remains unknown.  

Vascular proliferation is linked to inflammation, apoptosis and matrix alterations. Growth 

promoting actions usually inhibit apoptosis, and inflammatory responses induce proliferation. 

Therefore, inhibiting cellular proliferation through cell cycle regulators has arisen as a promising 

strategy to treat atherosclerosis. VSMC proliferation is regulated through several mechanisms. 

Cyclin-dependent kinases (CDKs) that form holoenzymes with their regulatory subunits, the 

cyclins [34] are major regulators of cell cycle.  Initially, increasing accumulation of cyclin 

D/CDK4 and cyclin E/CDK2 complexes, in cooperation with proliferating cell nuclear antigen 
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(PCNA), coordinate DNA replication by regulating the transition through the G1 and S phases 

[35]. Then, G2/M transition is regulated by cyclin A/CDK2 and cyclin B/CDK1 complexes. 

Furthermore, cell cycle progression is regulated by cyclin-dependent kinase inhibitors (CKIs) 

such as p27KIP1 and p21CIP1, which bind to CDK and prevent their activation. Cell cycle 

progression is also modulated by transcription factors that trans-activate CDKs and CKIs. 

Transcription factor p53 induces expression of  p21CIP1 and consequently inhibits the activity of 

the G1 cyclin/CDK complexes, resulting in G1-phase arrest [36]. Conversely, the E2 factor 

(E2F) family of transcription factors control the expression of genes in S-phase. In quiescent 

conditions, E2F members exist in inactive complexes with retinoblastoma (Rb) protein. Cyclin 

D/CDK4 and cyclin E/CDK2 complexes hyper-phosphorylate Rb, leading to dissociation of E2F, 

which in turn activates the expression of genes such as those encoding cyclin E and A and 

CDK1[36]. Growth arrest homeobox transcription factor (GAX) and GATA-binding factor 6 

(GATA-6) transcription factors are also relevant cell cycle regulators in VSMC. GAX is a 

homeobox transcription factor that regulates cell differentiation, proliferation and migration, and 

is expressed in quiescent VSMC [37]. GATA-6 is a transcription factor involved in tissue-

specific gene expression in VSMC [38]. Both GAX and GATA-6 stimulate the expression of 

p21CIP1 and induce subsequent cell cycle arrest [37, 39]. Furthermore, GAX and GATA-6 are 

down-regulated by mitogen stimulation in vitro and in response to vascular injury in vivo.  

In addition to transcription factors, nitric oxide (NO) is able to suppress cyclin A 

promoter activity and upregulate p21CIP1 [40]. In vivo overexpression of nitric oxide synthase 

resulted in reduction of atherosclerotic or restenotic lesion formation through both inhibition of 

VSMC proliferation and inhibition of adhesion molecule expression with subsequent reduction 

of vascular mononuclear cell infiltration [41]. In contrast, impaired NO bioactivity in vascular 
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disease is associated with VSMC proliferation and inflammation [27].  These effects of NO on 

cell cycle directly link inflammation and proliferation processes. Additional evidence in support 

of the connection between proliferation and inflammation comes from the observation that cell 

cycle arrest preserves a non-activated cellular phenotype through prevention of adhesion 

molecule expression in vivo, thereby reducing the susceptibility to atherosclerosis or 

vasculopathy [42]. Moreover, CDKs regulate transcriptional gene activation by nuclear factor κ-

light-chain-enhancer of activated B cells (NF-κB) [43], providing another mechanism for 

coordination between inflammation, adhesion molecule expression and cell cycle progression. 

Conversely, cytokines can influence cell cycle progression. For example, macrophage migration 

inhibitory factor (MIF) is a pleiotropic cytokine with chemokine-like functions that is studied in 

different aspects of cardiovascular disease. MIF stabilizes the cell cycle–inhibitory protein 

p27KIP1 and blocks proliferation [44]. Contrarily, MIF has been shown to functionally inactivate 

p53 and by that promotes proliferation [45].  Cyclooxygenase 2, essential in inflammation, is 

also expressed in a cell cycle–dependent way [46].   

Due to the broad impact of proliferation on various processes in the vascular cells, anti-

proliferative drugs have been tested as means to prevent vascular proliferative diseases in 

humans. These agents include heparins, angiotensin-converting enzyme inhibitors and 

antagonists to growth factors such as terbinafine or trapidil (inhibitory to PDGF and more). 

However, in clinical trials these treatments failed to replicate the effect that were seen in animal 

models [47]. These failures could be explained by species differences in the response to vascular 

injury or limitations on matching experimental dosing regimens in humans. Moreover, they 

could emphasize the improbability that a multifactorial disease, such as atherosclerosis, can be 

treated successfully by targeting a single mitogenic factor. So far, anti-proliferative therapies are 
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mainly used to treat disorders such as in-stent restenosis and by-pass graft failure in which 

excessive proliferation is the basis of the disorder.  

1.1.3 Pulmonary arterial hypertension 

Pulmonary arterial hypertension (PAH) is a fatal disease caused by small pulmonary artery 

obstruction due to vascular proliferation and remodeling. PAH is characterized by elevated 

pulmonary arterial pressure and increased pulmonary vascular resistance, frequently leading to 

right heart failure and death [48]. The two main components thought to be responsible for PAH 

include structural changes within the pulmonary vasculature and increased vasoconstriction of 

the pulmonary vasculature [48]. The structural changes include smooth muscle cell proliferation 

and hypertrophy, and the deposition of matrix proteins within the media of the pulmonary 

arterial vessels, which will influence the properties of the pulmonary arteries. In addition, 

histologic findings of PAH indicate intimal hyperplasia, adventitial proliferation, thrombosis in 

situ, infiltration of inflammatory cells, and the presence of angio-proliferative “plexiform 

lesions”, which are complex vascular formations originating from remodeled pulmonary arteries 

[48].   

At the level of the media, pulmonary artery smooth muscle cells exhibit an increase in 

proliferation and suppression of apoptosis. This suggests that the pathogenesis of PAH is similar 

to that underlying cancer, since both diseases show excessive proliferation and impaired 

apoptosis. In both PAH and cancer, pyruvate dehydrogenase kinase (PDK) is elevated, and this 

enzyme is responsible for phosphorylation and inhibition of pyruvate dehydrogenase (PDH), a 

vital enzyme regulating the rate of oxidative metabolism. PDK activation results in a metabolic 

shift to glucose metabolism, and these metabolic abnormalities enhance cell proliferation and 
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impair apoptosis [48]. In addition, pathologic specimens from patients with PAH reveal an 

increase in the number of macrophages, T and B lymphocytes, and mast cells, suggestive of an 

underlying inflammatory process. Another component contributing to the pathogenesis of PAH 

is abnormal smooth muscle cell contractility. This hyper-contractility can be caused by 

exacerbated mechanisms that lead to smooth muscle cell contraction, but also by blunting 

mechanisms that would normally produce relaxation of the smooth muscle. For instance, PAH is 

associated with alterations in nitric oxide (NO) mediated vaso-relaxation due to reduced activity 

of endothelial nitric oxide synthase (eNOS) [49].  

It has been well-established that VSMCs can modulate their phenotype from a contractile 

to a non-contractile-proliferative phenotype in many settings, including atherosclerosis, 

restenosis and PAH. In PAH, pulmonary vascular cells have increased aerobic glycolysis as a 

result of normoxic upregulation of hypoxia-inducible factor 1α (HIF-1α) and inhibition of 

pyruvate dehydrogenase. The pseudo-hypoxic state that leads to normoxic activation of HIF-1α 

occurs due to changes in the cellular redox state [50], which in turn is affected by a decrease in 

the levels of mitochondrial reactive oxygen species generation. Activation of HIF-1α in PAH 

upregulates pyruvate dehydrogenase kinase isoforms 1 and 2 (PDK1 and PDK2), leading to 

phosphorylation and inhibition of pyruvate dehydrogenase, and switch to aerobic glycolysis. The 

small molecule dichloroacetate (DCA), which is a PDK inhibitor, has shown promise as a 

potential therapy in experimental pulmonary hypertension. DCA improves mitochondrial 

structural integrity and function, decreases pulmonary artery smooth muscle cell proliferation, 

and regresses established pulmonary hypertension [51]. This suggests that cellular metabolism 

and mitochondria have critical role in proliferative vascular diseases such as PAH. 
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1.2 MITOCHONDRIA 

Mitochondria are double membrane organelles with their own DNA. Mitochondria are thought to 

have evolved from bacteria that developed a symbiotic relationship with larger cells 

(endosymbiosis). This theory is supported by the striking similarities between the genomes of 

mitochondria and of the bacterium Rickettsia prowazekii [52].  Mitochondrion size ranges from 

0.5 μm to 10 μm and the number of mitochondria per cell varies greatly depending on cell type. 

For example, red blood cells do not contain any mitochondria, while liver cells and muscle cells 

may have hundreds or thousands of mitochondria.  

The inner mitochondrial membrane forms numerous folds (cristae) that extend into the 

mitochondrial matrix and increase the surface area of the membrane. The composition of the 

inner membrane consists of 70% proteins that are involved in oxidative phosphorylation and 

transport of metabolites between the cytoplasm and the mitochondrion (such as pyruvate and 

fatty acids). Otherwise, the inner membrane is impermeable to ions and small molecules. This is 

crucial to the maintenance of the proton gradient that drives ATP synthesis. In contrast, the outer 

membrane is freely permeable to small molecules and the composition of the inter-membrane 

space is very similar to the cytoplasm.   This is due to proteins called porins that form channels 

through which molecule smaller than 6000 daltons can defuse freely.  

The mitochondrial matrix contains the genetic material and the enzymes that are needed 

for the reactions of oxidative metabolism. Mitochondrial genome is usually a circular DNA, like 

in bacteria, which is present in multiple copies per organelle. The mitochondrial 16 kb genome 

encodes 13 polypeptides of the respiratory chain, which is essential for oxidative 
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phosphorylation and ATP generation, while the remaining 79 polypeptides are nuclear-encoded 

[53] .  

Glucose and fatty acids oxidative breakdown is the main mechanism of energy generation 

in mammalian cells. The initial stage of glucose metabolism (glycolysis) occurs in the 

cytoplasm. During this stage glucose is converted to pyruvate which is then imported to 

mitochondria. Here pyruvate is oxidized to acetyl CoA which in turn is broken to CO2 in the 

citric acid cycle. Oxidation of fatty acids also results in acetyl CoA that is metabolized in the 

citric acid cycle in mitochondria. Therefore, mitochondrial metabolism is responsible for both 

glucose and fatty acid breakdown. The oxidation of acetyl CoA to CO2 is coupled to the 

reduction of flavin adenine dinucleotide (FAD) and nicotinamide adenine dinucleotide (NAD) to 

FADH2 and NADH during which high energy electrons are transferred through series of carriers 

in the inner membrane of the mitochondrion to molecular oxygen. The reactions in the electron 

transport chain create a proton gradient that is used by ATP synthase to generate ATP (Figure 2). 

Therefore, the inner membrane is an extremely important compartment for ATP synthesis. In 

addition, mitochondria are a major site for the production of ROS due to the high predisposition 

for aberrant release of free electrons. While several different antioxidant proteins within 

mitochondria scavenge and neutralize these molecules, some ROS may inflict damage to 

mtDNA.  

1.2.1 Mitochondrial reactive oxygen species production 

ROS are by-products of aerobic metabolism. ROS include the superoxide anion (O2
•–), hydrogen 

peroxide (H2O2), and hydroxyl radicals (•OH), all of which have inherent chemical properties 

that confer reactivity to different biological targets [54]. In mitochondria, electrons that leak 
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from the electron transport chain react with molecular oxygen and superoxide anion is formed 

[55]. The electrons can be supplied by either NADH at complex I or by succinate at complex II. 

Ubiquinone (QH2) mediates electron transfer to complex III, which in turn reduces complex IV. 

Complex IV couples oxygen reduction to water and the proton pump, transporting protons (H+) 

from the matrix to the inter-membrane space. The resultant proton motive force across the inner 

mitochondrial membrane is used by complex V for ATP synthesis (Figure 2). It has been shown 

that the main superoxide sources in mitochondria are complex I and complex III [56].  Complex 

I can produce superoxide both in the forward and reverse electron transfer in the mitochondrial 

matrix. Complex III produces superoxide both in the mitochondrial matrix and in the inter-

membrane space under conditions of hypoxia and complex IV inhibition [57].   

 

Figure 2: Schematic representation of the electron transport chain. 

The electrons are supplied by either NADH at complex I or by FADH2 at complex II. Ubiquinone (QH2) 

mediates electron transfer to complex III, which in turn reduces complex IV. Complex IV couples oxygen 

reduction to water and the proton pump. Complexes I, III and IV transport protons (H+) from the matrix to the 

inter-membrane space. The resultant proton motive force across the inner mitochondrial membrane is used by 

complex V for ATP synthesis. Complexes I and III can produce superoxide due to electron leak. 
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Mitochondria are not only a major ROS generation site but also can be a target of these 

species. Superoxide can react and inactivate proteins containing sulfur iron clusters, including 

complex I and complex II. It has been shown that damage to complex I and complex II by 

oxidizing iron sulfur clusters lead to increased ROS from mitochondria [58]. In addition, 

oxidative damage to mitochondrial DNA can lead to defects in the synthesis of the components 

of electron transfer chain, which are encoded by mitochondrial DNA and eventually to 

mitochondrial dysfunction. Usually, superoxide in mitochondria is rapidly converted to H2O2 by 

manganese superoxide dismutase (MnSOD). Therefore, MnSOD prevents the accumulation of 

superoxide in mitochondria and protects them from oxidative damage. Following the reaction 

with MnSOD superoxide is converted to H2O2 and can diffuse out of the mitochondria and react 

with cysteine residues on various proteins. Cysteine residues exist as a thiolate anion (Cys–S) at 

physiological pH and are more susceptible to oxidation compared to the protonated cysteine thiol 

(Cys–SH). When oxidized by H2O2 the thiolate anion is converted to a sulfenic form (Cys-SOH) 

leading to allosteric change in the protein that alters its function. The sulfenic form of proteins is 

reversible by thioredoxin and glutaredoxin.  However, higher levels of H2O2 lead to irreversible 

oxidation to sulfinic and sulfonic species [59].   

1.2.2 Mitochondrial dynamics 

Mitochondria may attain a diverse range of shapes depending on cell type and tissue. This 

heterogeneous morphology was observed back in 1898 by Carl Benda that noted that the 

organelle can have a ball shape and sometimes a linear shape. This observation inspired the name 

mitochondrion that originates from Greek and means: mitos = thread and chondrion = granule. In 
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1914 the field of mitochondrial dynamics was established when it was noted that “Any one type 

of mitochondria such as a granule, rod or thread may at times change into any other type or may 

fuse with another mitochondrion, or it may divide into one or several mitochondria.” [60]. 

Alterations in mitochondria shape occur as a result of fusion and fission events.  

Fission and fusion are regulated by a number of proteins that are localized in 

mitochondria and the cytosol. Key fusion regulators are mitofusin-1 (Mfn1) and mitofusin-2 

(Mfn2) that are located on the outer mitochondrial membrane and optic atrophy 1 (OPA1) that is 

located on the inner mitochondrial membrane. Mfn1 and Mfn2 govern the fusion of the outer 

mitochondrial membrane and OPA1 governs the fusion of the inner mitochondrial membrane. 

During mitochondrial fusion two adjacent mitochondria are fused and their contents are mixed. 

Mitochondrial fusion proteins contain a GTPase domain, a trans-membrane domain and a coiled 

coil domain. Fusion proteins are anchored to mitochondria through a trans-membrane domain 

and the coiled coil domain that faces the cytosol and mediates homotypic (Mfn1-Mfn1, Mfn2-

Mfn2 or OPA1-OPA1) and heterotypic (Mfn1-Mfn2) physical connections. Mutations in OPA1 

cause an autosomal dominant inherited neuropathy [61, 62]. The loss of OPA1 mediated fusion 

causes unopposed fission that ultimately leads to optic nerve degeneration because of increased 

apoptosis in retinal ganglia [63]. Mutations in fusion mediating, coiled coil and GTPase domains 

of Mfn2, cause Charcot-Marie-Tooth disease type 2A, a neurologic disorder that is characterized 

by distal muscle weakness and sensory loss [64].  

