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ABSTRACT 

Congenital heart defects (CHDs) occur in 5% of births. While gene mutations 

have been identified in CHD patients, not much is known about coordinated signaling 

mechanisms during heart morphogenesis.  Endocardial cushions of the atrioventricular 

canal and outflow tract contribute to the formation of valves and septa in the heart. 

Epithelial cell to mesenchymal cell transition (EMT) is a key process in cardiac cushions 

before this tissue undergoes remodeling into valves and septa. Defining complex 

signaling networks directing cardiac cushion epithelial to mesenchymal transition is 

essential for understanding the etiology of CHDs.  We identified the MAP3Kinases, 

MEKK3 and MEKK4, as signaling components present during cardiovascular 

development. MEKK3 is detected in myocardium and endocardium surrounding the 

cardiac cushions of the atrioventricular canal during heart morphogenesis, while MEKK4 

is found in the myocardium, endocardium, and cushion mesenchyme. Functional assays 

were employed to examine how MEKK3 and MEKK4 kinase activity contributes to 

endocardial EMT.  Addition of dominant negative (dn)-MEKK3 or dn-MEKK4 to 

endocardial cushion explants, cultures that recapitulate in vivo EMT, causes a significant 

decrease in mesenchyme formation as compared to controls.  Ventricular explant 

cultures, where the endocardial cells do not normally undergo EMT, provided with 

constitutively active (ca) MEKK3 activates mesenchyme production.  ca-MEKK4 is not 

sufficient to cause EMT in ventricular endocardium. Furthermore, ca-MEKK3 expression 

in ventricular explants leads to increased secreted TGFβ2, which mediates mesenchyme 

formation.  Blockade of TGFβ2 in ventricular explant cultures provided with ca-MEKK3 
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ablates the activation of EMT.  In addition to in vitro studies, we show that mice 

expressing kinase inactive MEKK4 have myxomatous valves characterized by increased 

proliferation and changes in extracellular matrix molecules such as hyaluronan.  We next 

investigated whether signal transduction is affected in cushions and valves of the 

MEKK4 kinase inactive mice.   Abnormal TGFβ signaling is observed in MEKK4 

mutant hearts, which is also seen with Marfan’s sydrome.  Remarkably, activated 

MEKK3 is maintained in cardiac cushions of these mice after EMT indicating 

compensation by MEKK3 for loss of MEKK4 catalytic activity.  Our observations define 

MEKK3 and MEKK4 expression during cardiovascular development and suggest that 

MEKK3 and MEKK4 have diverse functions during development of heart valves.   
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CHAPTER 1 – INTRODUCTION 
 

 
This introduction will examine early and late embryonic heart development, defined 

molecular mechanisms underlying formation of the heart, and the etiology of valvular 

disorders in syndromes that alter developmental processes.  The MAP3 kinases 

(MAP3Ks) and MAPK will also be discussed focusing on their roles during 

embryogenesis and cardiogenesis.  

 

1.1. HEART MORPHOGENESIS 

 

1.1.1. Early Heart Morphogenesis and Endocardial Cushion Formation 

The heart is the first organ to form and is initially composed from the cardiogenic 

mesoderm [1-3].  Cells of the early heart tube are specified to become a myocardial tube 

surrounding an inner layer of endocardial cells.   The primary heart tube is formed by two 

epithelial cell sheets that migrate and fuse together [4].  This linear structure further 

undergoes change to form a common atria and common ventricle.  Rightward looping of 

the heart tube leads to positioning of the chambers so that two canals are created called 

the atrioventricular (inflow) and outflow tract canals [5-7]. Extracellular matrix 

molecules, including glycosaminoglycans such as hyaluronic acid and proteins such as 

collagen IV, deposit in these canals forming the endocardial cushions [8, 9].  These 

cushions become populated with mesenchyme after specific endocardial cells lining the 

cushions undergo epithelial to mesenchymal transition (EMT).  In the distal outflow tract, 
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a portion of the cushion cells are migrating neural crest cells, whereas endocardial EMT 

occurs in the proximal outflow tract [10] (See Figure 1.1 A).  Formation of the cardiac 

cushions is important because they will contribute to the membranous portions of the 

heart, forming the valves and portions of the septation.  The atrioventricular cushions will 

contribute to the tricuspid and mitral valves directing blood within the heart [11], while 

the outflow tract cushions will contribute to the pulmonary and aortic valves directing the 

flow of blood out of the organ [12].   In order to understand the formation of 

mesenchyme during cardiac development, a more descriptive definition of endocardial 

cushion EMT is given later in the chapter. 

 

1.1.2. Late Heart Valve Morphogenesis 

 After cellularization of the endocardial cushions, the myocardium and cardiac 

tissue are restructured to become the valves and septation of the heart (Figure 1.1). This 

is termed remodeling and it is also an important event in valve and septal development. 

Each cell layer of the endocardial cushions, the endocardium and the cushion 

mesenchyme, undergoes proliferation, migration, and/or apoptosis to form the 

membranous septations and valves of the heart. These cellular processes must be 

regulated so that fully functional valve leaflets and septa are formed.  It has been shown 

that proliferation, migration, and apoptosis occur in specific zones of the morphogenic 

endocardial cushions. Gradients of extracellular signaling molecules are suggested to be 

responsible for the timing and location of these processes [13].  These factors regulate 

key developmental processes including differentiation, invasion, proliferation, and  
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Figure 1.1. Cardiac morphogenesis from a linear tube to the septated four chamber heart. 
Adapted from Camenisch et al.[14]. 
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Figure 1.2. Epithelial to mesenchymal transition (EMT) during heart morphogenesis. 
This diagram shows the events necessary for endocardial cushion EMT and cardiac 
cushion development. Adapted from Armstrong and Bischoff [15].  
 

 

apoptosis to create mature valves composed of  leaflets, which impedes blood flow when 

closed, and chordate tendineae, which aid in opening the valve leaflets [12, 16].  

Atrioventricular valve leaflets are composed of three layers, the fibrosa, the spongiosa, 

and the ventricularis, depending on the type of valve (Figure 1.3).  The fibrosa and 

ventricularis are made primarily from mesenchyme and primarily contain the 

extracellular proteins, collagen and elastin, which provides them with strength and 

elasticity.  The spongiosa contains glycosaminoglycans, which allow the valve to remain 

flexible [12, 17].  Alterations in valve architecture occur during valve diseases, such as 

mitral valve prolapse and stenosis, changes their function significantly and may progress 

to heart disease [18, 19].  Once valve formation is complete, there are four pairs of valves 

to direct bloodflow through the four-chambered heart.  According to direction of blood 

flow, these include the tricuspid valves between the right atrium and the right ventricle, 
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the pulmonary valves between the right ventricle and the pulmonary artery, the mitral 

valves between the left atrium and left ventricle, and the aortic valves between the left 

ventricle and the aorta [12, 16].   

 

1.2. VALVULAR DISORDERS   

 Although heart valves are simple structures, proper patterning is important to their 

unique function in unidirectional blood flow.  Alterations in valve architecture lead to 

myxomatous valve disease.  Valve disorders include mitral valve prolapse (MVP) and 

valvular stenosis.  The myxomatous valve phenotype and mitral valve prolapse will be 

discussed further in this section.   

 

1.2.1. Myxomatous Valves   

Aberrations in heart valves associated with aging are due to calcification, injury, 

and stress. However, it is now being found that valve defects also occur during 

development due to aberrant signaling mechanisms, especially due to genetic mutations.  

Myxomatous is a term used to describe abnormal valve morphology of cardiac tissue due 

to increased proliferation, decrease apoptosis, and/or changes in extracellular matrix [20, 

21].  This description arises from myxoma, which is a rare cancer of the heart [22].  For 

example, myxomatous outflow tract valves observed in Noonan syndrome patients are 

the result of an overactive Shp2 tyrosine phosphatase. Shp2 appears to mediate Erk 

MAPK activation, and overactivity leads to increased Erk activity [23].  This leads to an 

increase in proliferation in the aortic and pulmonary valves leading to enlarged valves.  In 
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Marfan syndrome, mutations in the extracellular matrix protein, Fibrillin-1, lead to 

aberrant TGFβ signaling contributing to increased thickness of the mitral valves [24].  

Although myxomatous valves are characterized with certain genetic disorders, their 

etiology is not fully understood.     

 

1.2.2. Mitral Valve Prolapse  

 Mitral valve prolapse (MVP) results from displacement of the mitral valve 2 mm 

or more from the annulus [24].  Increased size of mitral valves more than 5 mm also 

contributes to non-classical forms of MVP.  This leads to regurgitation of blood from the 

left ventricle into the left atrium [24].  MVP is frequently occurring in Marfan’s 

syndrome and Marfan-like disorders [25].  Many people survive with mitral valve 

prolapse have no complications, however, over time natural degeneration of mitral valves 

increases the likelihood of developing heart problems.  Although, mitral valve prolapse is 

a frequently occurring valve disorder, not much is known about its etiology.  

  

 

 



24 
 

 

Figure 1.3. Structure of a heart valve. A heart valve is composed of three layers 
surrounded by endothelial cells: the fibrosa, the spongiosa, and the ventricularis. 
 

 

1.3. CELLULAR PROCESSES IN CARDIAC CUSHION MORPHOGENESIS 

 

1.3.1. Epithelial to Mesenchymal Transition (EMT) 

An important process that occurs during endocardial cushion development is 

epithelial to mesenchymal transition (EMT). EMT is the process by which an epithelial 

cell breaks cell-cell contacts, differentiates to mesenchymal phenotype, and invades into 

the underlying extracellular matrix [26]. It is a vital process for creating new cell layers 

and tissues. Most familiarly, developmental EMT occurs during gastrulation to create the 

mesoderm [27]. It also occurs during development of the palate and neural crest [28, 29]. 

In the morphogenic heart, EMT is necessary for cardiac cushion/valve and coronary 
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vessel development [26, 30].  At the onset of EMT, a subset of endocardial cells 

overlying the extracellular matrix is activated by secreted factors from the myocardium 

(See Figure 1.2) [31]. In addition to myocardial factors, paracrine and autocrine signaling 

are also necessary. These activated cells delaminate and differentiate into mesenchymal 

cells. The mesenchymal cells migrate into the extracellular matrix where they will be 

available for remodeling of the cardiac cushions into valves and septa [26]. EMT is finely 

controlled and provides a new layer of cells that is vital to valvuloseptal development. 

Proliferation, apoptosis, and migration of newly formed mesenchyme dictate the structure 

and strength of the heart valves.  The extracellular matrix components and secreted 

factors that are important in regulating mesenchymal cell production will be discussed 

later in this chapter.  

 

1.3.2. Invasion 

In order for the mesenchymal cells created by endocardial EMT to relocate within 

the cardiac cushions, they must be able to invade into the cushion matrix.  This requires 

the production of matrix metalloproteases (MMPs) and other extracellular matrix 

degrading enzymes.  For example, MMP-2 is required for degrading type IV collagen for 

during the invasion step of EMT in the endocardial cushions [32].  Tbx20, a transcription 

factor important for mesenchyme transition in the cushions, is important for the 

expression of MMPs, such as MMP2, that are critical to the invasion step [33].    This 

evidence further emphasizes the importance of invasion to cardiac cushion 

morphogenesis.  
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1.3.3. Proliferation 

Cell proliferation occurs throughout the cardiac cushions between E4.5 and E7.5 

in the developing chicken heart, including the myocardium, the mesechyme, and contact 

points between the cushions [34].  In the endocardial cushions, the endothelial cells lining 

the cushions proliferate as cells undergo EMT to repopulate the endocardium.  After cells 

have undergone EMT, the newly formed mesenchymal cells begin to proliferate as well 

in response to factors such as FGF-4 [35].  The proliferation index drops as the cushions 

begin remodeling, which was observed at E10 in chicken [12].  Mice which model 

Noonan syndrome with an overactive Shp2 mutation have myxomatous valves caused by 

increased ERK activation, and a consequent increase in proliferation [23].  Abnormal 

proliferation in valves leads to enlarged valves and may cause difficulties later in 

adulthood.  This maintains that proliferation must be tightly regulated for normal valve 

formation. 