Pro-fusion activity of Mfn1 is facilitated through binding to guanine nucleotide binding 

protein-β subunit 2 (Gβ2) [65] that facilitates Mfn1 clustering on the outer mitochondrial 

membrane. In contrast, Mfn2 is mainly regulated through expression levels. Peroxisome 

proliferator-activated receptor γ coactivator 1-α (PGC-1α) and peroxisome proliferator-activated 
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receptor γ coactivator 1-β (PGC-1β) have been shown to up-regulate Mfn2 in order to promote 

fusion [66, 67]. Forkhead box protein O1 (FoxO1) has been shown to act together with PGC-1α 

[68] to induce the expression of Mfn2 [69]. Mfn1 and Mfn2 are also regulated by the ubiquitin 

proteasome pathway and participate in mitochondrial quality control. Upon the induction of 

mitochondrial stress Mfn1 and Mfn2 are ubiquitinated by PINK1/Parkin and targeted for 

degradation. The reduction of Mfn1 and Mfn2 levels promotes fission and allows selective 

removal of damaged mitochondria through a process called, mitophagy [70, 71]. OPA1 function 

is determined by alternative splicing and post-translational modifications [72]. Proteolytic 

cleavage of OPA1 at two discovered sites add further complexity to its regulation, with longer 

isoforms in general mediating fusion, and small, soluble isoforms that are located in the 

intermembrane space, responsible for keeping cytochrome c contained within cristae, thereby 

preventing apoptosis [73, 74].  

Mitofusins exhibit other roles that are not fusion dependent. Mfn2 dysfunction has been 

associated with several pathological conditions such as Charcot-Marie-Tooth (CMT) disease 

type 2A, diabetes mellitus type 2, obesity, hypertension and atherosclerosis, which points to its 

diverse regulatory effects. On a molecular level, Mfn2 over-expression inhibits cell proliferation 

by interacting with Ras and Raf and inhibiting the Ras-Raf–extracellular signal-regulated kinase 

1/2 (ERK1/2) signaling pathway [75, 76]. In addition, Mfn2 has been shown to tether the 

endoplasmic reticulum to the mitochondria thus regulating calcium transport to the mitochondria 

[77]. This function is particularly important in cardiac muscle that relays on calcium for proper 

muscle contraction [78]. Disruption of Mfn2 in the heart leads to impaired tethering of 

sarcoplasmic reticulum to the mitochondrial that ultimately leads to impaired calcium signaling 

and deterioration of left ventricular systolic function [79]. Similarly to mitofusins, OPA1 also 
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exhibits non fusion regulatory roles. OPA1 regulates cristae remodeling by maintaining the 

cristae junctions closed. This prevents the redistribution and the release of cytochrome C that 

leads to apoptosis [73]. In addition, OPA1 plays a role in mitochondrial respiration. Complexes 

in the electron transport chain can form respiratory super complexes (RSC) to facilitate the 

electron transfer and improve respiratory efficiency [80].  It has been shown that the stability of 

RSC is critically dependent on cristae morphology, thus puts OPA1 functions as an important 

regulator of mitochondrial respiratory efficiency.  

The key component of mitochondrial fission is dynamin related protein 1 (Drp1). Fission 

results in smaller, more discrete, mitochondria that can be engulfed by autophagosomes and to be 

eliminated through the mitophagy pathway. In addition, mitochondrial fission facilitates the 

redistribution of mitochondria between daughter cells during mitosis and by that promotes 

proliferation. Drp1 is a cytosolic GTPase that is recruited to the mitochondria to promote fission. 

On mitochondria, Drp1 multimerizes and forms ring-like structures that constrict and divide the 

organelle. Drp1 activity is regulated by multiple post-translational modifications that include 

phosphorylation, ubiquitination and sumoylation [81-83]. Interestingly, phosphorylation of Drp1 

has opposite effects depending on the phosphorylation site. Phosphorylation on Ser616 increases 

Drp1 activity while phosphorylation on Ser637 decreases it. Different kinases can phosphorylate 

these sites. Cyclin B1/CDK1 and calcium-calmodulin-dependent kinase (CamK) phosphorylate 

Drp1 on Ser616 providing a link from cell cycle and calcium homeostasis to mitochondrial 

fission [84-86]. PKCδ also phosphorylates Drp1 on Ser616 and links mitochondrial fission to 

oxidative stress and hypertension [87]. Phosphorylation of Drp1 on Ser637 by PKA inactivates it 

[88] and de-phosphorylation by calcineurin activates Drp1 [89]. 
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1.2.3 Mitochondrial alterations in hyper-proliferative vascular disorders 

Cellular hyper proliferation has been long considered an important etiological factor in CVD. 

Although VSMC are localized in the tunica media layer in the artery and are quiescent, in 

pathological states they proliferate and migrate towards the intimal layer. VSMC proliferation is 

stimulated by various extracellular mitogenic stimuli that include growth factors and cytokines. 

Specifically PDGF, EGF and TNFα have all been implicated in VSMC proliferation [5, 90, 91]. 

Proliferating VSMC decrease glucose oxidation and increase fatty acid oxidation. In this way, 

VSMC redirect glucose to bio-synthetic pathways that support DNA and protein synthesis. This 

process is similar to the Warburg effect that was described in cancer cells. These changes in 

metabolic pathways underlie the importance of mitochondria in proliferation. Indeed, 

mitochondrial dynamics has been recognized as a critical regulator of VSMC proliferation [8] 

and several growth factors have been shown to induce mitochondrial fission. For instance, in 

PAH, mitochondria in VSMC appear fragmented and is associated with increased VSMC 

proliferation [92]. Inhibition of Drp1 with a small molecule mitochondria division inhibitor 1 

(Mdivi-1) induces mitochondrial fusion and suppresses PDGF induced proliferation [8]. VSMC 

proliferation is also controlled by Mfn2. In spontaneous hypertensive and atherosclerotic prone 

rats Mfn2 levels are diminished whereas over-expression of Mfn2 reduces VSMC proliferation 

[67].      

PAH is an obstructive pulmonary vasculopathy. A new “oncologic view” is emerging 

that increased proliferation and decreased apoptosis of pulmonary arterial smooth muscle cells 

(PASMC) mediates the progression of PAH. Similar to cancer, PASMC in PAH upregulate HIF-

1α under normoxic conditions that lead to Drp1 mediated mitochondrial fission [93]. In addition, 
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down-regulation of PGC-1α and consequently Mfn2 further contribute to the unopposed fission. 

Administration of Mdivi-1 restores mitochondrial fusion and diminishes PAH [94].  

In atherosclerosis there is also evidence for mitochondrial dysfunction. There are multiple 

mtDNA anomalies such as deletions and oxidative damage in addition to reduced mitochondrial 

protein and ATP production [95-99]. Respiratory chain dysfunction has been also associated 

with atherosclerosis although the causality between the two has not been shown yet [100]. 

Mitochondrial dysfunction in cardiovascular diseases could arise because of risk factors such as 

smoking, ROS, diabetes and hyperlipidemia. For example, smoking can induce DNA damage 

and inhibit DNA repair [101]. Diabetes has been associated with failed DNA repair and excess of 

ROS [102]. Mitochondrial DNA is particularly susceptible to oxidative damage because of the 

proximity to the site of ROS generation and because of the limited mtDNA repair machinery. 

Altered mitochondrial dynamics can also lead to mitochondrial dysfunction. For example, 

inhibition of fusion does not allow content mixing from healthy mitochondria thus promoting 

accumulation of damaged and impaired mitochondria. Whether this contributes to vascular 

disease remains to be determined.  

1.3 REACTIVE NITROGEN AND OXYGEN SPECIES IN THE 

CARDIOVASCULAR SYSTEM 

The roles of ROS and reactive nitrogen species (RNS) in the normal vasculature and disease 

states have been the subject of intense investigation and continue to engender considerable 

debate. A disturbance in the oxidation–reduction state of the cell, in which ROS production 

exceeds antioxidant defenses, is called oxidative stress. By analogy, nitrosative stress is an 
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impairment in nitric oxide (NO) signaling caused by increased amounts of RNS, which may be 

caused by or associated with a disturbance in the redox state. The forms of ROS that are most 

relevant in biological systems include the superoxide radical (O2•
-), hydrogen peroxide (H2O2), 

and hydroxyl radical (•OH). RNS of biological importance include NO, low and high-molecular-

weight S-nitrosothiols, and peroxynitrite (ONOO-) (Figure 3). In the next section I will describe 

the main sources of ROS and RNS and the importance and regulation of the anti-oxidants to 

cellular health. 

1.3.1 Sources of ROS and RNS 

Traditionally macrophages were thought to be the main source of ROS in blood vessels [103], 

but it became clear that all cells in the vessel wall (endothelial cells, VSMC and adventitial cells) 

can produce ROS in various amount and in response to different stimuli. In the cardiovascular 

system, the majority of enzymatic sources of ROS include NADPH oxidases (Nox), 

lipooxygenase, cyclooxygenase (COX), xanthine oxidase (XO), uncoupled nitric oxide synthases 

(NOS), cytochrome P450, and mitochondrial respiration. The major ROS in the vasculature is 

O2•
-. O2•

- is generated through one electron reduction of molecular oxygen and results in a free 

radical. O2•
- can react with nitric oxide (NO) that is produced in endothelial cells and inactivate 

it. This reaction affects vascular relaxation and generates peroxynitrite anion (ONOO-) that at 

high concentrations can react with and modify DNA, lipids and proteins which can lead to 

cytotoxicity  [104]. After its generation superoxide is dismutated by SODs and converted to 

hydrogen peroxide that is more stable and in turn is converted to water by catalase and 

glutathione peroxidase (Figure 3).  Hydroxyl radicals (•OH) are generated from H2O2 reaction 

with ferrous ions and they are extremely reactive with lipids, proteins and DNA (Figure 3).  
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H2O2 and other peroxidases have important signaling activities that are involved in VSMC and 

endothelial cells growth, differentiation, migration, vascular tone and inflammatory responses in 

vascular lesions. ROS can activate the MAPK/ERK pathway [105] and promote cell growth and 

differentiation as well as NFκB [106] and activator protein 1 (AP-1) [107] that regulate 

inflammatory responses that have a critical role in CVD.  

In mitochondria, oxygen is utilized for energy production and oxidative phosphorylation. 

During mitochondrial electron transport (MET) reactions, electrons leak and react with oxygen 

to form superoxide. Because of the presence of MnSOD in mitochondria, superoxide is rapidly 

Figure 3: Reactive oxygen and nitrogen derived species and the anti-oxidants network 

A simplified schematics of reactive oxygen species (ROS), reactive nitrogen species (RNS) and the anti-oxidants 

reactions. Mitochondria, NAPDH oxidases (Nox), Xanthine oxidases (XO) and uncoupled nitric oxide synthase 

(NOS) are some of the main enzymatic sources of ROS and RNS in the cardiovascular system. Mitochondria, 

Nox and XO lead to generation of superoxide (O2•-). NOS generate nitric oxide (NO). O2•- reacts with NO to 

form peroxinitrite that can react and modify DNA, lipids and proteins. H2O2 can also react with ferrous ions 

(Cu2+/Fe3+) and generate hydroxyl radical (•OH). SODs react with O2•- and convert it to hydrogen peroxide 

(H2O2) and catalase and glutathione peroxidase (GPx) react with H2O2 and convert it to water.    
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converted to H2O2.  However, in conditions of hypoxia and or ischemia the amount of ROS 

exceeds MnSOD capacity, which leads to high levels of ROS, resulting in mitochondrial 

dysfunction that can lead to cell death [108, 109].  

NADPH oxidases (Nox) are found in cellular membranes and are activated in phagocytic 

cells which leads cells to generate superoxide, that is essential for neutrophils function and 

protection from pathogens [110]. Overexpression of Nox2 [111] and Nox4 [112] causes an 

increase in oxidative stress in CVD. In cardiac cells Nox4 knockdown results in low levels of 

superoxide, pointing to the significance of Nox4 the heart tissue [113]. On the other hand, Nox4 

overexpression worsens cardiac function under pressure overload [114]. 

ROS are neutralized by intracellular antioxidants (such as glutathione peroxidase (GPx), 

SODs and catalase) and consumption of other non-enzyme antioxidants like 𝛽-carotene, ascorbic 

acid, and tocopherols. However, overproduction of ROS that exceeds that ability of antioxidants 

defense can cause significant damage to the cells and lead to apoptosis. In the next section I will 

describe in detail the function and the regulation the two major anti-oxidant enzymes – MnSOD 

and catalase. 

1.3.2 The anti-oxidant enzymes 

To ameliorate the injury from oxidative damage aerobic organisms developed a defense system 

of enzymatic and non-enzymatic anti-oxidants. Primary enzymatic anti-oxidants in eukaryotic 

cells are SODs, catalase and several peroxidases. In addition, there are secondary enzymes that 

act together with small molecular weight non-enzymatic anti-oxidants to form redox cycles that 

provide the primary anti-oxidants with the necessary co-factors. Among these glutathione, 

thioredoxin, NADPH, vitamin C and vitamin E that directly scavenge ROS. 
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1.3.2.1 MnSOD 

 

The superoxide dismutase family is specialized in eliminating O2
•- radicals generated from 

extracellular as well as intracellular stimuli. There are three distinct SOD isoforms: copper-zinc 

superoxide dismutase (Cu/ZnSOD, encoded by sod1), manganese superoxide dismutase 

(MnSOD, encoded by sod2) and extracellular superoxide dismutase (ECSOD, encoded by sod3). 

These forms of SOD have similar enzymatic functions, but differ in their protein structures, 

chromosome localizations, metal cofactor requirements, gene distributions and cellular 

compartmentalization. The compartmentalization and control of SOD expression and activity 

determine localized ROS level. Among the three SOD isoforms only MnSOD has been proven to 

be essential to the survival of aerobic organisms [115].  

Human MnSOD is a tetrameric enzyme with four identical subunits each harboring a 

Mn+3 atom. Sod2 gene is located on the 6th chromosome, 6q25.3 region encoding a ~223 amino 

acids/26 kD precursor monomer containing a mitochondria targeting sequence of 26 amino acids 

that is required for mitochondrial localization. MnSOD is highly conserved with 40% sequence 

homology among yeast, human and E.coli. The importance of MnSOD was demonstrated in 

knock out mice that died shortly after birth due to dilated cardiomyopathy and neurodegeneration 

[116, 117]. A number of studies have identified polymorphisms in sod2 in cancer, type II 

diabetes and hypertension [118-120]. Since MnSOD is localized in the mitochondrial matrix, it 

has to be transported across two mitochondrial membranes and to be activated in mitochondria. 

This transport requires a targeting-sequence in the N-terminal of the polypeptide. As MnSOD is 

taken up by mitochondria, the targeting sequence is cleaved, leaving a 22 kD monomer, which 

later incorporates an Mn+3 ion and assembles into the mature 88 kD homotetramer in the 
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mitochondrion. Cytosine to thymine (C to T) single nucleotide polymorphism in the MnSOD 

mitochondrial targeting sequence, which causes the substitution of alanine (GCT) with valine 

(GTT) can disrupt the secondary α-helix structure of MnSOD and affect the localization and 

efficiency of mitochondrial transport of MnSOD enzyme [121].   

In contrast to SOD1 that is constitutively expressed in cells, MnSOD is easily inducible 

under stress conditions. Stimuli such as ionizing radiation [122], interferon γ (INF-γ) and pro-

inflammatory cytokines have been shown to induce MnSOD expression [123]. NF-κB has been 

identified as the most crucial factor that regulates MnSOD transcription [124] and is required for 

cytokine mediated induction of MnSOD [125]. In addition, sod2 contains a p53 binding region 

[126]. p53 has both suppressive and inducing effects on MnSOD transcription that are dependent 

on cell type and p53 levels. At low concentrations, p53 induce MnSOD expression together with 

NF-κB, whereas at high levels it suppresses MnSOD transcription [127]. FoxO1 and Forkhead 

box O3 (FoxO3A) transcription factors can bind to sod2 promoter and induce its transcription to 

protect quiescent cells from oxidative stress [128]. Specificity protein 1 (Sp1) is a zinc-finger 

protein that acts as a transcription factor by binding directly to DNA through three consecutive 

zinc-finger domains in the C-terminus and enhances gene transcription with one of the two 

glutamine-rich domains. Sp1 is essential for both constitutive and inducible expression of 

MnSOD [129].  

In addition to transcriptional regulation, various post-translational modifications 

including phosphorylation, nitration, acetylation, gluthationylation and metal incorporation 

regulate MnSOD activity. ONOO- that is generated from NO and O2
. - is a potent nitrating agent 

and can inactivate MnSOD through nitration of Tyr34 [130]. NAD+ dependent protein de-

acetylase SIRT3 can remove acetyl groups from Lys53 and Lys89 on MnSOD and increase 
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MnSOD activity under conditions of ionizing radiation and oxidative stress [131, 132]. 

Therefore, both transcriptional and post-translational regulations of MnSOD expression and 

activity are sensitive to redox balance and allow immediate adaptive responses to protect the 

cells from excess of ROS. The fact that MnSOD is a primary defense mechanism of 

mitochondria form oxidative stress and that its dysfunction is detected in many pathological 

conditions, places it at a critical position of protecting mitochondrial and cellular faith. 