 

1.3.4. Apoptosis 

Apoptosis, programmed cell death, is an important process in heart 

morphogenesis for remodeling of the cushion tissue.  In the mouse at E12.5, apoptosis is 

observed in the endocardial cushions, and at approximately E13.5 to 14.5, there is a peak 

in programmed cell death [36].  These are stages where extensive remodeling of the 

cardiac cushions takes place.  Changes in apoptosis during remodeling of the heart can 

lead to congenital heart defects, such as aortic valve disease [37].  For example, in a 

Noonan syndrome mouse model with an overactive Shp2 phosphatase, there is a decrease 
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in apoptosis in the endocardial cushions compared to wild-type.  These mice have 

outflow tract valve stenosis, which prevents the valves from opening fully for blood to 

pass to the pulmonary or systemic circulation [38].   

 

1.4. SIGNAL TRANSDUCTION DURING ENDOCARDIAL CUSHION 

MORPHOGENESIS 

 

1.4.1. Extracellular Matrix 

The extracellular matrix (ECM) is vital for structure of the cardiac cushions and 

regulating signals within the cushions.  The ECM is composed of extracellular matrix 

proteins, such as collagens and fibrillin, and glycosaminoglycans (GAGs) such as 

hyaluronan (HA) (Figure 1.4) [39].  These provide structure to the cardiac cushions, and 

also regulate the activities signaling factors.  Collagen makes up a substantial amount of 

the ECM in the cardiac cushion.  As the valves mature, various types of collagen still 

contribute substantially to their structure [40].  Fibrillin-1 is an ECM protein that 

negatively regulates TGFβ signaling, and mutations in fibrillin-1 that hinder TGFβ 

regulation lead to overactive TGFβ signaling in mitral valves [24].  This leads to the 

abnormal formation of mitral valves.  The GAG, HA, is important for signaling through 

ErbB2-ErbB3, and all of these molecules are necessary for endocardial cushion EMT 

[41].  Hyaluronan synthase-2 (Has2) is the main producer of HA in the heart, as Has2 

knockout mice have severe heart defects leading to embryonic death at mid-gestation, 

such as failure to form the endocardial cushions and the lack of trabeculated myocardium 
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[8].  Additionally, periostin is another ECM, which contributes to late valve formation.  

Periostin knockout mice have congenital heart defects, including atrioventricular valve 

defects [42].  The functional roles of periostin include providing tensile strength and 

contributing to the differentiation of cushion mesenchymal cells to the fibroblastic 

lineage rather than to myocytes [42].  These and other studies indicate that the ECM is 

not just involved in structure, but also offers the proper environment for unique signal 

transduction during development. 

 

 

Figure 1.4.  Extracellular matrix of the endocardial cushions and factors that it regulates.  

From Schroeder et al. [39] 
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1.4.2. TGFβ/BMP signaling 

Transforming Growth Factor-βs, TGFβs, including TGFβ1, TGFβ2, and TGFβ3, 

are important in cardiovascular development. TGFβ1 knockout mice are observed to have 

defects in extraembryonic vessel development and hematopoiesis, which account for 

decreased survival rate of embryos, although half survive to term [43]. All TGFβ1 

knockout embryos born of TGFβ1 deficient females died of cardiovascular defects during 

embryogenesis suggesting an importance for circulating TGFβ1 in development [44]. 

TGFβ2 and TGFβ3 have been shown to be important for cardiac cushion EMT in the 

chicken, although only TGFβ2 is important for cardiac EMT in the mouse [45]. 

Surprisingly, TGFβ2 knockout mice develop to birth before dying. Mice deficient in 

TGFβ2 are born cyanotic and die soon afterward [46]. However, recent evidence points 

to Notch signal transduction being an important initiator of cardiac cushion EMT. Notch 

signaling may allow some EMT to occur in the absence of TGFβ, although the regulatory 

function of TGFβ to mesenchyme production is lost.  TGFβ signaling induces the 

expression of transcription factors, such as Snail and Snail2, which are both involved the 

breakdown of cell junctions during endocardial cushion EMT [47, 48]. 

The TGFβ superfamily includes the bone morphogenic proteins (BMPs) and 

transforming growth factor βs (TGFβs). One BMP factor, BMP2, is especially important 

to heart morphogenesis [49, 50]. BMP2 deficient embryos fail to specify the heart, and 

conditional knockouts of BMP2 in the myocardium fail to properly form the endocardial 

cushions [24]. Endothelial and myocardial BMP type 1a receptor (BMPr1a, Alk3) 

knockout mice also demonstrate failure to form cardiac cushions [50, 51]. Removal of 
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BMPr1a from the endocardium was very dramatic with a lack of mesenchymal cells 

populating the cardiac cushions [50]. Myocardial specific deletion of BMPrla leads to a 

decrease in TGFβ2 observed in the myocardium of the AV cushions and ventricular 

trabeculae at E10.5, and although EMT occurred normally, cardiac cushion 

morphogenesis was altered and increased apoptosis observed in the interventricular 

septum [51].  In the cell, BMP receptor activation leads to phosphorylation of Smads 

1/5/8, which interact with the common Smad, Smad4, to translocate into the nucleus for 

activation of target genes (Figure 1.5).  In heart valve development, BMP signaling 

induces expression of Msx1 and Msx2 to promote endocardial EMT [52], and periostin in 

late valve morphogenesis [53]. 

 

Figure 1.5.  Diagram of BMP and TGFβ signaling.  Activation of the receptors by bound 
ligand leads to phosphorylation of either Smad1/5/8 for BMP or Smad2/3 for TGFβ.  The 
phosphorylated Smads then bind the co-Smad, Smad4, to translocate into the nucleus.  In 
the nucleus the complex can activate target genes.   
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1.4.3. Vascular Endothelial Growth Factor 

Vascular endothelial growth factor (VEGF) is important for vasculogenesis, 

angiogenesis and heart development.  In endocardial cushion development, VEGF is 

regulated during EMT [54].  High levels of VEGF negatively regulates cardiac cushion 

EMT [54]. Recently, it is shown that oligosaccharide-HA induces VEGF expression to 

inhibit EMT [55], and this may explain why VEGF levels remain low during endocardial 

EMT, but increase after mesenchyme production.    Chondromodulin-I is an anti-

angiogenic factor that is more recently found to inhibit angiogenesis in mature heart 

valves by preventing VEGF expression [56].  This study also indicates VEGF has to be 

tightly regulated beyond development as it is a proangiogenic factor.   

 

1.4.4. ErbB Ligands and Receptors 

A number of ErbB receptors and their ligands are important to heart development.  

The ErbB receptors are also known regulators of Mitogen-activated protein (MAP) 

kinase pathways.  There are four characterized ErbB receptors and their ligands include 

Neuregulin, Heparin Binding- Epidermal Growth Factor (HB-EGF), and Transforming 

Growth Factor α (TGFα) [39, 57]. Many of them are important to heart morphogenesis.  

Epidermal Growth Factor Receptor (EGFR) knockout and kinase deficient mice have 

hyperproliferative semilunar valves characterized by an increase in cell proliferation and 

decrease in apoptosis [58].  ErbB2 has an active kinase domain although it lacks ligand-

binding capability[59]. ErbB2 is shown to interact with the other ErbB receptors as well 

as G-protein coupled receptors (GPCRs).  ErbB2 knockout mice die at approximately 
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E10.5 with severe heart defects including failure to cellularize the cardiac cushions [41]. 

These defects are recapitulated in a kinase inactive ErbB2 mouse model [60].  ErbB3 

neutralization also decreases endocardial cushion EMT observed in embryonic mice[41].  

ErbB3 affects proliferation of the cushion mesenchyme, as seen in mice with endothelial 

specific deletion of the transcription factor, GATA4, which are seen to have decreased 

ErbB3 expression and a subsequent decrease in ERK activation [49].  ErbB4 deficiency 

results in malformation of the ventricular trabeculations [61].  Hence, the ErbB receptors 

have diverse roles and are critical to proper cardiac development.  

ErbB ligands are also critical for normal heart development.  Neuregulin-1 

deficient embryos present lethality at E10.5 due to extensive cardiovascular defects [62].   

HB-EGF knockout mice survive to adulthood, but have myxomatous semilunar valves 

[39].  Each of these ligands is cleaved by matrix metalloproteases (MMPs) released into 

the ECM [39, 63].  The distinct functions of neuregulin and HB-EGF in the heart indicate 

that the expression of various growth factors are regulated as the heart develops. 

 

1.4.5. MAPK Cascades 

The cytoplasmic serine/threonine kinases transduce extracellular signals into 

regulatory events that impact the response of cells to various stimuli. The induction of 

one kinase triggers the activation of several downstream kinases, leading to the regulation 

of transcription factors to affect the function of a gene or genes. This arrangement allows 

for the kinase cascade to be amplified, modulated and integrated according to the cellular 
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context. The classic and basic arrangement begins with a G-protein, such as Ras, 

activating upstream of a MAP3K such as Raf kinase. 

 

 

Figure 1.6. ErbB receptors and ligands that are necessary during heart morphogenesis. 
Adopted from Camenisch et al.[14]. 
 

 

The basic MAPK signaling module consists of three kinases: a mitogen-activated 

protein (MAP) kinase kinase kinase (MAPKKK; e.g. Raf) that phosphorylates and 

activates a MAP kinase kinase (MAPKK; e.g., MEK) and finally activation of MAP 

kinase (MAPK; e.g., ERK). The MAPK may then phosphorylate cytoplasmic effectors or 

translocate into the nucleus to activate nuclear transcription factors. Thus, this MAP3K-

MAP2K-MAPK module represents critical intermediate effectors that either positively or 

negatively propagate extracellular stimuli into cellular responses, such as differentiation, 

proliferation, and apoptosis. The MAP3Ks or MEKKs (Mitogen activated kinase kinase 
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kinases) provide specificity for stimulus-dependent activation of MAP2K-MAPK 

pathways through unique protein-protein interactions and phosphorylation of signaling 

effectors. 

  There are 21 characterized MAP3Ks, which activate known MAP2Ks (Table 1), 

and they arrange into various clusters in a cladogram based on protein homology (Figure 

1. A). When kinase domains are compared from each of these MAP3Ks, specific 

MAP3Ks shift to other related groups (Figure 1 B). For example, full length MEKK4 is 

closely related to MEKK1, MEKK2, and MEKK3 while the MEKK4 kinase domain is 

more similar to the kinase domains of ASK1 and ASK2. This suggests that regulatory 

regions may confer structural and functional differences to each of these MAPKKKs. 

Because not all MAP3Ks have been implicated in cardiac development and function, this 

portion of the introduction will focus on those that function in cardiovascular and heart 

development. These discussed include B-Raf, C-Raf, TAK, MEKK1, MEKK3, and 

MEKK4.  Background will also be provided for the MAP2Ks and MAPKs with their 

relationship to cardiovascular development.  
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Figure 1.7.  Cladogram of MAP3Ks based on protein homology. Adopted from Craig et. 

Al [64]. 