 

1.3.2.2 Catalase 

 

The human catalase gene (Cat) is located on the short arm of chromosome 11 and has all the 

characteristics of a housekeeping gene, with no TATA box, no initiator element sequence, and 

high GC content in the promoter. The enzyme, first described by Loew more than 100 years ago, 

is a homotetramer in which each monomer (62.5 kD) contains a heme b group responsible for the 

enzymatic activity. The human catalase belongs to the family of typical catalases, which 

predominantly catalyze the dismutation of H2O2 into water and molecular oxygen. In addition to 

its dominant “catalytic” activity, catalase can also decompose ONOO-, oxidize NO to nitrogen 

dioxide, and exhibit marginal peroxidase (i.e., oxidation of organic substrates with concomitant 

reduction of a peroxide) as well as low oxidase activity (O2-dependent oxidation of organic 

substrates).  

Decreased catalase expression and/or activity has been associated with diseases such as 

diabetes, hypertension, vitiligo, Alzheimer disease, and acatalasemia [133]. Diseases that are 

associated with mutations of catalase gene illustrate the importance of this anti-oxidant enzyme 
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for human life. For example, acatalasemia is an autosomal inherited deficiency of erythrocyte 

catalase due to guanine-to-adenine substitution (Japanese type A), threonine deletion (Japanese 

type B), or guanine– adenine insertion (Hungarian type) [134]. Catalase-deficient mice are viable 

and fertile and develop normally with a normal hematological profile. However, after trauma 

mitochondria show defects in oxidative phosphorylation [135]. This phenotype could be 

explained by the presence of other H2O2-degrading enzymes such as glutathione peroxidases and 

peroxiredoxins. Mitochondrial catalase overexpression in mice increases life-span by 20% [136]. 

In addition, expression and activity of catalase in the aortic wall closely correlate with the 

formation of abdominal aortic aneurysms (AAA) in mice. Administration of PEG-catalase 

prevents the loss of tunica media and the formation of AAA induced by calcium chloride on 

mouse infrarenal aortas [137]. Similarly, catalase over-expression in VSMC results in enhanced 

VSMC survival and reduced AAA formation [137]. Over-expression of human catalase 

in ApoE−/− mice delays atherosclerotic development correlated with reduced F2-isoprostanes in 

plasma and aortas [138]. Increasing evidence suggest that catalase is also involved in other 

processes. ROS are able to activate various signaling pathways that increase the capacity for 

proliferation, migration, and invasion. Catalase can modulate these cellular responses by various 

mechanisms, the first obviously being its ability to directly reduce H2O2 levels. The second is its 

ability to bind and protect certain proteins from potential oxidative damage, such as growth 

factor receptor-bound protein 2 (Grb2) [139] and Src homology region 2-containing protein 

tyrosine phosphatase 2 (SHP2) [140], that are involved in the processes of proliferation and 

migration.  

Catalase expression is predominantly regulated at the level of transcription. Catalase 

transcriptional regulators include Sp1 [141], nuclear factor Y (NF-Y) [142], FoxO [143]and 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/calcium-chloride
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/apolipoprotein-e
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/isoprostane
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other transcription factors such CCAAT-enhancer-binding protein β (C/EBP-β) [144], 

peroxisome proliferator-activated receptor γ (PPARγ) [145], and POU Domain Class 2 

Transcription Factor  (POU2F1) [146]. The FoxO family consists of four proteins (FoxO1, 3A, 4, 

and 6) that regulate hormonal, nutrient, and stress responses [147]. Regulation of the FoxO 

protein family is post-translationally controlled by the Akt/Protein kinase B (PKB) signaling 

pathway [148]. The serine/threonine kinase, Akt, phosphorylates FoxO, which is consequently 

excluded from the nucleus by 14-3-3 protein and degraded by the ubiquitin proteasome system 

[148]. FoxO3A [149], FoxO1 [143, 150] and Forkhead box protein M1 (FoxM1) [151] have 

been mentioned as positive regulators of catalase expression. FoxO1, cooperates with PGC-1α to 

bind the Cat promoter at the consensus sequence TTATTTAC. The suppression of PGC-1α 

activity due to phosphorylation by Akt or the acetylation by histone acetyltransferase general 

control nonderepressible 5 (Gcn5), prevents DNA binding of FoxO1 to the Cat promoter and 

represses the expression of the enzyme [152]. Moreover, overexpressing an active form of 

FoxO1 stimulates catalase expression [153]. Therefore, FoxO1 can regulate the expression of 

both catalase and MnSOD. This places FoxO1 in a critical locus for redox control.  

1.4 THE SCAFFOLDING PROTEIN EBP50/NHERF-1 

1.4.1 Structure and function 

Mammalian Na+/H+ exchange regulatory factor 1 (NHERF-1) is a member of a scaffolding 

proteins family that creates macromolecular complexes with trans-membrane or intracellular 

proteins to regulate their localization, function and signaling. NHERF-1 contains two PSD95-
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/Disc large/ZO-1) (PDZ) domains (PDZ1 and PDZ2) protein-protein interaction domains that 

can bind to PDZ binding motifs, if present on other proteins. PDZ domains consist of 80-90 

amino acids structure that is comprised of six β-sheets and two α-helixes. PDZ domains bind to 

specific motifs present on carboxy-terminus of binding protein partners. The carboxylate binding 

loop in PDZ domains contains a core motif (G-φ-G-φ, where φ is aromatic amino acid) which is 

G-Y-G-F in EBP50. There are three classes of PDZ proteins that are divided according to the 

binding motif of the ligand they interact with. NHERF-1 belongs to class I PDZ proteins that 

interact with ligands having [S/T]-X-φ in their C-terminus where X is any amino acid and φ is a 

hydrophobic residue.  NHERF-1 interacts with GPCRs, receptor tyrosine kinases (RTK), ion 

channels and other signaling molecules (Figure 4 and Table 1). NHERF-1 also contains a 

carboxy-terminal domain to the membrane cytoskeleton linker, ezrin (EBD). Due to the 

interaction with ezrin NHERF-1 has another name – ezrin binding protein 50 (EBP50). Both 

terms, NHERF-1 and EBP50 are used interchangeably in the literature. In my thesis I will refer 

to the protein as EBP50. 
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Figure 4: EBP50/NHERF-1 structure and binding partners. 

EBP50 is a 358 amino acids protein that contains two PDZ domains (PDZ1 and PDZ2) and a C-terminal 

ezrin binding domain (EBD) through which it binds the cytoskeleton. Some of EBP50 binding partners are 

indicated under each domain. 

Table 1: Some of the EBP50 binding partners with relevance to vascular biology. 
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EBP50 expression is particularly high in tissue with polarized epithelium such as kidney, 

placenta and liver. EBP50 is primarily localized near actin cytoskeleton. That is due to the 

cholesterol binding domain in PDZ1 [154] and the C-terminal EBD [155] that tethers EBP50 to 

the cytoskeleton through secondary protein interactions with ERM proteins (Figure 4). The 

interaction with ERM proteins is critical for EBP50 localization and affects the organization of 

cellular compartments. Depletion of EBP50 results in loss of microvilli in vitro [156] and 

EBP50-/- mice exhibit disorganized microvilli in the intestine [157-159]. Moreover, loss of 

EBP50 expression in the apical membrane of intestinal cells leads to a loss of epithelial polarity 

[160]. Overall, the localization of EBP50 to the apical membrane is critical to maintain epithelial 

polarity, an effect that is important in various cancers. Studies revealed that EBP50 contains 

numerous estrogen response elements (ERE) half sites that are sufficient for estrogen binding 

[161]. Consistently, there is a correlation between EBP50 and estrogen levels during the 

reproductive cycle. In addition, ER+ positive breast cancer tissue show increased EBP50 

expression compared to ER- negative or normal tissues [162]. Interestingly, the mouse promoter 

does not contain ERE sites which suggests the presence of other mechanisms of regulation of 

EBP50. Indeed, Leslie et. al., demonstrated that NFκB transcriptionally regulates EBP50 

expression in mouse vascular cells [163].  

EBP50 contains multiple Ser/Thr residues that comprise 12% of the molecule and, not 

surprisingly, its activities are regulated by phosphorylation. EBP50 is phosphorylated by PKC 

[164], CDK1 [165], G-protein-coupled receptor kinase 6A GRK6A [166], AKT [167] and p90 

ribosomal S6 kinase (RSK1) [168] (Figure 5). EBP50 phosphorylation plays a critical role 

in its activity and provides allosteric regulation of the PDZ domains. For example, 

phosphorylation of EBP50 by PKC on human Ser339/340, two sites within the EB domain, 
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increases the accessibility of PDZ2 domain to its targets [169]. Similarly, EBP50 

phosphorylation by AKT on Thr156, in PDZ2, promotes the binding to S-phase kinase-

associated protein 2 (Skp2) to PDZ1, which leads to stabilization of Skp2 in the cytoplasm 

and promotes cellular proliferation [167]. An additional phosphorylation site of EBP50 is 

Ser290 that is constitutively phosphorylated by GRK6A. Interestingly, GRK6A contains PDZ1 

binding motif that is required for phosphorylation [166]. Moreover, Ser77 that is located in 

PDZ1, is phosphorylated in response to parathyroid hormone (PTH) stimulation and is critical 

for supporting Na2+/H+ exchange and Na-Pi co-transport. Additional phosphorylation sites on 

EBP50 by PKC are residues Thr71, Ser77, Ser277, Ser287, Ser288, Ser299, Ser337, and Ser338; 

Ser339, Ser340. [164, 170].  

 

EBP50 is phosphorylated on multiple sites by various kinases such as AKT, PKC, CDK1 and GRK6A. EBP50 

phosphorylation affects its activity, localization and oligomerization. 

 

 

  

 

Figure 5: EBP50 phosphorylation sites 
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1.4.1.1 Roles of EBP50 in ion homeostasis 

 

EBP50 binds to the renal sodium phosphate co-transporter 2a (Npt2a) and is critical to its 

function by controlling its localization. In the absence of EBP50 or in individuals with specific 

mutations in EBP50, Npt2a is not able to tether to the brush border of the apical membrane of the 

proximal nephron resulting in reduced phosphate reabsorption [171]. Npt2a, and consequently 

phosphate reabsorption, is regulated by PTH [172]. People with mutations or polymorphism in 

EBP50 also exhibit similar symptoms. Patients with EBP50 mutations also exhibit osteopenia 

that was initially thought to be a secondary event to hypophosphatemia [173]. However, later on 

it was found that EBP50 has a direct effect on bone mineralization and osteoblast differentiation 

that affect bone strength [174].  

1.4.1.2 EBP50 effects in cancer 

 

Many proteins that are involved in cancer interact with EBP50. This includes phosphate and 

tensin homolog (PTEN), PDGF, EGF, Neurofibromatosis type 2 (NF-2) and β-catenin. However 

the effects of EBP50 depend on the type of cancer. Some studies show that EBP50 act as tumor 

suppressor [175-177] while other show that EBP50 promotes tumor invasiveness and is 

associated with poor prognosis [162, 178, 179]. EBP50 contains ERE elements and it is therefore 

expected to exhibit correlation with estrogen receptor expression in breast cancer. Indeed, EBP50 

is present in most ER-positive breast cancer tumors and is completely absent in the majority of 

ER-negative tumors [178, 180]. However, there is a controversy whether the correlation is 

positive or negative. Analysis of EBP50 expression in a large number of breast tumor samples, in 

two independent studies, revealed that EBP50 overexpression is significantly associated with 
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tumor stage, invasiveness, poor prognosis and ER status [162, 178]. These results position 

EBP50 as an oncogenic protein. In the contrary, other studies found that in breast and ovarian 

tumors EBP50 gene on locus 17q25.1 undergoes allelic loss [181, 182]. Clinically, EBP50 

mutations are present in 3% of breast cancers and loss of heterozygosity occurs in nearly 50% of 

breast cancers. Both are associated with poor prognosis and survival [175]. In addition, missense 

mutation in PDZ2 domain of EBP50 was found in DNA extracted from breast tumor tissues but 

not in the adjacent tissue [175]. These results indicate a tumor suppressor role of EBP50. One 

explanation to these contradictory observations is that when EBP50 is localized at the cell 

membrane it acts as tumor suppressor, but when EBP50 is cytoplasmic it has oncogenic actions 

[183]. In support of this, a progressive shift from membranous to cytoplasmic localization is 

noted in breast tumors.  Cytoplasmic localization is increased in advanced stages of cancer and is 

associated with more aggressive tumor characteristics [162, 178, 184, 185]. In contrast, invasive 

breast tumors that retain membranous localization of EBP50 have favorable prognosis [185]. In 

addition to membranous and cytoplasmic localization EBP50 is also found in the nucleus. 

Nuclear localization of EBP50 is seen in invasive breast tumors and metastases [179, 186]. 

Similar observations were made in glioblastoma and non-small cell lung carcinoma. In these 

tumors EBP50 is mainly localized in the cytoplasm and the nucleus and not at the membrane 

[187].  

1.4.1.3 EBP50 roles in inflammation 

 

Work from our lab indicates that under inflammatory conditions EBP50 expression is increased 

in NF-κB dependent manner. On the other hand, VSMC, endothelial cells and macrophages 

lacking EBP50 exhibit reduced NFκB activation. Following inflammatory stimuli EBP50 
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assembles a complex with PKCζ that in turn propagates NF-κB signaling cascade.  ICAM and 

VCAM expression was reduced in EBP50 depleted cells and in vivo there was a reduction in 

macrophage recruitment after endoluminal denudation in the femoral arteries [163]. In addition, 

macrophage activation and expression of inflammatory cytokines was reduced in EBP50-/- mice.  

ERM proteins have been shown to interact with Intercellular Adhesion Molecule 1 

(ICAM1) and Vascular Cell Adhesion protein 1 (VCAM1) and promote leucocyte trans-

endothelial migration [188]. ERM are activated by phosphatidylinositol 4,5-bisphosphate and 

bind to membrane proteins through EBP50. EBP50 assembles a macromolecular complex with 

ERM proteins, ICAM and f-actin to promote neutrophils infiltration in the liver [189]. EBP50 

null mice exhibit reduced ERM and ICAM expression, attenuation in neutrophils accumulation 

in the liver and are protected from liver injury following bile duct ligation [189]. In addition, 

EBP50 mediates the physical coupling between phospholipase C β2 (PLC-β2) and C-X-C 

chemokine receptor type 2 (CXCR2) in neutrophils and disturbing CXCR2-EBP50-PLC-β2 

complex significantly suppress intracellular calcium signaling, chemotaxis and trans-epithelial 

migration of neutrophils [190].  Collectively, EBP50 promotes inflammation in immune cells, 

VSMC and endothelial cells and therefore is a strong candidate to regulate inflammatory 

diseases such as atherosclerosis, inflammatory bowel disease and more.  

1.4.1.4 Actions of EBP50 in the vasculature 

 

Studies over the past decade highlight the important actions of EBP50 in the vasculature. In 

normal vessels, EBP50 is primarily expressed in the endothelial cells and at low levels in VSMC. 

However, under inflammatory conditions or following injury EBP50 expression in VSMC is 

markedly increased. Our lab demonstrated EBP50 null mice exhibit significant differences in 
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neointima formation after vascular injury [191]. EBP50 regulates VSMC migration and 

proliferation – processes that have a crucial role in vascular diseases (Figure 6). EBP50 promotes 

degradation of the cell cycle regulator p21CIP by potentiating the activity of Skp2 that degrades 

p21CIP. Skp2 is the substrate recognition unit of Skp1/Cullin-1/F-box E3-ligase complex that 

promotes cell cycle and is upregulated in proliferative diseases [192]. Skp2 binds to EBP50 and 

this interaction localizes Skp2 in the cytoplasm. This prevents Skp2 degradation that happens in 

the nucleus and increases Skp2 stability. Phosphorylation of EBP50 by Akt promotes the 

interaction between EBP50 and Skp2 and results in increased expression and stability of Skp2 

[167]. Overall our studies indicate that EBP50 promotes VSMC proliferation through 

stabilization of Skp2 (Figure 6).   

Parathyroid hormone related protein (PTHrP) is elevated in proliferating VSMC 

especially after angioplasty [193]. Secretion of the 1-36 amino acid fragment of PTHrP typically 

inhibits VSMC proliferation in a PTH1R-cAMP dependent pathway [194]. However, EBP50 

overexpression increases PTH1R at the membrane and restores its ability to signal through 

calcium. As a result, there is attenuation of the anti-proliferative effects of PTHrP fragments and 

induction of proliferation [195] (Figure 6).  

EBP50 also regulates VSMC migration. VSMC migration is markedly increased in CVD. 

Focal adhesion kinase (FAK) is a central regulator of focal adhesion turnover and cell migration. 

EBP50 facilitates the formation of a complex between EGFR and FAK thus increases the 

phosphorylation of FAK and induces cell migration [196] (Figure 6). These observations are 

consistent with reduced neointima formation in EBP50-/- mice. However, Morel group described 

EBP50 functions in rat vasculature that are different. They propose that EBP50 inhibits VSMC 

migration. EBP50 knock down in rat VSMC resulted in an increase of the number and the size of 
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focal adhesions and induction of migration [197]. In addition, the group shows that depletion of 

EBP50 drastically changed VSMC morphology by decreasing actin bundles and increasing 

microtubules localized at the membrane lamellae. This species-specific difference in how EBP50 

affects VSMC migration is still unresolved. 