 

1.4.6. MAP3Ks in Heart Development 

Portions adopted from ‘MAP3 Kinases as Central Regulators of Cell Fate During 

Development’ Evisabel Craig, Mark Stevens, Richard Vaillancourt, Todd Camenisch. 

Developmental Dynamics: October 14, 2008; pp3102-3114. 

 

Raf 

The Raf proteins are cytoplasmic serine/threonine kinases which not only play a 

role in cancer but also play important physiological roles in cell growth and development. 

Each isoform of Raf has a distinct expression profile in tissues which suggests that they 
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may carry non-redundant functions. C-Raf (Raf-1) is widely expressed while A-Raf and 

B-Raf are restricted to select tissues; A-Raf is present mostly in urogenital and 

gastrointestinal tissues [65] and B-Raf  is expressed in neural, testicular, splenic, and 

hematopoietic tissues [66]. Thus, the expression patterns suggest distinct physiological 

functions in development and disease for the Raf molecules. Several independent genetic 

studies in mouse models provide insight into the developmental roles for each Raf 

protein. 

Mutations in B-Raf that make it dominant activating are observed in many forms 

of cancer including melanoma and glioma malignancies [67, 68] [69]. The conventional 

gene-disruption of B-Raf in mice revealed an unexpected function in vascular 

development. B-Raf deficient mice die in utero between embryonic days E10.5 and 

E12.5 due to severe vascular abnormalities. Mutant embryos show excessive apoptosis of 

endothelial cells resulting in irregularly shaped blood vessels which leads to reduced 

blood circulation and hemorrhage into major body cavities [70]. The B-Raf-deficient 

phenotype is similar to that observed in mice lacking Tie2, a receptor tyrosine kinase 

involved in vasculogenesis [71]. This suggests that B-Raf may be activated by Tie2 

signaling. This link is supported by studies showing that binding of Tie2 to its ligand 

angiopoietin-1 induces the activation of MEK1/2 and ERK1/2, two signaling molecules 

downstream of B-Raf [72]. In addition to activating ERK1/2, recent evidence suggests 

that B-Raf may also activate ERK3 (Fig. 3) [73]. Although little is known about the 

functions of ERK3, this MAPK is markedly upregulated during mouse development and 
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myogenic differentiation [74, 75]. These findings suggest a role for B-Raf during cellular 

differentiation and embryogenic vascular formation. 

C-Raf or Raf-1 is the prototypic member of the Raf family being the most 

ubiquitously expressed. Originally believed to be a potent effector for cell proliferation, it 

is now well characterized for its function as a regulator of apoptosis [76] [77]. C-Raf can 

phosphorylate and thus inactivate the proapoptotic protein BAD [78]. Active C-Raf also 

induces the MEK/ERK pathway which potentiates BCL-2-mediated resistance to 

apoptosis (Fig. 4) [79, 80]. Conventional C-Raf knockout mice appear normal during the 

first stages of development up to E11.5. At this stage the liver enlarges and takes over as 

the main source of hematopoeitic activity from the yolk sac. However, as embryogenesis 

progresses C-Raf -/- embryos become growth retarded and die between days E11.5 and 

E13.5. This timing in death of C-Raf -/- embryos coincides with the period in which the 

developing liver becomes a well differentiated organ. The mutant mice display poorly 

vascularized placentas and increased apoptosis in embryonic tissues, especially in the 

liver [81]. In order to examine the role of C-Raf in the heart, Yamaguchi et al [82] 

created a cardiac-specific deletion of C-Raf (C-Raf CKO) by use of Cre-recombinase 

driven by α-myosin heavy chain promoter. C-Raf CKO mice develop to adulthood, are 

fertile and have a normal lifespan. However, there is an induction of apoptosis in 

cardiomyocytes between weeks 3 and 5 of age with subsequent left ventricular 

dysfunction, cardiac muscle enlargement and fibrosis [82]. C-Raf CKO mice also display 

an increase in the activity of MEKK5 (ASK1), which has been shown to play an 

important role in the induction of neuronal and cardiac apoptosis [83, 84]. Ablation of 
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MEKK5 in C-Raf CKO mice rescues the enhanced-apoptosis phenotype, which suggests 

that C-Raf promotes cell survival in the heart through modulation of MEKK5 activity. 

Collectively, these observations highly implicate C-Raf in the maintenance and function 

of cardiomyocytes. 

In humans, mutations in the C-Raf gene have been implicated in developmental 

disorders such as LEOPARD and Noonan syndromes [85]. Noonan syndrome is a 

common autosomal dominant congenital disease characterized by short stature, facial 

dismorphia and cardiac abnormalities such as pulmonary stenosis, hypertrophic 

cardiomyopathy and atrioventricular septal defects [86, 87]. About 50% of all Noonan 

syndrome cases have mutations in the PTPN11 gene, which encodes the non-receptor 

tyrosine phosphatase Shp2 [88]. This phosphatase is a key component in several 

signaling pathways that control developmental processes such as cardiac valvulogenesis 

and hematopoietic cell differentiation [89]. In individuals with Noonan syndrome that do 

not have mutations in the PTPN11 gene, the development of hypertrophic 

cardiomyopathy (CMH) (OMIM#611553) has been linked to mutations in the C-Raf gene 

[85]. However, only mutations making the C-Raf gene product over-active result in 

cardiomyopathy while C-Raf loss-of-function mutations have not been associated with 

CMH. This highlights the importance of properly regulated C-Raf activity for normal 

cardiovascular development and function.  

C-Raf, however, appear to compensate for other Rafs, at least during the initial 

developmental stages. In mouse mutants with only one of four copies of B-Raf and C-Raf 

(B-Raf -/-/C-Raf -/+ or B-Raf -/+/C-Raf -/-) there is a greater impairment of growth 
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compared to C-Raf knockouts alone. The compound mutants exhibit significant 

underdevelopment of the brain, heart and limbs. This leads to death of 90% of the 

embryos before E10.5. The complete absence of B-Raf and C-Raf further exacerbates the 

developmental delay due to a lack of differentiation of embryonic lineages which results 

in death of the embryos before E 8.5 [90]. These findings suggest that B-Raf and C-Raf 

display a significant redundancy during early embryonic development. However, the 

activity of both Raf proteins is indispensable for normal development. 

             

MEKK3  

MEKK3 is a MAP3K that regulates p38, ERK1/2 and JNK (Fig. 8) [91-93]. More 

recent evidence suggests that it also regulates ERK5 [94]. The transcription factor, NFκB, 

is also activated by MEKK3 [95, 96]. MEKK3 knockout mice (MEKK3-/-) die in utero at 

approximately E10.5 due to abnormalities in extraembryonic vasculature of the yolk sac, 

the embryonic vasculature and the heart [97]. These defects are apparently due to 

increased endothelial cell apoptosis [98]. Additionally, the MEKK3-MEK5-ERK5 

pathway is implicated in cardiovascular developmental programming, as mice deficient 

for MEK5 or ERK5 have similar cardiovascular defects including abnormalities in the 

formation of the endocardium and myocardium, respectively [99, 100]. In addition, 

fibroblasts from MEK5-deficient embryos fail to induce Myocyte enhancing factor 2 

(MEF2) activity, which is a downstream mediator of ERK5. Importantly, overexpression 

of MEK5 to the heart in mice leads to hypertrophy and eventually dilated 

cardiomyopathy [101] Furthermore, MEKK3 has the ability to activate all the known 
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MAP kinases (ERK1/2, p38, JNK, ERK5) and NFκB [93, 95]. Activation of p38, JNK, 

ERK1/2, and NFκB signaling pathways is necessary for endothelial to mesenchymal 

transition (EMT) with each having an effect during mesenchyme production [49, 102-

104]. Of the MAP kinases, only ERK5 has yet to be examined in terms of developmental 

EMT. For these reasons, MEKK3 may act as a master MAP3K in regulating signaling 

effectors required for developmental EMT during cardiovascular and nervous system 

formation. 

   

MEKK4  

MEKK4 activates JNK and p38 MAP kinases in response to stress stimuli such as 

osmotic shock (Fig. 9) [105-107]. MEKK4 knockout and MEKK4 kinase inactive mutant 

mice are born, but most animals die shortly after birth. These mice exhibit neural tube, 

skin, and skeletal malformations [21, 108]. Since MEKK4 is an upstream activator of 

JNK, it is worth noting that JNK1/JNK2 double knockout mice also have neural tube 

abnormalities [109]. The neural tube defect is highly penetrant in the MEKK4-/- mice 

suggestive of a role in developmental epithelial biology. There is enhanced apoptosis in 

MEKK4 mutant mice at the time coincident with closure of the neural tube, but no 

differences in cell proliferation [21]. Since cardiac chamber partitioning and valve 

formation also require appropriate timing of cellular apoptosis, alterations in programmed 

cell death may also lead to heart defects. In addition, mice deficient in c-Jun, a 

transcription factor downstream of JNK, exhibit outflow tract defects in the heart [110]. 

Additionally, the JNK pathway has been implicated downstream of WNT signaling 
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[111]. Knockout mice of Dishevelled 2, a modulator of the WNT pathway, exhibit neural 

tube defects as well as malformations of the cardiac outflow tract [112]. WNT signaling 

can operate through a JNK-dependent mechanism, which involves mediation by MEKK4 

[113].  Since the neural crest is an important contributor to the outflow tract [114, 115], it 

could be suggested that a proportion of MEKK4 deficient mice will likely have outflow 

tract malformations. In this regard, MEKK4 was recently shown to regulate 

developmental EMT in cardiac cushion tissue or the pre-valvular regions of the 

embryonic heart. However, MEKK4 is probably acting to regulate proliferation, 

apoptosis and/or cell migration, since MEKK4 alone is not sufficient to cause endocardial 

differentiation to mesenchyme [116]. Additional studies have shown that MEKK4 

functions in both apoptosis and migration in other systems [108, 117], and these 

MEKK4-regulated processes will have to be explored during heart morphogenesis to 

determine its function in valvulogenesis, chamber partitioning, and formation of the 

coronary vasculature.  
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Figure 1.8. Diagram of MAPK pathways regulated by Raf, MEKK3, and MEKK4.  

 

1.4.7. MAP2Ks in the Heart 

The MAP2Ks are activated via phosphorylation by upstream MAP3Ks. They will 

be discussed according to activation of the downstream MAPKs, ERK, p38, JNK, and 

ERK5. They include MEK1/2, MKK3/6, MKK4/7, and MEK5.  

MEK1 and MEK2 activates ERK MAPK in response to upstream activation by 

Raf [118].  Cardio-facio-cutaneous (CFC) syndrome is caused by germ-line gain-of-

function mutations in MEK1 and MEK2, leading to defects in the heart, face, and skin 

[119].  CFC patients have congenital heart defects including pulmonary valve stenosis 

and hypertrophic cardiomyopathy [120].  The clinical manifestations observed in patients 
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with Noonan syndrome overlap those seen with CFC [121].  This is because each 

mutation affects the ERK MAPK pathway in a similar manner. 

MKK3/6 activates p38 MAPK after activation by MAP3Ks such as MEKK3 or 

MEKK4.    Dominant negative MKK3 or MKK6 inhibits the p38 MAPK and this leads to 

enhancement of calcineurin/NFAT signaling, and in the heart causes hypertrophic 

cardiomyopathy [122].  Interestingly, NFAT is involved in endocardial cushion 

morphogenesis [123].  Bakin et al. also observed that dominant negative MKK3 could 

inhibit TGFβ-induced EMT by inhibition of p38 [124].  Combining this knowledge about 

MKK3/6 with the known importance of NFAT and TGFβ to cardiac morphogenesis, 

MKK3/6 may likely play a role in heart development.   