Even though EBP50 is highly expressed in endothelial cells there is a very limited 

understanding of EBP50 role in these cells. In bovine pulmonary artery endothelial cells EBP50 

is expressed in the nucleus and translocates to the cytoplasm after phosphorylation during 

mitosis [198]. Cell cycle dependent specific interactions between EBP50 and protein 

phosphatase 2 (PP2A) suggest that PP2A can be responsible for the de-phosphorylation of 

EBP50 during cytokinesis [198]. In addition, it was shown that EBP50 is required for nuclear 

localization of merlin in endothelial cells and is needed to maintain merlin in non-

phosphorylated (Ser518) form. When EBP50 is depleted merlin translocates to the cytoplasm, 

becomes phosphorylated and promotes endothelial migration [199]. 

ROS play a critical role in the progression of CVD. A recent study demonstrated that 

EBP50 facilitates agonist induced Nox1 superoxide production in VSMC, via binding to Nox 

organizing subunit - p47phox. Depletion of EBP50 abrogates AngII induced cellular hypertrophy 

and resistance artery vasoconstriction [200].  

 



 37 

 

 

1.5 RATIONALE, HYPOTHESIS AND SPECIFIC AIMS    

   

1.5.1 Rational and hypothesis 

CVD is the leading cause of death worldwide. Hyper-proliferation of VSMC, inflammation and 

oxidative stress play a central role in CVD. Inhibition of these processes is an important target 

for pharmaceutical interventions to treat CVD. Mitochondria are dynamic organelles that 

undergo continuous fusion and fission in order to support proper cell function. Alterations in 

mitochondria dynamics have been associated with CVD such as pulmonary hypertension and 

Figure 6: EBP50 effects in VSMC 

Summary of EBP50 effects in VSMC. EBP50 interacts with multiple binding partners in VSMC and 

through those interactions promotes migration, proliferation, inflammation and ROS production.  
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restenosis. EBP50 is a scaffolding PDZ-domain phospho-protein, which is also known as 

NHERF-1. In a murine model of arterial injury we showed that EBP50-/- mice exhibit significant 

(80%) reduction in neointima formation. Mechanistically, we showed that EBP50 promotes 

PKCζ activity that is critical for inflammatory response in VSMC, and increases Skp2 stability 

which causes VSMC proliferation [163, 191]. My preliminary studies suggest that depletion of 

EBP50 increases the stability of FoxO1 due to reduced Skp2 levels. FoxO1 has been shown to 

transcriptionally co-regulate the mitochondrial fusion protein, Mfn2, and the anti-oxidant 

enzymes MnSOD and catalase. On the other hand, PKC phosphorylates and activates a key 

fission protein, Drp1 in neuronal cells. Based in these observations, I hypothesize that EBP50 

regulates mitochondrial dynamics and redox balance in VSMC. To test this hypothesis I 

designed 2 aims: 

1.5.2 Aim 1: To determine the effect of EBP50 on mitochondrial fission and fusion 

in VSMC 

In this aim I will explore the mechanism by which EBP50 regulates mitochondrial dynamics. 

Inflammation is associated with increased mitochondrial fission, a process that is regulated by 

post-translational modifications of Drp1. TNFα is a central inflammatory cytokine, but 

surprisingly the mechanism of its effect on mitochondrial fission has not been described in 

VSMC. EBP50 promotes PKCζ activation in response to TNFα. Therefore, I will determine the 

role of TNFα and PKCζ on Drp1 activation. In addition, I will determine whether Mfn2 is 

regulated by EBP50 through the Skp2-FoxO1 axis. I will use confocal and transmission electron 

microscopy to characterize mitochondrial connectivity and morphology in WT and EBP50-/- 

VSMC and to determine the role of TNFα on mitochondrial dynamics. 
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1.5.3 Aim 2: To determine the effect of EBP50 on mitochondrial function, 

metabolism and ROS production 

Alterations in mitochondrial morphology and dynamics can lead to mitochondrial dysfunction, 

defects in oxidative phosphorylation, further increase in ROS and cellular damage. In addition, 

anti-oxidants are critical regulators of redox balance in cells. In this aim I will explore the effects 

of EBP50 on mitochondrial function and on MnSOD and catalase. I will perform cellular 

bioenergetics analysis (oxygen consumption rate and extracellular acidification rate) and 

examine mitochondrial ultrastructure. To assess the effects of EBP50 on ROS levels, I will 

determine MnSOD and catalase levels in VSMC and in mice vessels. In addition, I will use 

TNFα and antimycin A (Ant A) to induce mitochondria derived ROS and will measure 

mitochondrial superoxide in WT and EBP50-/- VMSC. Due to the important role of ROS in the 

regulation of VSMC migration, I will measure WT and EBP50-/- VMSC migration in response to 

TNFα.   
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2.0  EBP50 REGULATES BASAL AND TNF-ΑLPHA-INDUCED MITOCHONDRIAL 

DYNAMICS AND VASCULAR SMOOTH MUSCLE CELLS PROLIFERATION 

Mitochondrial dysfunction and changes in mitochondrial dynamics (fission and fusion) are 

associated with phenotypic switch of vascular smooth muscle cells (VSMC) and vascular 

diseases. Mitochondrial dynamics is regulated by several key molecules, including dynamin-

related protein 1 (Drp1) and mitofusin-2 (Mfn2). We previously showed that scaffolding ezrin-

radixin-moesin binding phosphoprotein of 50 kD (EBP50) increases proliferation and 

inflammatory responses in VSMC. These actions are mediated by the activation of PKCζ under 

inflammatory stimuli and the stabilization of the S-phase kinase associated protein 2 (Skp2), a 

component of an E3 ligase that promotes proliferation. Thus, EBP50 knockout (EBP50-/-) mice 

are protected from neointimal hyperplasia following arterial injury. Here we report that EBP50 

knockdown, by decreasing Skp2 levels, increases FoxO1 stability and nuclear localization and 

leads to higher Mfn2 expression. In contrast, inhibition of FoxO1 reduces Mfn2 levels. High 

resolution morphological analysis with both TEM and confocal microscopy revealed that 

mitochondria are more elongated in EBP50-/- VSMC than in WT VSMC. We also show that 

PKCζ mediates phosphorylation of Drp1 following TNFα and EBP50-/- VSMC exhibit 

significantly reduced Drp1 phosphorylation following TNFα treatment. Consistently, live-cell 

3D imaging demonstrate that TNFα elicits rapid mitochondrial fragmentation in WT, but not in 

EBP50-/- VSMC.  Finally, EBP50-/- VSMC exhibit lower extracellular acidification rate (ECAR) 
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and lower TNFα- induced proliferation than WT VSMC. Collectively, these findings delineate a 

new mechanism of regulation of mitochondrial dynamics by the scaffolding protein EBP50 in 

response to inflammatory stimuli. Therefore, EBP50 can be viewed as a potential therapeutic 

target for vascular proliferative diseases. 

 

2.1 INTRODUCTION 

Vascular smooth muscle cells (VSMC) play an essential role in the regulation of vascular tone. 

Normally, VSMC have a very low proliferation rate, however during cardiovascular disease 

VSMC begin to proliferate as the disease progresses. Proliferation of VSMC is affected by 

various growth factors and cytokines and limits the success of treatments such as coronary 

bypass vein grafts and angioplasty [201]. 

Mitochondrial dysfunction has been associated with VSMC proliferation and multiple 

vascular diseases such as atherosclerosis, pulmonary hypertension and restenosis. Mitochondrial 

dynamics have a crucial role in mitochondrial function and alterations in fission and fusion have 

been associated with numerous cardiovascular pathologies [7, 76, 202, 203]. Mitochondrial 

fission and fusion events are regulated by number of GTPase proteins, including mitofusin-2 

(Mfn2) and dynamin related protein 1 (Drp1). Mfn2 is localized on the outer mitochondrial 

membrane and promotes fusion. The expression of Mfn2 is mainly regulated transcriptionally 

and through ubiquitination [66, 67, 69, 204-206].  Previous studies showed that activation of 

FoxO1/PGC-1α induces Mfn2 transcription [69]. Drp1 is a cytoplasmic protein that is recruited 

to mitochondria upon activation and promotes fission. Its activity is tightly regulated though 
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phosphorylation by several kinases, including PKCδ [87]. Ultimately, the balance of fusion and 

fission is a critical determinant of mitochondrial function, and dysregulation of Mfn2 and Drp1 

can lead to alterations in cellular metabolism and proliferation [6, 67, 207].  

Ezrin radixin moesin (ERM) binding phosphoprotein of 50 KDa (EBP50), also known as 

Na/H exchange regulatory factor 1 (NHERF1), is a PDZ-domain scaffolding protein that plays a 

critical role in vascular inflammation and remodeling. EBP50 directs the cellular localization of 

its partners, the assembly and regulation of signaling complexes and the function of various 

proteins [163, 191, 196]. EBP50 interacts with Skp2 (the substrate recognition unit of the 

Skp1/Cul-1/Rbx-1/Skp2 E3-ligase) and promotes its cytoplasmic localization and stability [167]. 

Thus, the interaction between EBP50 and Skp2 leads to more effective ubiquitination and 

degradation of Skp2 target proteins such as p21CIP resulting in VSMC proliferation [191]. 

Moreover, in TNFα- and LPS-stimulated VSMC EBP50 facilitates the recruitment and activation 

of PKCζ thereby promoting inflammatory responses [163].  

Because of these significant effects on VSMC proliferation and inflammation and its 

ability to regulate multiple signaling pathways we hypothesize that EBP50 regulates 

mitochondrial dynamics.  Here we characterize two mechanisms by which EBP50 regulates 

Mfn2 expression and Drp1 activation, leading to alterations in mitochondrial dynamics, VSMC 

metabolism and proliferation both in basal conditions and under inflammatory stimuli. Our 

results provide further insight into the mechanisms impacting VSMC phenotype in pathological 

conditions. 
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2.2 MATERIALS AND METHODS 

2.2.1 Cell culture and transfections  

Primary VSMC were isolated from mouse aortic explants and grown in DMEM containing 10% 

FBS in 5% CO2 at 37⁰ C as described previously [196].  Various constructs including pcDNA, 

Flag-Skp2 (a generous gift from Dr. Michele Pagano, New York University School of 

Medicine), Flag-FoxO1 (pCMV5) a gift from Domenico Accili (Addgene plasmid #12148) 

[208], mitoRFP (a generous gift from Dr. Lippincott-Schwartz, NICHD NIH) and siSkp2 

(0.1μM) were introduced to VSMC by electroporation with AMAXA electroporator and the 

basic Nucleofector kit for primary vascular smooth muscle cells (Lonza) as described previously 

[196]  and the siSkp2 transfected cells were used 72h after transfection. Small molecule FoxO1 

inhibitor (AS1842856) from Calbiochem was used at 0.5 μM concentration for 24 hours. For 

expression of PKCζ-kinase dead (KD) (K281W), a generous gift from Dr. Adolfo Garcia-Ocaṅa 

(Mount Sinai Medical Center) and shFoxO1 (kindly provided by Dr. Adam Straub, University of 

Pittsburgh) constructs, VSMC were seeded on 6-well plate at 50-70% confluency and incubated 

with adenovirus in serum free media for 1 hour and following that in DMEM with 2% FBS 

overnight. Then media was changed to DMEM with 10% FBS. 48 hours post infection cells were 

starved in 0.1% FBS overnight (for Drp1 activation) and experiments were performed 72 hours 

post infection.    

Lentiviral shRNA vector specific to mouse EBP50 and GFP-expression control were 

prepared by the Lentiviral Facility at the University of Pittsburgh Cancer Institute. The target 

sequence of the EBP50 shRNA is GAGTTCTTCAAGAAGTGCAAA. WT VSMCs were 
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infected at 4 MOI with 8 μg/mL polybrene in the media. Media was changed 24 hours post 

infection and the cells were used 7 days post infection.  

2.2.2 Real time PCR 

RNA was isolated from cells using Quick-RNA MiniPrep kit (Zymo Research) and cDNA was 

generated using SuperScript III First-Strand Synthesis system kit (Thermo Fisher). TaqMan 

mouse primers for Mfn2, 18S and β-actin were purchased from Applied Biosystems. PCR 

reactions were run using Taqman Fast Universal Master Mix (Applied Biosystems) reagent. 

FoxO1 inhibitor AS1842856 (Calbiochem) was used at 0.5 μM concentration for 24 hours. 

2.2.3 Western blot 

For pDrp1 detection cells were starved in 0.1% FBS overnight. Cells were lysed in urea lysis 

buffer (4 M urea, 62.5 mM Tris, 2% SDS, 1 mM EDTA) containing protease and phosphatase 

inhibitors (Roche). Cell lysates were resolved by SDS-PAGE. Proteins were transferred onto 

nitrocellulose membrane and incubated with primary antibodies (1:1000 dilution for Tom20 

(Santa Cruz), 1:500 dilution for IKK (Cell Signaling), 1:500 dilution for EBP50 and PKCζ 

(Santa Cruz Biotechnology), 1:200 for Skp2 (Santa Cruz Biotechnology); 1:1000 dilution for 

pDrp1, Drp1, pIKK (Cell Signaling), 1:1000 for Mfn2 (Abcam); 1:5000 dilution for β-actin 

(Sigma) and 1:2000 dilution for horseradish peroxidase-conjugated anti-rabbit and anti-mouse 

IgG antibody (Cell Signaling). Immunoreactivity was detected by incubation with WesternBright 

ECL HRP substrate (Advansta). Quantification of band intensity was performed with ImageJ 

(National Institute of Health).  
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SKP2 E3 Ligase Inhibitor III (Calbiochem) was used at 20 μM concentration for 24 

hours. Recombinant mouse TNFα (R&D Systems) was used at 10 ng/mL concentration. VSMC 

were serum starved in 0.1% FBS DMEM overnight and pre-incubated with 9-10 μM PKCζ 

presudosubstrate (Calbiochem) for 1 hour prior to TNFα treatment.  

2.2.4 Immunofluorescence 

For TNFα induced fragmentation experiments, primary mouse WT and EBP50-/- VSMC were 

seeded on coverslips and serum starved in 0.1% FBS DMEM overnight. Then, VSMC were 

treated with 10 ng/mL TNFα for 5-6 hours. Following TNFα treatment or under basal conditions 

without serum starvation, cells were fixed with 4% paraformaldehyde and permeabelized in 

0.1% SDS, 0.2% Triton X-100, 4% FBS in PBS for 30 minutes and incubated with Tom20 

antibody (Santa Cruz, 1:500) overnight at 4 degrees Celsius. As a secondary antibody anti-rabbit 

Alexa-Flour 546 (Invitrogen, 1:1000) was used together with α-smooth muscle actin (FITC-

conjugated, Sigma, 1:1000) for 1.5 hours at room temperature prior to DAPI staining. For 

imaging cells were visualized using Olympus Fluoview 1000 confocal laser scanning microscope 

with a 60X oil immersion objective.  

For FoxO1 localization primary mouse WT and EBP50-/- VSMC were seeded on 

coverslips and treated with Akt inhibitor (Akt I) (5 μM) or EGF (10 ng/mL) for 2.5 hours. Then, 

cells were fixed in 4% paraformaldehyde (PFA) and permeabelized in 0.1% SDS, 0.2% Triton 

X-100, 4% FBS in PBS for 30 minutes and incubated with FoxO1 (Cell Signaling, 1:100) 

primary antibody overnight at 4 degrees celsius. As a secondary antibody anti-rabbit Alexa-Flour 

546 (Invitrogen, 1:1000) was used together with α-smooth muscle actin (FITC-conjugated, 

Sigma, 1:1000) for 1.5 hours at room temperature prior to DAPI staining. Cells were visualized 
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using Olympus Fluoview 1000 confocal laser scanning microscope with a 60X oil immersion 

objective. Number of cells that contained nuclear FoxO1 was quantified and transposed to 

percentage. 

2.2.5 Live cell imaging 

Cells were transfected with mitoRFP using Amaxa electroporation and seeded in a glass bottom 

30 mm tissue culture dish (MatTek). On the next day media was changed and 5 randomly chosen 

cells were imaged every 2 minutes for 30 minutes per dish. Then TNFα 10 ng/mL was added and 

the cells were imaged for additional 30 minutes. Images were acquired with a Nikon Ti inverted 

microscope equipped with a 1.40 N.A. 60x objective. Confocal images were captured using a 

Swept Field confocal scan head from Prairie Technologies equipped with a Photometrics Evolve 

camera.  Image acquisition was performed with Nikon NIS Elements software equipped with a 

National Instruments Data Acquisition Card (NI DAQ) which controlled system triggering for 

high speed image acquisition and Piezo Z stage control (Mad City Labs Piezo Z stage insert). 