MKK4/7 is activated by MAP3K such as MEKK4, and stimulates JNK MAPK 

activity [125].  Constitutively active MKK7 can induce ventricular hypertrophy when 

provided to ventricular myocytes [126].  Interestingly, MKK4 and MKK7 both die during 

embryogenesis implying they cannot compensate for one another’s functions in 

development [127].  This lack of compensation implies that these MAP2Ks have unique 

downstream effectors. 

MEK5 is downstream of MEKK3 [94].  The activity of MEK5 activates ERK5, 

which is involved in cardiovascular development and maintenance of endocardial 

cells[94].  MEK5 knockout mice die at E10.5 with severe cardiovascular defects [100].  

The shared cardiovascular phenotypes of MEKK3, MEK5 and ERK5 demonstrate that 

this cascade is important to development of the cardiovascular system [97, 99, 100].  
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The MAP2Ks represent a critical intermediate in MAPK regulation, as 

developmental defects are observed in MAP2 kinase knockout mouse models.  It is also 

interesting to note that there is a lack of compensation between some MAP2Ks that 

activate the same downstream MAPK.  

 

1.4.8. MAPKs in the Heart 

 MAP kinases are phosphorylated by MAP2Ks and are then able to translocate into 

the nucleus to activate transcription factors. There are four well known MAPKs, ERK, 

p38, JNK and ERK5.  ERK2 deficiency is embryonic lethal due to lack of mesoderm 

formation and embryos expire at E6.5 [128].  There are a number of disorders where 

dysregulated ERK activation leads to congenital heart defects.  One example is Noonan 

syndrome, where patients carry a mutant form of the Shp2 gene encoding for a 

hyperactive Shp2, which enhances the activation of ERK [129].  This leads to the 

formation of stenotic semilunar valves and septal defects [38].  Other studies with this 

mutant Shp2 indicate that increased proliferation is the consequence of increasing ERK 

activity [23].  Knockout mice of p38α die at E10.5 due to failure to form extraembryonic 

vasculature [130].  Although, p38 activity is necessary for epicardial EMT [102], which 

is vital for coronary vessel formation, there may be compensation by the other p38 

isoforms in vivo.  ERK5 knockout mice die around embryonic stage 10.5 due to severe 

cardiovascular defects [99].  Interestingly, MEKK3 and MEK5, which are upstream of 

ERK5 have similar cardiovascular defects [99].  There are three isoforms of JNK (JNK1-

3).  Individual JNK knockout mice, JNK1/JNK3, and JNK2/JNK3 double deficient mice 
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survive through embryonic development, but JNK1/JNK2 double knockout mice die in 

embryogenesis due to defective apoptosis during brain development [131].  c-JUN, a 

transcription factor activated by JNK, is necessary for normal development of the liver 

and heart [110]. This demonstrates the importance of JNK MAPKs in heart development, 

as JNK is upstream of c-JUN phosphorylation [132].  Taken together, MAP kinases are 

critical to embryogenesis and many have roles in various aspects of embryo development. 

  

1.5. EXPLANATION OF HYPOTHESIS 

 

We hypothesize that the MAP3Ks, MEKK3 and MEKK4, regulate cardiac 

cushion morphogenesis and subsequent remodeling of heart valves.  MAPK signaling is 

obviously important to embryonic heart development.  Our laboratory and others show 

activated ERK detection to the endocardial cushions of the developing heart (unpublished 

data) [133].  As mentioned, certain genetic evidence indicates that MAPKs and mediators 

of MAPK signal transduction may have importance in developmental processes related to 

cardiogenesis.  We specifically focus on MEKK3 and MEKK4 in these studies as 

knockout mouse models of these MAP3Ks have developmental defects.  

Evidence in a report on MEKK3 knockout mice suggested that endocardial 

cushions were not cellularized, and the embryos die early in development due to 

cardiovascular defects [97].  In addition, MEK5 and ERK5 deficient mice exhibit similar 

defects suggesting a critical role for the MEKK3-MEK5-ERK5 pathway in heart 
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morphogenesis [99, 100].  This suggests that MEKK3 functions in the morphogenic heart 

and promote EMT in the endocardial cushions.   

  MEKK4 knockout and kinase inactive knock-in mice have neural tube and 

skeletal defects [108] [21].  Interestingly, mouse models with these defects are typically 

observed to have heart malformations as well.  WNT and TGFβ pathways are important 

during cardiac cushion development [45, 134], and regulate or are regulated by MEKK4 

[113, 135].  These prior studies concerning MEKK4 demonstrate that MEKK4 is 

necessary for proper embryonic development and suggest that MEKK4 may have 

function during heart morphogenesis. 

In addition, crosstalk between signaling pathways is a common and necessary 

event in cell function.  This is observed with the Angiotensin II and EGFR receptor 

signaling [136, 137].  With this in mind, it is likely that MEKK3 and MEKK4 are 

coordinated by cross-talk to regulate developmental events in the heart.  MEKK3 and 

MEKK4 both activate the p38 and JNK pathways, so compensatory mechanisms are 

available.  This dissertation will define novel regulatory mechanisms by which MEKK3 

and MEKK4 direct endocardial cushion EMT that is important for cardiac cushion 

development, and show that loss of MEKK4 catalytic activity can be partially 

compensated by the catalytic function of MEKK3 during endocardial cushion 

morphogenesis.  
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CHAPTER 2. MEKK3 INITIATES TGFβ2-DEPENDENT EMT 

DURING CARDIAC CUSHION MORPHOGENESIS 

Stevens MV, Broka D, Parker P, Rogowitz E, Vaillancourt RR, Camenisch TD.  