Following acquisition images were processed with Imaris software for mitochondria detection. 

Fragmentation was calculated as an increasing number of mitochondria per field and plotted on a 

graph. Slopes were calculated using linear regression for WT and EBP50-/- to determine 

differences between slopes and in fragmentation.  

2.2.6 Sphericity calculation 

In order to develop an unbiased method to quantify mitochondrial morphology we implemented 

the Imaris software (Bitplane) that automatically detects 3D mitochondrial Tom20 staining and 
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can apply numerous algorithms to it. Following image acquisition we used “surfaces” function 

(in Imaris) - a computer based representation of the region of interest, in our case Tom20 

mitochondrial staining (Figure 7F). Analyzed images contained 3-7 confocal images per 

condition, with approximately 5 cells in each field and >1000 mitochondria (surfaces particles) 

per cell, that were analyzed with sphericity Imaris packet.  Sphericity is defined as the ratio of 

the surface area of a sphere (with the same volume as the given particle) to the surface area of 

the particle.  Sphericity values range from 0 to 1 when 1 is a perfect sphere and low ratios 

indicate less spheric morphology. Our assumption was that single non-fused mitochondrion will 

have more spheric morphology (values closer to 1) and fused mitochondria will have less spheric 

morphology (values closer to 0). After measuring the sphericity of mitochondrial particles we 

plotted the values on a frequency distribution graph to compare between WT and EBP50-/- 

distributions. On the graph the vertical columns represent how many time each sphericity value 

occurs in the population. To compare between WT and EBP50-/- populations we used 

Kolmogorov-Smirnov statistical test. 

 

2.2.7 Measurement of cellular bioenergetics using XFe96 extracellular flux 

analyzer 

 

Cellular bioenergetics was measured in intact VSMC using a Seahorse Bioscience XFe96 

extracellular flux analyzer (Agilent Seahorse Technologies, Santa Clara, CA).  Twenty thousand 

cells per well were seeded and subsequently were treated with TNFα 10 ng/mL for 24 or 2 hours 

prior to measurements. After equilibration in non-buffered DMEM, baseline oxygen 
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consumption rates (OCR) and extracellular acidification rate (ECAR) were recorded. Then 

oligomycin A 1 μM, carbonyl cyanide p-(trifluoro-methoxy) phenyl-hydrazone (FCCP) 2.5 μM 

and rotenone 2 μM were consecutively injected and changes in OCR were measured after each 

injection. Upon completion of the assay, cells were stained with crystal violet and the data was 

normalized to cell number. 

2.2.8 Transmission electron microscopy 

Primary WT and EBP50-/- VSMC were grown in 6-well plate to at least 80% confluency. Then, 

cells were washed once with 1x PBS and  fixed with 2.5% EM Grade Glutaraldehyde for 1 hour, 

washed 3x in PBS, and postfixed in aqueous 1% OsO4 and 1% Potassium Ferricyanide for 1 

hour. After 3x PBS washes, cells were dehydrated through a graded series of 30% to 100% 

ethanol.  The final 100% was removed and immediately replaced with EPON for 1 hour.  After 3 

additional 1 hour changes of EPON, Epon was removed and BEAM capsules filled with EPON 

were inverted into the dish and allowed to harden in a 37C oven for one day and a 60C oven for 

two days.  Hardened blocks were then popped off of the dish and 70nm sections of the 

monolayer were taken using a Leica EM UC7 ultramicrotome.  Sections were placed on 200 

mesh copper grids, counterstained with lead citrate and uranyl acetate and then imaged on a 

JEOL JEM- 1011 TEM (Peabody, MA) at 80 kV with an AMT camera system.   

2.2.9 Proliferation assay  

For BrdU incorporation experiments, cells were grown on coverslips. Cells were starved in 0.1% 

FBS DMEM for 24 hours. TNFα (100 ng/mL) and Mdivi-1 (10 µM) were added to the cells and 
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6 hours after, BrdU (0.1 mM) was added for total 18 hours. Following fixation with 4% 

parafolmadehyde, cells were permiabilized with 0.5% Triton X-100/PBS for 10 minutes, rinsed 

with PBS and permiabilized again with 0.05% Tween 20/PBS for 5 minutes. Then, the cells were 

incubated with anti-BrdU (1:100, Capralogics) in buffer that contained RQ1 DNase I (Promega), 

1 M MgCl2, 1 M CaCl2 , 1% BSA and 1% FBS in PBS for 30 minutes at 37⁰C. Cells were rinsed 

with PBS and incubated with secondary anti-sheep Alexa 594 (1:750, Molecular Probes) in 1% 

BSA, 1% FBS containing PBS for 30 minutes at 37⁰C. When finished coverslips were rinsed in 

PBS/0.05% Tween 20 for 30 minutes (wash changes 4 times). Coverslips were mounted in 

Fluorogel (Electron Microscopy Sciences) contacting DAPI. Cells were visualized using 

Olympus Flouview 1000 confocal laser scanning microscope with a 20X oil immersion 

objective. 

 

2.2.10 Statistical analysis 

Data are presented as mean +/-SEM. Sphericity data are plotted on a Frequency distribution 

graph. Sphericity distributions of WT and EBP50-/- VSMC were compared using Kolmogorov-

Smirnov Test. For live cell fragmentation slopes were compared using linear regression analysis. 

Two groups were compared using student t-test and multiple groups were compared with One-

way or Two-way Anova tests. Statistical analyses were done using GraphPad Prism 7.03 and p 

values < 0.05 were considered significant. 
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2.3 RESULTS 

 

2.3.1 EBP50 depletion increases FoxO1 stability  

FoxO1 is a transcription factor that regulates genes involved in stress resistance, longevity, cell 

cycle and metabolism [209].  FoxO1 protein levels are regulated post-translationally by the 

ubiquitin proteasome system. FoxO1 is phosphorylated by Akt. Upon phosphorylation, FoxO1 

translocates from the nucleus to the cytosol where it is ubiquitylated by the Skp2-containing E3 

ligase and targeted for proteasomal degradation [147]. We have shown that EBP50 interacts with 

Skp2 and increases its cytoplasmic localization and stability, and EBP50-/- cells have reduced 

levels of Skp2 [167]. In addition, EBP50 increases the activity of Akt in VSMC [167]. Therefore 

we hypothesized that reduced Skp2 levels in EBP50 depleted VSMC will result in more stable 

FoxO1. Using immunofluorescence, we found a greater fraction of FoxO1 in the nucleus of 

EBP50-/- VSMC compared to WT cells (Figure 7A-B). To ensure that FoxO1 ability to 

translocate form the nucleus to the cytoplasm was not impaired in EBP50-/- VSMC, we treated 

the cells with Akt inhibitor (Akt I), to promote nuclear localization, or with EGF to promote 

cytoplasmic localization. Under these conditions WT and EBP50-/- VSMC had similar 

translocation of FoxO1 between nucleus and cytoplasm (Figure 7A-B), indicating that FoxO1 

ability to shuttle between nucleus and cytoplasm is not affected by EBP50 depletion. Next, we 

monitored FoxO1 stability in primary VSMC in which EBP50 expression was reduced with a 

lentiviral construct expressing shEBP50. Seven days post infection, shEBP50 cells exhibited 

reduced Skp2 levels compared to GFP control cells (Figure 7C). EBP50 knock-down increased 
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FoxO1 stability determined in the presence of cycloheximide (CHX) (Figure 7D), whereas the 

level of FoxO1 increased in both WT and shEBP50 cells upon treatment with the proteasome 

inhibitor MG132 (Figure 7D). To further characterize the direct involvement of Skp2 in FoxO1 

degradation we overexpressed Skp2 in primary VSMC. In these cells we observed reduced 

expression of FoxO1 (Figure 7E). In contrast, depletion of Skp2 by siRNA increased FoxO1 

levels (Figure 7E). Collectively, these results indicate that EBP50 regulates FoxO1 stability and 

localization through Skp2.  

 

 

 

 

 

Figure 7: FoxO1 is more stable and nuclear in EBP50 depleted VSMC. 

 
A, Primary mouse WT and EBP50-/- VSMC were seeded on coverslips and treated with Akt inhibitor (Akt I) 

(5 μM) or EGF (10 ng/mL) for 2.5 hours. Then, cells were fixed in 4% paraformaldehyde (PFA) and stained 

with FoxO1 antibody. B, Number of cells that contained nuclear FoxO1 was quantified and transposed to 

percentage (n=3, p < 0.05). C, Primary mouse WT VSMC were infected with lentivirus expressing shEBP50 

or GFP. 7 days post infection cells were lysed in urea lysis buffer (see Materials and Methods) and Western 

blot was performed. Graphs represent means +/-SEM of three independent experiments (p<0.05). D, Primary 

mouse WT VSMC were infected with lentivirus expressing shEBP50 or GFP. 7 days post infection cells were 

treated with cycloheximide (10 μg/mL) for the indicated times and MG-132 (2 μM) for 17 hours.  Proteins 

were extracted and subjected to Western blot. Data presented as mean +/- SEM. (p < 0.05, n=3).  
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2.3.2 EBP50 regulates Mfn2 levels and mitochondrial fusion 

FoxO1 is a transcriptional co-regulator of mitofusin-2 (Mfn2) expression [69].  Because EBP50-/- 

VSMC have more stable and nuclear FoxO1, we expected that EBP50-/- VSMC will have 

increased Mfn2 expression. Indeed, compared to WT, EBP50-/- VSMC have higher mRNA and 

Mfn2 protein levels (Figure 8A-B). Furthermore, the small molecule FoxO1 inhibitor 

(AS1842856) reduced Mfn2 mRNA (Figure 8C). Conversely, over-expression of FoxO1 resulted 

in an increase of Mfn2 mRNA (Figure 8C). Finally, down regulation of FoxO1 with an 

adenovirus expressing shFoxO1 resulted in decreased protein levels of Mfn2 (Figure 8D). These 

results indicate that FoxO1 regulates transcription and protein levels of Mfn2 in VSMC.  

 Mfn2 promotes mitochondrial fusion and increased Mfn2 expression leads to more fused 

mitochondrial network [76, 205, 210] . Therefore, we wanted to examine whether the increased 

Mfn2 levels in EBP50-/- VSMC impact mitochondrial morphology. To this end, we visualized 

mitochondria by immunostaining fixed VSMC with a Tom20 antibody. Z-stack confocal images 

(Figure 8E) were analyzed with Imaris software package (Figure 8F) using sphericity as the 

parameter of mitochondria morphology (see Experimental Procedures section) and plotted on a 

“Frequency distribution” graph (Figure 8G). We found that the percentage of mitochondria in 

EBP50-/- VSMC that is represented by red bars on a graph (Figure 8G) is consistently higher at 

E, Primary mouse WT VSMC were transfected with Skp2-Flag plasmid for 24 hours or with siSkp2 for 72 hours. 

Cells were lysed in urea lysis buffer and western blot was performed. Graphs represent means +/-SEM of three 

independent experiments (p<0.05). 
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lower sphericity values (0-0.65) compared to WT mitochondria, which indicates that the 

percentage of more fused mitochondria in higher in EBP50-/- VMSC compared to WT VSMC. 

On the other hand, the percentage of mitochondria with higher sphericity values (0.65-1) is 

consistently higher in WT VSMC that are represented with blue bars on a graph (Figure 8G), 

which indicates that the percentage of fragmented mitochondria is higher in WT VSMC 

compared to EBP50-/- VSMC.  Overall, the distributions of mitochondrial sphericity of WT and 

EBP50-/- VSMC are significantly different when distribution of mitochondria from EBP50-/- 

VSMC is shifted towards lower sphericity (i.e. more fused) compared to WT cells.  Thus, the 

increased levels of Mfn2 in EBP50-/- VSMC lead to more fused and elongated mitochondria. 



 54 

 

Figure 8: EBP50-/- VSMC express more Mfn2 and have more fused mitochondria compared to WT VSMC.  

A, RNA from primary mouse WT and EBP50-/- VSMC was isolated and analyzed by quantitative RT-PCR with 

actin  as normalizing gene. B, Representative western blot with Mfn2 protein levels in WT and EBP50-/- VSMC. 

Tom20 was used as mitochondrial control and actin as loading control. Graph represents means +/- SEM of at 

least 3 independent experiments (p<0.05).  C, Primary mouse WT VSMC were treated with DMSO and FoxO1 

inhibitor (AS1842856) (0.5 μM) or transfected with FLAG-FoxO1 plasmid for 24 hours. RNA was isolated and 

analyzed by quantitative RT-PCR with actin and 18s as normalizing genes (n=3, p< 0.001). D, Primary mouse 

WT VSMC were infected with adenovirus expressing non targeting shRNA or shFoxO1 constructs. 72 hours 

following infection cells were lysed and FoxO1 and Mfn2 protein levels were analyzed with western blot (n=4, 

p<0.05).   
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2.3.3 EBP50 promotes TNFα – stimulated Drp1 phosphorylation through PKCζ 

and regulates mitochondrial fragmentation 

In order to maintain proper function, mitochondria have to maintain a balance between fusion 

and fission [203]. Mitochondrial fission is primarily induced by the dynamin-related protein 1 

(Drp1). Drp1 is activated upon phosphorylation on Ser616 and is then recruited to mitochondria 

to promote fission. One of the kinases that have been reported to phosphorylate and activate 

Drp1 is PKCδ [87], a member of the novel class of PKCs. On the other hand, we previously 

reported that under inflammatory stimuli EBP50 promotes the activation of PKCζ that belongs to 

the atypical PKC subfamily [163]. Because of structural similarity of the catalytic domain 

between PKC isoforms we wanted to determine whether PKCζ induces Drp1 phosphorylation in 

VSMC and whether EBP50 is involved in this pathway. Therefore, we determined pDrp1 levels 

by immunoblotting in VSMC treated with or without TNFα or PDGF. We found that Drp1 

phosphorylation in response to TNFα was significantly lower in EBP50 depleted VSMC (Figure 

E, Primary mouse WT and EBP50-/- VSMC were seeded on coverslips, fixed in 4% paraformaldehyde 

(PFA) and stained with Tom20 (red), α-smooth muscle actin (green) antibodies and DAPI (blue). Confocal 

images of 3-7 different fields per condition were taken with 60X oil immersion objective. F, Imaris 

detection (yellow particles) of Tom20 mitochondrial stain from a representative experiment. G, Sphericity 

ratio was calculated with Imaris software. Calculations were made for 3-7 different field per coverslip that 

contained approximately 5 cells each, from three independent experiments and plotted as frequency 

distribution (n=3, p<0.0001). 
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9A).  Similar results were obtained in WT and EBP50-/- primary VSMC (Figure 9B). To 

determine if Drp1 phosphorylation is mediated, at least in part, by PKCζ we used two 

approaches. First, we treated VSMC with pseudo-substrate of PKCζ (ζ-PS) to inhibit PKCζ 

activity (Figure 9C). Drp1 phosphorylation following TNFα treatment was significantly reduced 

in ζ-PS -treated cells. In the second approach, we infected primary VSMC with a virus 

expressing a kinase-dead form of PKCζ ([K281W] PKCζ, KD-PKCζ). To validate the reduced 

activity of KD-PKCζ we checked IKK activation that is downstream of PKCζ with immublotting 

the phosphorylated IKK (pIKK). Our results indicate that KD-PKCζ construct has reduced 

ability to induce phosphorylation of IKK (Figure 9D), meaning that PKCζ activation is indeed 

inhibited with KD-PKCζ construct. Consistent with the previous results, both basal and TNFα-

stimulated Drp1 phosphorylation were significantly reduced in cells expressing KD-PKCζ 

compared to control GFP-expressing cells (Figure 9D). Importantly, the effect of PDGF also 

known to induce Drp1 phosphorylation [211], was similar in VSMC expressing KD-PKCζ and 

the control (GFP) VSMC (Figure 9E). Taken together, these results point out that EBP50 

promotes TNFα induced phosphorylation of Drp1 on Ser616 via a PKCζ-mediated mechanism. 



 57 

 

Figure 9: EBP50 promotes TNFα induced Drp1 phosphorylation in VSMC that is mediated through PKCζ. 

  

 

 

 

 

 

 

 

 

 

 

 

 

A, Primary mouse WT VSMC were infected with lenti-virus expressing shEBP50 or GFP. 7 days post infection 

cells were starved in 0.1% FBS DMEM overnight and treated with 10 ng/mL TNFα for 15 minutes. pDrp1 levels 

were detected with anti-pDrp1 (Ser616) antibody and normalized to total Drp1 levels. Graph represents means 

+/- SEM of at least 3 independent experiments (p<0.05). B, A representative graph of primary mouse WT and 

EBP50-/- VSMC were starved overnight in 0.1% FBS DMEM and treated with 10 ng/mL TNFα for 15 minutes. 

Proteins expression was determined with western blot using anti-pDrp1 (Ser 616) antibody (n=3). C, Primary 

mouse WT VSMC were starved in 0.1% FBS DMEM overnight and treated with 10 μM PKCζ pseudo-substrate 

(Calbiochem) for 1.5 hours. Then 10 ng/mL TNFα was added for 15 minutes and cells were lysed in urea lysis 

buffer for protein expression determination by western blot. Graph represents means +/- SEM of 3 independent 

experiments (p<0.05). D, Primary mouse WT VSMC were infected with adenovirus expressing kinase-dead 

(KD) PKCζ construct or GFP. 2 days post infection cells were starved in 0.1% FBS DMEM overnight and 

treated with 10 ng/mL TNFα for 15 minutes. Proteins expression was determined with western blot. Graph 

represents means +/- SEM of six independent experiments (p<0.05). E, Primary mouse WT VSMC were 

infected with adenovirus expressing kinase-dead (KD) PKCζ construct or GFP. 2 days post infection cells were 

starved in 0.1% FBS DMEM overnight and treated with 10 ng/mL PDGF for 15 minutes. Proteins expression 

was determined with western blot. Graph represents means +/- SEM of at four independent experiments 

(p<0.05). 
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To examine the functional consequence of EBP50 deletion on mitochondrial 

fragmentation, we quantified mitochondrial fission in WT and EBP50-/- VMSC in response to 

TNFα in two ways. First, using Tom20 immuno-staining, we quantified mitochondrial 

morphology following 6 hours of TNFα treatment (Figure 10A). We found that in the presence 

of TNFα, WT mitochondria exhibit significantly more spheric morphology compared to EBP50-/- 

mitochondria (Figure 10A), indicating more fission in WT VSMC in response to TNFα. Then, 

we transfected VSMC with mitoRFP construct to enable  visualization of mitochondria in live 

cells, and performed real-time confocal 3D imaging during 30 minutes following TNFα addition 

(Figure 10C). To quantify fission, we counted the number of mitochondria in each cell during the 

time lapse imaging relative to time zero, using Imaris software, and performed a linear regression 

analysis (Figure 10D). Increase in mitochondria number in the same cell over time, indicates 

fission. After quantifying mitochondria number we found that EBP50-/- VSMC exhibited 

significantly smaller increase in the number of mitochondria compared to WT (Figure 10D). This 

reduced mitochondrial fission in EBP50-/- VSMC is consistent with lower phosphorylation of 

Drp1 in response to TNFα.  
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A, Primary mouse WT and EBP50-/- VSMC were seeded on coverslips and starved in 0.1% FBS DMEM 

overnight. Then 10 ng/mL TNFα was added for 5-6 hours to the cells. Following TNFα treatment cells 

were fixed in 4% paraformaldehyde (PFA) and stained with Tom20 antibody. Sphericity ratio was 

calculated with Imaris software according to Tom20 staining and plotted as frequency distribution. 

Histogram shows WT and EBP50-/- VSMC treated with TNFα (n=4). B, Primary mouse WT and EBP50-/- 

VSMC were transfected with mitoRFP. 24 hours post transfection TNFα (10 ng/mL) was added and cells 

were imaged with confocal microscope during 30 min (in 2 minutes intervals). Images represent time 0 

and time 30 minutes, after TNFα treatment. Mitochondria number per each cell was quantified with Imaris 

and plotted on a graph, followed by linear regression analysis. (n=3, p<0.05). 

 

Figure 10: EBP50 promotes TNFα induced mitochondrial fragmentation in VSMC. 
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2.3.4 EBP50 promotes TNFα induced extracellular acidification rate and VSMC 

proliferation 

Dynamics alterations in mitochondria affect their function, cell proliferation and have been 

associated with various diseases [7, 8, 53, 76, 203, 212, 213]. Due to the differences in 

mitochondria morphology and fragmentation between WT and EBP50-/- VSMC, we wanted to 

examine the potential impact on mitochondrial function. To this end, we performed flux analysis 

in WT and EBP50-/- VSMC. While we did not detect significant differences in oxygen 

consumption rate (OCR) and mitochondrial ultrastructure between WT and EBP50-/- VSMC 

(Figure 11A-B), we detected significantly lower extracellular acidification rate (ECAR) in 

EBP50-/- VSMC both at basal condition and upon stimulation with TNFα (Figure 11C). ECAR is 

directly linked to the amount of lactate production (end product of glycolysis) in cells and can be 

considered a glycolysis readout. Despite of producing less molecules of ATP compared to 

oxidative phosphorylation, glycolysis provides biosynthetic intermediates for growth and is 

enhanced in cells that undergo active division [7, 214]. Therefore, we hypothesized that lower 

glycolysis rate in EBP50-/- VSMC will result in reduced proliferation. Indeed, we detected that in 

response to TNFα and EGF EBP50-/- VSMC proliferation was lower (Figure 11D). To determine 

whether different mitochondrial dynamics regulate these proliferation differences, we measured 

VSMC proliferation in the presence of the mitochondrial division inhibitor (Mdivi-1).  Treatment 

with Mdivi-1 completely abolished TNFα and EGF proliferative effects in VSMC (Figure 11D), 

Suggesting, that the differences in mitochondrial dynamics observed in EBP50 depleted cells, 

contribute to VSMC metabolism and proliferation.  
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A, Primary mouse WT and EBP50-/- VSMC were subjected to seahorse measurement of oxygen consumption 

rate (OCR). 20,000 VSMC per well were seeded on a seahorse XF96 cell culture micro-plate 2 days prior to 

analysis. One day prior to analysis 10 ng/mL TNFα was added to the cells overnight. During bioenergetics 

analysis cells were treated with 1 μM Oligomycin to access ATP coupled respiration, 2.5 μM FCCP to access 

maximal respiratory capacity and 2 μM Rotenone to differentiate between mitochondrial and non-

mitochondrial respiration.  Results are normalized to total cell number according to crystal violet staining that 

was done at the end of the experiment.  Graph represents mean +/-SEM of 3 independent experiments 

(p<0.05). B, Representative transmission electron microscopy images (TEM) of primary mouse WT and 

EBP50-/- VSMC mitochondria. Scale bar indicates 500nm. C, Extracellular acidification rate (ECAR) for WT 

and EBP50-/- VSMC was measured in parallel with OCR. Graph represents the average +/-SEM of 3 

independent experiments (p<0.05).  

 

Figure 11: EBP50 promotes TNFα induced VSMC proliferation and extracellular acidification. 
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2.4 DISCUSSION 

In this paper we identified a new action of the scaffolding protein EBP50 that impacts 

mitochondrial dynamics and VSMC metabolism (Figure 12). EBP50 affects mitochondrial 

dynamics by regulating Mfn2 levels transcriptionally and by promoting cytokine-induced Drp1 

activation. These observations add to the previously reported effects of EBP50 on VSMC 

migration, proliferation and inflammatory responses and reveal a complex regulatory network of 

EBP50 on vascular cell function. 

Mitochondrial dynamics is crucial in maintaining proper vascular function. Alterations in 

mitochondrial dynamics are associated with various vascular pathologies that include pulmonary 

hypertension [94], hypertension [207] and arterial restenosis [76, 207]. Mfn2 is a critical inducer 

of mitochondrial fusion that is regulated transcriptionally. PGC-1α is a known regulator of 

mitochondrial biogenesis and Mfn2 expression [67].  The PGC-1α promoter contains a FoxO1 

binding sequence and activation of PGC-1α/FoxO1 can up-regulate Mfn2 expression in kidney 

cells [69]. We found that EBP50-/- VSMC contain more stable and nuclear FoxO1. Therefore, we 

rationalized that in EBP50-/- VSMC FoxO1 may be more transcriptionally active and affect Mfn2 

expression. Indeed, we found that EBP50-/- VSMC express higher Mfn2 mRNA and protein, and 

altering FoxO1 levels had corresponding effects on Mfn2 mRNA and protein levels. This 

indicates that FoxO1 transcriptionally regulates Mfn2 expression in VSMC. In addition to 

D, Primary mouse WT VSMC were infected with lenti-virus expressing GFP or shEBP50. 7 days post infection 

cells were seeded on a glass coverslip and serum starved for 24 hours. Following that VSMC were treated with 

TNFα 100 ng/mL or EGF 10 ng/mL and Mdivi-1 10 μM for total 18h. BrdU 0.1 mM was added 6 hours after 

TNFα and EGF. Cells were fixed in 4% PFA and stained with anti-BrdU antibody. Graph represent means +/-

SEM of 7 independent experiments (p<0.05). 
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FoxO1, we also measured the levels of PGC-1α, but found similar expression levels between WT 

and EBP50-/- VSMC. This suggests that, in our cell system, FoxO1 is primarily responsible for 

the differences in Mfn2.  

To function properly, mitochondria need to maintain a balance between fusion and 

fission. Since Drp1 is a key protein that promotes fission, we measured the phosphorylated form 

(Ser616) of Drp1 which represents the active Drp1 state. In both basal and inflammatory 

conditions, EBP50 depleted VSMC had lower pDrp1 levels compared to WT VSMC.  We 

identified PKCζ as the kinase that phosphorylates Drp1 in response to TNFα. Although this is the 

first time this has been reported, another PKC isoform, PKCδ, has been shown to induce Drp1 

phosphorylation and subsequent mitochondrial fission in neuronal cells [87]. PKCζ mediates 

inflammatory and oxidative stress responses [215, 216] that are associated with mitochondrial 

fission. Therefore the ability of PKCζ to phosphorylate Drp1 is consistent with these 

observations. In VSMC expressing a kinase dead construct (KD-PKCζ), the reduction in pDrp1 

levels was significant but not complete. This indicates that PKCζ is only one of several kinases 

that regulate Drp1 activation and the remaining phosphorylation might be attributed to other 

kinases such as CDK1/cyclin B, PKCδ or PKA. EBP50 has been shown to scaffolds PKA in 

proximity to its substrate in T cells [217], which raises possibility that EBP50 may regulate Drp1 

activation also through PKA.  The possibility of EBP50-PKA-Drp1 regulatory pathway remains 

to be determined in future studies. 

The combination of increased Mfn2 levels together with reduced pDrp1 in EBP50-/- 

VSMC is predicted to result in more fused mitochondria and our analysis of unstimulated VSMC 

confirmed it. In addition, and consistent with the reduced Drp1 phosphorylation, TNFα induced 

less fission in EBP50-/- cells compared to WT. It has been reported that acute TNFα treatment in 
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primary neurons induces profound mitochondrial dysfunction by affecting membrane potential 

and leading to cytochrome C release followed by cell death [218]. In addition, chronic TNFα 

treatment for 4 days in adipocytes resulted in morphological changes in mitochondria that 

included swollen and smaller mitochondria with abnormal cristae structure and increased Drp1 

levels [219]. However, TNFα impact on Drp1 phosphorylation and VSMC mitochondrial 

dynamics has not been reported. Here we show that TNFα promotes Drp1 phosphorylation in 

VSMC and that this phosphorylation event is regulated by PKCζ. These results contribute to a 

mechanistic understanding of mitochondrial fission that is observed under inflammatory 

conditions. 

We observed interesting functional consequences in TNFα-stimulated VSMC. While 

TNFα induced modest effects on mitochondrial respiration in VSMC, it induced significant 

increase in glycolytic metabolism (represented by ECAR). Moreover, EBP50-/- VSMC had 

significantly lower ECAR in basal state and following TNFα treatment compared to WT VSMC. 

TNFα has been shown to induce glycolytic metabolism and proliferation in skeletal muscle cells 

and VSMC respectively [5, 220]. Glycolytic metabolism is enhanced during phenotypic switch 

of VSMC and is a characteristic of actively dividing cells. Consistent with this, we show that 

TNFα induces VSMC proliferation, and this effect was abrogated by the Drp1 inhibitor Mdivi-1. 

In addition, Mfn2 is also known for its inhibitory effect on VSMC proliferation [76, 221]. 

Consistent with all the previous observations, both basal and TNFα-induced proliferation is 

reduced in EBP50-/- VMSC compared to WT.    

In conclusion, our study shows that EBP50 regulates mitochondrial dynamics and 

response to inflammation through its effect on the expression and activation of mitochondrial 

shaping proteins Mfn2 and Drp1. As a consequence, EBP50-/- VSMC have higher Mfn2 and 
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lower pDrp1 levels, which lead to reduced mitochondrial fission, glycolysis and proliferation in 

response to TNFα. These findings reveal a new function of EBP50 in VSMC, further indicating 

its promise as a therapeutic target for vascular proliferative diseases.  

 

 

 

 

 

 

 

 

 

 

 

The scaffolding protein EBP50 regulates mitochondrial dynamics through two arms. In basal conditions EBP50 

promotes FoxO1 degradation and regulates Mfn2 translation. Under inflammatory conditions, EBP50 promotes 

TNFα signaling via PKCζ to phosphorylate Drp1 leading to mitochondrial fission. In the absence of EBP50, 

VSMC exhibit fused mitochondria and reduced TNFα-stimulated mitochondrial fragmentation. These 

differences in mitochondrial dynamics, lead to reduced glycolytic metabolism and proliferation in EBP50-/- 

VSMC in response to TNFα. 

 

Figure 12: Proposed model for the mechanism by which EBP50 controls mitochondrial dynamics in 

VSMC. 
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3.0  EBP50 REGULATES MNSOD, CATALASE AND MITOCHONDRIAL ROS 

LEVELS 

Inflammation and oxidative stress play important roles in cardiovascular disease. Reactive 

oxygen- and NO-derived species affect proliferation and migration of VSMC, and amplify 

vascular inflammation. We reported that EBP50 promotes migration and proliferation of VSMC. 

In addition, EBP50 potentiates inflammatory responses (including iNOS expression) in both 

macrophages and vascular cells, and is critical for Nox1 mediated superoxide production. 

Mitochondria are major organelles that are responsible for ROS production in the cell, however 

their role in VSMC redox balance is not fully understood.  

EBP50 is a scaffolding PDZ domain protein that stabilizes Skp2 – a substrate recruiting 

component of the E3 ubiquitin ligase that targets FoxO1 for degradation. FoxO1 is a 

transcription factor that controls the expression of two key antioxidant enzymes - MnSOD and 

catalase. Therefore, I hypothesized that EBP50 regulates mitochondrial ROS levels through the 

Skp2-FoxO1 axis. Consistent with observations that indicate more stable and nuclear FoxO1 in 

EBP50-/- VSMC, I found that the expression of MnSOD and catalase is higher in EBP50-/- 

VSMC than in WT VSMC. Furthermore, I found that mitochondrial superoxide levels in EBP50-

/- VSMC following antimycin A (Ant A) and TNFα treatments are considerably lower compared 

to WT cells.  
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Mitochondrial ROS and MnSOD have been implicated in VSMC migration. Indeed, I 

found that EBP50 depleted VSMC migrate significantly less in response to TNFα and that 

downregulation of MnSOD with siRNA increases EBP50-/- VSMC migration. These results 

indicate that EBP50 regulates mitochondrial ROS levels through the anti-oxidant enzymes 

MnSOD and catalase. Moreover, MnSOD is an important regulator of VSMC migration that is 

increased in the absence of EBP50. 

3.1 INTRODUCTION 

Redox balance is required for normal cellular function. This balance is kept by antioxidant 

enzymes that are responsible for the clearance of reactive oxygen species. Multiple processes 

that are linked to CVD initiation and progression, such as endothelial dysfunction, VSMC 

migration and vascular inflammation, are regulated by ROS signaling. Therefore, ROS targeted 

therapeutics have been proposed as a potential strategy to treat and prevent CVD. Vascular redox 

state and inflammation co-exist in a positive feedback type of regulation. High levels of 

inflammation produce ROS in the vascular wall and local ROS induce inflammatory responses 

through activation of ROS sensitive transcription factors [222]. It has been recognized for several 

years that ROS have signaling properties and that they mediate vascular processes involved in 

CVD. The strong relations between ROS and vascular remodeling include effects on VSMC 

proliferation, differentiation and migration. One of the first studies addressing the importance of 

ROS in VSMC migration, showed that in cells treated with catalase, PDGF- induced migration 

was significantly reduced [223]. Later on, it was shown that migration stimulated by other 

factors was also blocked with anti-oxidant treatments [224, 225].  
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The anti-oxidant system is essential to maintain redox balance. Two major anti-oxidant 

enzymes are MnSOD and catalase. MnSOD is localized exclusively in mitochondria and is 

essential to maintain life of aerobic organisms [117, 226]. MnSOD reacts with superoxide 

radicals that are produced in mitochondria and converts them to hydrogen peroxide. Then, 

catalase eliminates hydrogen peroxide by converting it to water. Both MnSOD and catalase 

expression is regulated by the FoxO transcription factors family, in particular FoxO1. FoxO1 

activity is mainly regulated through its subcellular localization and degradation. Phosphorylation 

by Akt causes relocalization of FoxO1 from the nucleus to the cytoplasm where it is targeted for 

degradation by ubiquitin protein ligase complex SCF (Skp1-cullin-F-box) in which Skp2 act as 

substrate recognition component.  

EBP50 is an adaptor PDZ-containing phospho-protein that regulates multiple signaling 

processes in vascular cells. Our previous studies indicate that EBP50 promotes inflammatory 

responses, VSMC proliferation and migration [163, 191, 196]. EBP50 interacts with Skp2 in the 

cytoplasm, which leads to Skp2 stabilization and enhanced activity [167].  The effects of EBP50 

on Skp2 led us to examine its role on FoxO1 levels and localization in VSMC. In my thesis work 

I showed that EBP50 promotes FoxO1 degradation by Skp2-containing E3 ligase and that 

EBP50 depleted VSMC express more nuclear and stable FoxO1 (Figure 7). Based on these 

findings, I hypothesized that by affecting FoxO1 stability and localization, EBP50 regulates 

MnSOD and catalase levels and subsequently mitochondrial ROS levels. Consequently, EBP50 

will also regulate VSMC motility.  

 

https://en.wikipedia.org/wiki/SKP1A
https://en.wikipedia.org/wiki/Cul1
https://en.wikipedia.org/wiki/F-box_protein
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3.2 MATERIALS AND METHODS  

 

3.2.1 Cell culture and transfections 

Primary VSMC were isolated from mouse aortic explants and grown in DMEM containing 10% 

FBS in 5% CO2 at 37⁰ C as described previously [196].   

Lentiviral shRNA vector specific to mouse EBP50 and GFP-expression control were 

prepared by the Lentiviral Facility at the University of Pittsburgh Cancer Institute. The target 

sequence of the EBP50 shRNA is GAGTTCTTCAAGAAGTGCAAA. WT VSMCs were 

infected at 4 MOI with 8 μg/mL polybrene in the media. Media was changed 24 hours post 

infection and the cells were used 7 days post infection.  

Mouse MnSOD ON-TARGET plus siRNA - SMARTpool was purchased from 

Dharmacon and was introduced to VSMC by electroporation with AMAXA electroporator and 

the basic Nucleofector kit for primary vascular smooth muscle cells (Lonza) as described 

previously [196]. Cells were used 96 hours after transfection.    

 

3.2.2 Western blot 

For MnSOD and catalase detection cells were lysed in urea lysis buffer (4 M urea, 62.5 mM Tris, 

2% SDS, 1 mM EDTA) containing protease and phosphatase inhibitors (Roche). Cell lysates 

were resolved by SDS-PAGE. Proteins were transferred onto nitrocellulose membrane and 
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incubated with primary antibodies 1:1000 dilution for MnSOD (Millipore) and catalase (Athenes 

Research and Technology), 1:500 dilution for EBP50 (Santa Cruz Biotechnology), 1:5000 

dilution for β-actin (Sigma) and 1:2000 dilution for horseradish peroxidase-conjugated anti-

rabbit and anti-mouse IgG antibody (Cell Signaling). Immunoreactivity was detected by 

incubation with WesternBright ECL HRP substrate (Advansta). Quantification of bands intensity 

was performed with ImageJ (National Institute of Health).  

3.2.3 Immunofluorescence 

Femoral arteries were fixed with 4% paraformaldehyde and embedded in OCT Tissue-Tek 

(Sakura Finetek). Sections (10 μm) were incubated in boiled Tris-EDTA buffer (10 mM Tris 

base, 8 μM EDTA, 0.05% Tween 20) for 10 min, blocked in 4% normal goat serum, 1% BSA, 

0.5% Triton X-100 for 20 min at room temperature, and incubated with antibodies to MnSOD 

(Millipore, 1:100 dilution), and a secondary antibody, anti-rabbit Alexa Fluor 546- conjugated 

IgG (Invitrogen, 1:1000) was used before DAPI staining. Fluorescence intensities were measured 

with ImageJ software (National Institutes of Health). For MnSOD visualization in cells, WT and 

EBP50-/- VSMC were seeded on glass coverslips. MitoTracker® 100 nM (Molecular Probes) 

was added to cells for 30 minutes then the cells were fixed with 4% PFA and permeabelized in 

0.1% SDS, 0.2% Triton X-100, 4% FBS in PBS for 30 minutes and incubated with MnSOD 

antibody (Millipore, 1:100) overnight at 4̊ C.  As a secondary antibody anti-rabbit Alexa-Flour 

488 (Invitrogen, 1:1000) was used for 1 hour at room temperature prior to DAPI staining. For 

imaging cells were visualized using Olympus Fluoview 1000 confocal laser scanning microscope 

with a 60X oil immersion objective. Fluorescence intensities were measured with ImageJ 

software (National Institutes of Health). 
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3.2.4 MitoSox assay 

To detect mitochondrial superoxide levels in live cells MitoSoxTM Red mitochondrial superoxide 

detector for live cells imaging (Molecular Probes) was used. We used both HPLC and live 

imaging approaches to detect superoxide levels. For live imaging, WT and EBP50-/- VSMC were 

seeded on glass bottom 35mm2 culture dishes (MatTeck). On the next day MitoTempo (10 μM) 

was added for 2 hours. Then MitoSoxTM (0.5 μM) was added to the cells for 10 minutes at 37⁰C. 

Then MitoSoxTM was washed three times with HBSS and warm media was added to the cells. 

Baseline fluorescence was measured using Nikon Eclipse Ti microscope with 60x/1.40 NA oil 

lens with 390 nm wave length. Then Antimycine A (1 μM) or TNFα (100 ng/mL) was added to 

the cells after baseline imaging and 10 stage positions were imaged every 2 minutes for 20 

minutes total. Fluorescence was quantified with Elements software. For HPLC analysis 80,000 

WT and EBP50-/- VSMC per well were seeded on a 6 well plate. On the next day 10 µM 

mitoTEMPO was added for two hours and then MitoSOXTM probe was administered in the same 

manner as for the live cell imaging. TNFα (100 ng/mL) was added for 15 minutes. Then the cells 

were washed in PBS and scraped in 1 mL PBS into eppendorf tubes. Cells were pelleted, PBS 

aspirated and the pellet was stored in -80̊ C until HPLC analysis. At the time of analysis cell 

pellet was lysed in ice-cold lysis buffer containing PBS and 0.1% Triton X-100 and spinned 

down. Then the supernatant was transferred to a tube containing equal amount of 0.2 M HClO4 

in MeOH and vortexed to precipitate the protein. Protein pellet was precipitated by 

centrifugation and the supernatant was transferred to a tube containing equal amount of 1 M 

phosphate buffer pH 2.6 and vortexed. Excess of buffer and KClO4 precipitate was pelleted by 
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centrifugation. Then 200 µL of supernatant was transferred to HPLC vial equipped with conical 

glass insert. For HPLC we used gradient elution method with two mobile phases: A-50 mM 

phosphate buffer (pH 2.6), 10% acetonitrile, 90% water; and B-50 mM phosphate buffer (pH 

2.6), 60% acetonitrile, 40% water.  Hydroethidine (HE), 2-hydroxyethidium (2-OH-E+) and 

ethidium (E+) were separated using a Phenomenex (Kinex, 2.6 µm pentafluorophenyl (PFP) 

column (part #: 00D-447-E0) 100 x 4.5 mm) and eluting  with a gradient   of A and B mobile 

phases changing from 3:2 to pure B phase over a period of 20 min using a flow rate of 1 mL min-

1. Hydroethidine, ethidium and 2-OH-E+ were detected electrochemically by pass through an 

ESA CoulArray electro chemical detector with the following potentials (0, 200, 280, 365, 400, 

450, 500 and 600 mV). Stocks of hydroethidine, ethidium and 2-OH-E+ were prepared as 

described previously [227]. 

3.2.5 Migration assay 

Cell migration was quantified using Boyden chamber 24 well inserts (BD BioCoat) with a pore 

size of 8 μm. The upper compartment was filled with 300 μL DMEM containing 0.1% FBS and 

5x105 cells. The lower chamber contained 500 μL of DMEM and 0.1% FBS and TNFα (100 

ng/mL). Cell migrated for 5-6 hours. Then, cells were fixed in 4% paraformaldehyde and stained 

with 0.1% crystal violet. Images of 5 fields per treatment were acquired with Olympus IX71 

microscope using 10x objective.  
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3.2.6 Statistical analysis 

Data are presented as mean +/- SEM. Two groups were compared using student t-test and 

multiple groups were compared with One-way or Two-way Anova test. Statistical analyses were 

done using GraphPad Prism 7.03 and p value < 0.05 was considered significant. 

3.3 RESULTS 

3.3.1 EBP50 regulates MnSOD and catalase protein levels 

FoxO1 is ubiquitinated and targeted for degradation by Skp2 [228]. EBP50 binds Skp2 and 

stabilizes it in the cytoplasm which prevents Skp2 degradation in the nucleus [167]. Therefore, 

EBP50-/- VMSC exhibit lower Skp2 levels and more stable and nuclear FoxO1 (Figure 7). 

FoxO1 transcriptionally regulates a large number of genes, including MnSOD and catalase. 

Therefore, I hypothesized that the increased FoxO1 levels in EBP50-/- VSMC leads to an 

increase in MnSOD and catalase transcription. Using immunoblot I determined MnSOD and 

catalase protein levels (Figure 13A-B). I found that both MnSOD and catalase protein levels are 

increased in EBP50-/- VMSC compared to WT VSMC (Figure 13A-B). Similarly, MnSOD 

expression in femoral arteries was greater in EBP50-/- mice than in WT mice (Figure 13C). In 

order to rule out an upregulation of MnSOD due to miss-localization of MnSOD in the cells, I 

determined the subcellular localization of MnSOD by confocal fluorescence microscopy. I found 

that MnSOD in EBP50-/- VSMC exhibit mitochondrial localization similar to WT VMSC (Figure 

13D).  
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A-B, Primary WT and EBP50-/- VSMC were subjected to immunoblot to detect MnSOD and catalase levels in 

basal state. Graphs represent densitometry (calculated with Image J) means +/- SEM from three independent 

experiments (p < 0.05). C, Mouse femoral arteries were immunostained with MnSOD antibody and DAPI. 

Fluorescence intensity was quantified with Image J (p < 0.05). D, Representative images of primary mouse WT 

and EBP50-/- VSMC with MitoTracker and immune-stained with MnSOD. Cells were seeded on coverslips. On 

the next day 100 nM of MitoTracker red was added to the cells for 30 min. Then the cells were fixes in 4% PFA 

and MnSOD antibody was applied overnight. 3-5 images per condition were acquired with Olympus Fluoview 

1000 confocal microscope equipped with 60X oil immersion objective.  

 

Figure 13: EBP50-/- VSMC express higher levels of MnSOD and catalase. 
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3.3.2 EBP50-/- VSMC have lower superoxide levels than WT VSMC in response to 

TNFα  

MnSOD is the first enzyme that reacts with superoxide in mitochondria and converts it to 

hydrogen peroxide which in turn is converted to water by catalase [136]. Since EBP50-/- VSMC 

express more MnSOD, I hypothesized that EBP50-/- VSMC will have less mitochondrial 

superoxide in response to inflammatory stimuli or a mitochondrial toxin – Antimycin A (Ant A) 

that induces superoxide production in mitochondria. In order to measure mitochondrial 

superoxide I used MitoSox, a probe that localizes to the mitochondria due to its positive charge 

(Figure 14A) and produces red fluorescence when oxidized by superoxide. In order to make sure 

that the signal is specific to mitochondrial superoxide I used MitoTempo. MitoTempo localizes 

in mitochondria and scavenges superoxide [229], creating a baseline for superoxide detection.  

In basal state, there were no differences in mitochondrial superoxide levels between WT 

and EBP50-/- VSMC (Figure 14B). Then, I stimulated superoxide production by treating the cells 

with Ant A, that inhibits complex III in mitochondria and induces superoxide production [230]. 

Due to high sensitivity of MitoSox to light and oxidation, I used a kinetic quantification method 

to determine superoxide levels in live cells. Following Ant A treatment WT VSMC generated 

superoxide that was reflected by a gradual increase in fluorescence (Figure 14C). In contrast, 

EBP50-/- VSMC did not produce detectable levels of superoxide in response to Ant A and the 

fluorescence was similar to the cells pre-treated with MitoTempo (Figure 14C). TNFα is known 

to induce superoxide production from mitochondria [231, 232] and is a central cytokine that is 

expressed in multiple cardiovascular pathologies [233, 234]. Therefore, I examined TNFα ability 

to induce mitochondrial superoxide in EBP50-/- and WT VSMC. TNFα addition to the cells 
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resulted in superoxide production in WT VSMC, however, EBP50-/- VSMC produced minimal 

levels of superoxide that were similar to mitoTEMPO pre-treated cells (Figure 13D). 

  

 

 

 

 

 

 

Figure 14: EBP50-/- VSMC produce less superoxide in response to TNFα. 

A, Primary mouse WT and EBP50-/- VSMC were seeded on glass bottom 30mm2 culture dishes (MatTek). 

MitoSox (0.5 μM) and MitoTracker (100 nM) were added to the cells to verify mitochondrial localization of 

MitoSox. B, Primary mouse WT and EBP50-/- VSMC were grown on a 6-well plate. MitoTempo (10 μM) was 

added two hours prior to MitoSox. MitoSox (1 μM) was added to the cells for 15 minutes and then the cells 

were collected in PBS. Hydroethidine (HE), 2-hydroxyethidium (2-OH-E+) and ethidium (E+) were separated 

using a Phenomenex column and were detected electrochemically by pass through an ESA CoulArray electro 

chemical detector. Graphs represent measurements from three independent experiments. 
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3.3.3 Mitochondrial superoxide promotes VSMC migration 

Several studies have shown that ROS promote cell migration [211, 235, 236]. However, most of 

the studies in vascular cells focused on Nox derived ROS [237] and mitochondrial ROS are 

understudied in this aspect. Because of the differences in the anti-oxidant enzymes levels and 

mitochondrial superoxide production between EBP50-/- and WT VSMC, I wanted to examine 

whether these differences impact cell migration.  

EBP50 has been shown to regulate EGF and serum induced VSMC migration, by 

scaffolding FAK and EGFR and increasing focal adhesions dynamics [196]. However, we have 

not examined the effects of TNFα on VSMC migration and whether EBP50 plays a role in this 

process. Both ROS and MnSOD are important for migration [237, 238] therefore, my next 

question was whether the different levels of MnSOD contribute to reduced migration of EBP50-/- 

VSMC. When I compared VSMC migration following 6 hours of TNFα treatment, I found that 

C, Primary mouse WT and EBP50-/- VSMC were seeded on glass bottom 30 mm2 culture dishes (MatTek). 

MitoTempo (10 μM) was added at least 1 hour prior to MitoSox. MitoSox (0.5 μM) was added for 10 minutes. 

After MitoSox washout baseline images (395 nm) were collected from 10 fields. Then, antimycin A (Ant A) (1 

μM) was added cells were imaged every two minutes for 20 minutes. Graphs represent means +/- SEM of each 

field that was imaged. No treatment represents MitoSox only (without Ant A or MitoTemo) to account for 

MitoSox basal signal. D, Primary mouse WT and EBP50-/- VSMC were seeded on glass bottom 30 mm2 culture 

dishes (MatTek). MitoTempo (10 μM) was added at least 1 hour prior to MitoSox. MitoSox (0.5 μM) was added 

for 10 minutes. After MitoSox washout baseline images (395 nm) were collected from 10 fields. Then, TNFα 

(100 ng/mL) was added cells were imaged every two minutes for 20 minutes. Graphs represent means +/- SEM of 

each field that was imaged. 
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EBP50 depleted cells migrated significantly less compared to control VSMC (Figure 15A). In 

order to single out the effect of MnSOD on the reduced migration of EBP50 depleted VSMC, I 

knocked down MnSOD in EBP50-/- VSMC and measured migration rate. MnSOD knock down 

in EBP50-/- VSMC led to an increase in migration (Figure 15B). These results indicate that 

MnSOD is a significant contributor to VSMC migration and suggest that mitochondrial 

superoxide contributes to VSMC migration.  

 

 

 

 

 

 

 

 

 

Figure 15: MnSOD inhibits VSMC migration. 

A, Primary mouse WT VSMC were infected with GFP or shEBP50 constructs. 7 days post infection 50,000 

cells were seeded on a upper transwell in 0.1% FBS DMEM and were let to attach overnight. TNFα (100 

ng/mL) was added for 6 hours. Following that the cells were fixed in 4% PFA and stained with crystal violet. 

Five images were taken per condition and the number of cells was counted. Cell number is normalized to GFP. 

Graph represent results from three independent experiments (p<0.05). B, Primary mouse EBP50-/- VSMC were 

transfected with siControl and siMnSOD. 72 hours after transfection 50,000 cells were seeded on the upper 

insert of a transwell in 0.1% FBS DMEM and were let to attach overnight. Then media was changed to a fresh 

DMEM with 0.1% FBS and cells were left to migrate for 6 hours. Then cells were fixed in Methanol and 

stained with Diff Quick modified stain kit. Five images per condition were taken and number of cells per image 

was counted. Graphs represent normalized migration values to siControl from three independent experiments. 

(p<0.05).   

 



 79 

 

 

3.4 DISCUSSION 

EBP50 has been implicated before in the regulation of ROS in the vasculature through activation 

of Nox1 in response to AngII [200]. However, mitochondrial ROS have not been studied in the 

context of EBP50 regulation. In this study I showed that EBP50 regulates anti-oxidants enzymes 

expression and mitochondrial superoxide levels. The increased levels of MnSOD and catalase 

and the low superoxide in EBP50-/- VSMC contribute to the low migration of VSMC in response 

to TNFα. These finding describe an additional regulatory arm of EBP50 affecting mitochondrial 

redox balance in VSMC that has an impact on migration. Moreover, I found that MnSOD knock 

down in EBP50-/- VSMC restores migration. The direct connection between MnSOD levels and 

migration strongly suggest a role for mitochondrial ROS in VSMC migration. 

VSMC migration is important during development and in pathological conditions such as 

neointima formation. Interestingly, migratory effects are abrogated by anti-oxidants including 

catalase [239] suggesting that these effects are at least in part mediated by ROS. TNFα is a 

potent migration inducer [240] and a central cytokine that is involved in vascular pathologies. 

Despite being a central mediator in vascular disease, TNFα effects on VSMC migration and ROS 

production in VSMC have not been extensively studied. My studies indicate that TNFα induces 

migration in VSMC and that MnSOD has crucial impact on this process. 

The signaling mechanisms that lead to TNFα effects on VSMC migration are not 

completely understood.  Among the signaling pathways that are involved in VSMC migration are 
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MAPK/ERK1-2 [241, 242] as well as phospholipase C activation [243] and increase of 

intracellular calcium and the activation of calcium/ calmodulin kinase II [244] pathways. Studies 

showed that activation of MAPK/ERK1-2 is critical for induction of migration by TNFα in 

VSMC [240]. In addition, it has been shown that TNFα promotes cells migration through 

activation of NFκB that is dependent on mitochondrial ROS [245].  Furthermore, inhibition of 

mitochondrial fission leads to decreased mitochondrial membrane potential, reduced ROS and 

uncoupled respiration. These effects in turn, caused decreased VMSC migration in response to 

mitogens [211]. Collectively, these observations are consistent with the effect of EBP50 

described in this thesis. However, determining the exact mechanisms by which MnSOD affects 

VSMC migration requires additional studies. 

In summary, I was able to show that EBP50 regulates two key anti-oxidant enzymes – 

MnSOD and catalase in VSMC. Increased levels of MnSOD and catalase resulted in minimal 

mitochondrial ROS in EBP50-/- VSMC and reduced TNFα induced migration. These effects may 

lead to protection of EBP50-/- vasculature from oxidative damage that occurs in CVD.  
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4.0  GENERAL DISCUSSION 

CVD is the leading cause of death worldwide and the three major vascular diseases – 

atherosclerosis, restenosis and vein graft disease are interconnected and share a common feature 

which is proliferation of VSMC. Angina caused by obstructive coronary disease such as 

atherosclerosis most often lead to balloon angioplasty and stents or a bypass surgery. Lumen 

narrowing is a very common consequence of these interventions and the main cell type that 

contributes to intimal hyperplasia is VSMC. A critical process that occurs in VSMC under these 

conditions is activation of proliferation and migration. Even though VSMC proliferation is the 

major contributor to intimal hyperplasia, targeting single molecules that promote proliferation 

did not prove to be always effective in clinic. Therefore, a strategy of targeting multiple 

pathways that regulate phenotypic switching might be a more effective therapeutic approach.  

In recent years an increasing amount of evidence point to mitochondria as master 

regulators of proliferation, metabolism and redox balance, particularly in vascular proliferative 

diseases. It was demonstrated that mitochondria have differential morphology in disease states 

which ultimately leads to alterations in cellular processes such as metabolism and proliferation. 

In fact, manipulations of mitochondrial morphology are effective in animal models to ameliorate 

intimal hyperplasia [76, 94, 203, 211]. 

EBP50 is a scaffolding protein that regulates multiple pathways in VSMC including 

proliferation, migration and inflammatory responses that are critical in vascular diseases.  
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EBP50 inhibits the anti-proliferative effects of PTH1R agonists by increasing PTH1R at the cell 

membrane and increasing calcium signaling [195]. Furthermore, EBP50 promotes proliferation 

through stabilization of Skp2 that ubiquitinates and degrades p21CIP and p27KIP cell cycle 

regulators [191]. In addition to proliferation, EBP50 promotes VSMC migration by scaffolding 

FAK and EGFR and facilitating FAK activation and focal adhesion turnover [196]. Even though 

the basal levels of EBP50 in VSMC under normal conditions are relatively low, it is significantly 

upregulated after vascular injury in a feed forward loop, through NFκB [163]. These regulatory 

effects lead to reduced neointimal hyperplasia in EBP50-/- mice.  My thesis work expanded 

further the complex regulatory network of EBP50 in VSMC and showed that EBP50 is able to 

impact mitochondrial dynamics and regulate redox balance both basally and under inflammatory 

conditions. Therefore, inhibiting EBP50 during pathological conditions might serve as a useful 

approach to modulate multiple processes that lead to adverse effects in the vasculature.      

4.1 SUMMARY AND FUTURE DIRECTIONS     

4.1.1 EBP50 regulates mitochondrial dynamics 

Increasing amount of evidence supports the important role of mitochondria in vascular diseases. 

Mitochondria regulate various processes in cells including metabolism, apoptosis, cell cycle and 

redox balance that contribute to the progression of vascular disease. Recent studies demonstrate 

that mitochondrial dynamics has an impact on cellular functions. Moreover, in multiple 

cardiovascular diseases mitochondria exhibit altered morphology that ultimately affects various 

cellular processes such as proliferation and migration.  
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VSMC play a dominant role in vascular diseases such as restenosis and atherosclerosis 

and contain large amount of mitochondria. Therefore, it is logical to assume that alterations in 

mitochondria properties will affect VSMC and ultimately the progression of CVD. Indeed it was 

noted that in humans and in mouse models of atherosclerosis there is accumulation of 

mitochondrial damage that could be either a result of the impact of various risk factors (such as 

smoking, oxidative stress and lipid accumulation) that can damage mitochondrial DNA, or due to 

dysregulated mitochondrial dynamics.  

Mitochondria undergo constant fission and fusion processes that are essential for their 

proper function. Mitochondrial fusion allows mixing of mitochondrial content that dilutes the 

damaged genome and allows mitochondria to function properly. On the other hand, fission is 

required for mitophagy, a process that is responsible for the removal of dysfunctional 

mitochondria. In PAH there is a decrease in Mfn2 levels which is required for mitochondrial 

fusion. Reduction of Mfn2 levels contribute to the fragmented mitochondrial phenotype in PAH 

and to the increased proliferation of VSMC that is observed in this disease [67]. In addition, 

PAH exhibits an upregulation of Cyclin B1/CDK1 dependent phosphorylation of Drp1 on 

Ser616. Several pre-clinical studies restoring Mfn2 expression and inhibiting fission with Mdivi-

1, showed partial regression of experimentally induced pulmonary hypertension and decreased 

VSMC proliferation [67, 94]. In addition, downregulation of Mfn2 is accompanied by a 

metabolic switch from glucose oxidation to fatty acid oxidation. This suggests that changes in 

mitochondrial morphology and bioenergetics may underline the effects on proliferation. Drp1 

has also been shown to contribute to VSMC proliferation. Following AngII stimulation PKCδ 

phosphorylates and activates Drp1 and the MEK1-2/ERK1-2 signaling cascade [246]. Mdivi-1 
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abrogated the proliferative response to AngII which suggest that mitochondrial fission is required 

for proliferation [246].   

EBP50 regulates the localization and activity of proteins that are involved in processes 

such as migration, proliferation and inflammatory responses in VSMC. In my thesis work I 

showed that EBP50 effects extend beyond that and it can impact mitochondrial dynamics. I 

showed that under basal conditions EBP50 regulates Mfn2 expression by promoting FoxO1 

degradation. As a result, EBP50-/- VSMC exhibit increased Mfn2 levels and more fused 

mitochondria network. In addition, my work indicates that TNFα induces Drp1 phosphorylation 

on Ser616 through activation of PKCζ that ultimately leads to mitochondrial fission. There are 

several reports that indicate TNFα ability to induce mitochondrial fission [219, 247], however 

the mechanism behind that action in VSMC was not reported previously. The involvement of 

PKCζ in TNFα signaling in vascular cells was described before [248] and data from our lab 

indicate that EBP50 mediates the recruitment and activation of PKCζ at the membrane following 

TNFα stimulation [163]. My studies demonstrate that PKCζ mediates TNFα phosphorylation of 

Drp1. My findings provide a mechanistic explanation for TNFα-induced mitochondrial 

fragmentation in VSMC.  

Mitochondrial morphology has an impact on communication of mitochondria with other 

organelles such as the endoplasmic reticulum (ER). It was shown that Mfn2 resides in the ER 

and is tethered to Mfn1 or Mfn2 on mitochondria, thus forming ER mitochondrial contacts [77]. 

These contacts impact mitochondrial calcium uptake and can influence calcium signaling during 

apoptosis. It will be interesting to explore whether higher Mfn2 protein levels in EBP50-/- VSMC 

have an impact on ER-mitochondria communication and calcium signaling. 
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Mitophagy is an important quality control mechanism to remove damaged or 

dysfunctional mitochondria. Mitophagy has been linked to mitochondrial dynamics, and in order 

to be engulfed, mitochondria need to be fragmented by Drp1. Moreover, during mitophagy, 

Mfn2 is ubiquitinated by Parkin and targeted for degradation. There are two interesting elements 

that impose future investigation. The first, is whether EBP50 affects mitophagy. The second, is 

whether the E3 ubiquitin ligase, Parkin, that contains a putative PDZ binding motif, binds and is 

regulated by EBP50. It will be interesting to explore if Parkin localization or function and 

consequently mitophagy are altered in EBP50-/- VSMC.  

4.1.2 EBP50 regulates mitochondrial metabolism and VSMC proliferation 

Mitochondrial dynamics may impact cellular bioenergetics and other cellular functions such as 

proliferation and migration.  Therefore, differences in mitochondrial dynamics led us to explore 

VSMC bioenergetics in EBP50 depleted VSMC. I found that despite the fact that there is no 

significant differences in oxygen consumption rate (OCR), extracellular acidification rate 

(ECAR) that is a direct result of lactate production and glycolysis, of EBP50 depleted VSMC is 

significantly lower compared to WT VSMC. Moreover, TNFα-induced lactate production was 

significantly lower in EBP50-/- VSMC. ECAR is an indicator of glycolytic metabolism and 

actively proliferating cells tend to upregulate glycolytic metabolism [249-251]. Indeed, I found 

that EBP50 depleted VSMC proliferate less than WT cells, both in basal (serum starved) 

condition and after TNFα stimulation. Importantly, Mdivi-1 treatment suppressed TNFα-induced 

proliferation in WT VSMC and had no effect in EBP50 depleted cells. The impact of Mdivi-1 

suggests that mitochondrial dynamics have a significant effect on TNFα-induced proliferation of 

VSMC.  
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Given the striking differences in ECAR between WT and EBP50 depleted cells it will be 

interesting to explore further the differences in the metabolic profile between WT and EBP50 

depleted VSMC. Full metabolomics analysis of TCA cycle metabolites will provide a more 

complete understanding of the metabolic differences between WT and EBP50-/- VSMC. Lactate 

dehydrogenase A (LDHA), a key enzyme in glycolysis, is crucial for VSMC proliferation and 

migration [251]. In addition, HIF-1α was shown to mediate the metabolic shift following TNFα 

in skeletal muscle [220]. Therefore, exploring the expression of LDHA and HIF-1α and their 

target genes in WT versus EBP50-/- VSMC will expand the mechanistic understanding of the 

metabolic differences between EBP50-/- and WT VSMC. 

Altered mitochondrial dynamics in EBP50-/- VSMC is a result of increased Mfn2 levels 

and reduced Drp1 activation. Both Mfn2 and Drp1 have been implicated in VSMC proliferation. 

Mfn2 was originally discovered as “Hyperplasia suppressor gene” (HSG) and its overexpression 

reduced neointimal hyperplasia [6, 76]. Mfn2 effects on proliferation were mainly attributed to 

its binding to Ras and inhibiting the MAPK/ERK1-2 pathway [76]. Drp1 was also implicated in 

cell cycle [92] by regulating cyclin E build up [252] and degradation [253]. It will be interesting 

to continue exploring mechanisms that connect mitochondrial shaping proteins to proliferation in 

VSMC. 

4.1.3 EBP50 regulates MnSOD and catalase levels and mitochondria derived 

superoxide following TNFα treatment 

MnSOD and catalase are two key antioxidant enzymes that regulate redox balance in cells [136]. 

Both MnSOD and catalase are transcriptionally regulated by FoxO1. My data indicate that 

EBP50 regulates FoxO1 degradation through Skp2 stabilization in the cytoplasm. Consistent 
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with this, EBP50-/- VSMC and femoral arteries express higher MnSOD and catalase protein 

levels. Despite the fact that EBP50-/- VSMC have more MnSOD, I did not detect differences in 

basal mitochondrial superoxide between WT and EBP50-/- VSMC. This is probably due to the 

low basal superoxide production in VSMC. However, when superoxide production is stimulated 

with Ant A or TNFα, EBP50-/- VSMC had markedly lower mitochondria derived superoxide 

compared to WT VSMC. Differences in superoxide levels may have an impact on the ability of 

EBP50-/- mitochondria to handle stress condition and create a protective effect from 

inflammatory and oxidative damage. To address that, it will be interesting to determine how WT 

and EBP50-/- VSMC respond to oxidative stress and to assess mitochondrial ultra-structure and 

the presence of oxidative modifications such as nitro-tyrosine (NY) on mitochondrial proteins. In 

addition, mitochondrial DNA is very susceptible to oxidative damage [254]. Examining whether 

the increased levels of MnSOD and catalase can prevent mtDNA damage in EBP50-/- VSMC can 

have interesting implications.   

4.1.4 MnSOD regulates VMSC migration 

TNFα is a potent cytokine that induces migration of VSMC [240]. ROS have been implicated in 

cell migration [110] through multiple mechanisms that include cysteine residues modification 

[255] that alter many proteins functions. Some of the proteins that bear these redox sensitive 

residues include PKC [256], Akt [257],  ERK [258]  and MAPK. In addition it was shown that 

H2O2 modifies specific subunits in intergrin α7β1 and facilitates the formation of membrane 

protrusions and migration [259]. Therefore I decided to determine whether the reduced levels of 

mitochondrial superoxide and increased MnSOD will have an effect on TNFα-induced migration 

of EBP50-/- VSMC. I found that these cells migrated significantly less compared to WT VSMC. 
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Remarkably, when I knocked down MnSOD in EBP50-/- VSMC, migration was significantly 

increased. These results indicate that in addition to the known effect on FAK activity, EBP50 

regulates VSMC migration through MnSOD. This is consistent with previous reports showing 

that MnSOD regulates VSMC proliferation and migration [238]. I did not explore the mechanism 

that underlines the differences in migration attributed to differential MnSOD levels. One 

possibility is that MnSOD regulates Akt activity. It was shown that MnSOD overexpression 

decreases Akt phosphorylation, and MnSOD knockdown increases Akt phosphorylation [238]. 

Consistently, our data indicates that EBP50 promotes Akt activity [167]. It is possible that the 

effect of EBP50 on Akt occurs through MnSOD. 

Given the multiple regulatory pathway through which EBP50 regulates vascular 

responses to inflammation and injury it will be very interesting to explore EBP50 effect on 

vascular proliferative diseases such as atherosclerosis and PAH in vivo. EBP50 absence might 

have a protective effect in animal models of these diseases due to the higher levels of anti-

oxidant enzymes and the reduced VSMC proliferation and migration that will result in lower 

vascular remodeling and will slower disease progression. In addition to VSMC, endothelial cells 

are also important contributors to the initiation and progression of atherosclerosis and PAH. 

Endothelial cells dysfunction contributes to the vascular structural abnormalities that are 

observed in PAH [260] and is one of the earliest events in atherosclerosis. EBP50 is highly 

expressed in endothelial cells, however its effects on endothelial function, proliferation and 

migration were not extensively studied. Therefore, it will be interesting to investigate the effects 

of EBP50 on endothelial cell proliferation and migration, anti-oxidant enzymes levels, NO 

production and mitochondrial function that have important roles in atherosclerosis  and PAH. 

Understanding EBP50 effects in endothelial cells and its impact on CVD progression in vivo is 
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an important piece of revealing EBP50 regulations in the vasculature and might have a great 

value in developing new therapeutic strategies. 
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