Circulation Research: In press November 2008 

 

2.1. ABSTRACT 

 

 Congenital heart defects (CHDs) occur at a rate of five per hundred births and are the 

most prevalent birth defects.  A better understanding of complex signaling networks 

regulating heart development is necessary to improve repair strategies for CHDs.  The 

MAP3 kinase, MEKK3, is important to early embryogenesis, but developmental 

processes affected by MEKK3 during heart morphogenesis have not been fully examined.  

We identify MEKK3 as a critical signaling molecule during endocardial cushion 

development.  We report the detection of MEKK3 transcripts to embryonic hearts prior, 

during and after cardiac cushion cells have executed epithelial to mesenchymal transition 

(EMT).  MEKK3 is observed to endocardial cells of the cardiac cushions with a 

diminishing gradient of MEKK3 away from the lumenal side of the cushions. These 

observations suggest that MEKK3 may function during production of cushion 

mesenchyme as required for valvular development and septation of the heart.  We used a 

kinase inactive form of MEKK3 (MEKK3KI) in an in vitro assay that recapitulates in vivo 

EMT, and show that MEKK3KI attenuates mesenchyme formation.  Conversely, 

constitutively active MEKK3 (ca-MEKK3) triggers mesenchyme production in 
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ventricular endocardium, a tissue that does not normally undergo EMT. MEKK3-driven 

mesenchyme production in ventricular endocardium is further substantiated by increased 

expression of EMT-relevant genes including TGFβ2, Has2, and periostin.   Furthermore, 

we show that MEKK3 stimulates EMT via a TGFβ2-dependent mechanism.  Thus, the 

activity of MEKK3 is sufficient for developmental EMT in the heart.  This knowledge 

provides a basis to understand how MEKK3 integrates signaling cascades activating 

endocardial cushion EMT.  

 

2.2. INTRODUCTION 

The formation of endocardial cushions is an important step in valvuloseptal 

development in the heart.  After the heart has undergone rightward looping, extracellular 

matrix deposits in the atrioventricular canal (AVC) and outflow tract (OFT) form the 

initial endocardial cushions [138].  A vital event in endocardial cushion morphogenesis is 

epithelial to mesenchymal transition (EMT), where specific cells in the endocardium 

surrounding the cardiac cushions are activated to delaminate from the endocardial layer, 

transform into mesenchyme, and migrate into the underlying extracellular matrix [26].  

This newly formed tissue will be remodeled to form valves and septa creating the 

partitioned four-chamber heart. 

Approximately five percent of children born have a congenital heart defect (CHD) 

[139].  CHDs include valvular and septal defects that cause insufficient blood flow 

through the heart.  These patients often require surgery during infancy and such defects 

can cause complications later in life.  Although there is increased knowledge about 
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genetic factors that are responsible for specific CHDs, little is known how these genetic 

errors translate into CHD phenotypes. Misexpression or improper coding of effector 

proteins may lead to defective extracellular and/or intracellular signaling, resulting in 

altered cellular processes, such as proliferation or apoptosis.  One example of disrupted 

signaling during heart development is Marfan’s syndrome where a mutation in the gene 

for Fibrillin, an extracellular matrix protein that regulates TGFβ, causes myxomatous 

valves [127].  There are also a variety of Marfan-like diseases where mutations in the 

TGFβ receptors are responsible for valvular defects, further suggesting that TGFβ 

signaling must be well-regulated [140].  Another example is Noonan’s syndrome, a 

disorder caused by dysregulated signal transduction by an overactive tyrosine 

phosphatase, Shp2 [141].  Transgenic mice with a common Shp2 mutation, Q79R, found 

in Noonan’s patients are prone to pulmonary valve stenosis due to elevated cell 

proliferation and reduced apoptosis during endocardial cushion development [23, 38].   

Wild-type Shp2 activity is involved in MAPK signaling downstream of receptor tyrosine 

kinases [142], such as Epidermal Growth Factor Receptor (EGFR), which regulate heart 

valve formation [58].  Regulation of MAPK pathways, including Ras-Raf-MEK-ERK, is 

affected by TGFβ[143], but this has yet to be examined in endocardial cushion 

development.  

Among signaling factors important for cardiac cushion EMT are BMP2 and TGF-

β2.  BMP2 is vital for development of endocardial cushions as conditionally removing 

BMP2 from AVC myocardium causes abnormal segmentation of AV myocardium and 

failure to form endocardial cushions [50].  TGFβ2 is also important in activating 
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endocardial cushion EMT and regulating cushion morphogenesis [45, 144, 145].  Mice 

deficient for TGFβ2 exhibit cardiac defects including dilated aortic walls, overriding 

tricuspid valves, myxomatous valves, and outflow tract malformations [46, 145].  

Although TGFβ family growth factors are important to cardiac cushion development, the 

regulation and action of these factors is not completely understood. 

MAPK cascades often begin with ligand-mediated activation of a receptor. Those 

involved in developmental processes include receptor tyrosine kinases, G-protein coupled 

receptors, and TGFβ/BMP receptors among others.  The activated receptor recruits 

intracellular effectors that mediate specific signaling pathways.  For example EGFR, a 

receptor tyrosine kinase, is activated by binding of EGF to the extracellular domain.  This 

leads to phosphorylation of EGFR and recruitment of effectors, such as Grb2 and Sos, 

which lead to activation of the small GTPase, Ras.  Consequently, a MAP3K, like Raf, 

will be activated by Ras, so that it may phosphorylate, and activate, a downstream 

MAPKK (MEK).  The activated MAPKK will then phosphorylate a MAPK (p38, ERK, 

ERK5, or JNK), which is then able to translocate into the nucleus to mediate the activities 

of transcription factors that regulate expression of specific target genes [142, 146]. These 

cascades are responsible for control of cell proliferation, differentiation, apoptosis, or 

migration.  MAPKs, such as ERK, have been implicated during endocardial cushion 

development [23, 38, 147], but their roles are still being defined. Regulators of ERK 

MAPK, including Shp2, Ras, and Raf, are also implicated in proper heart valve 

development [38, 41, 148, 149] as mutations in these genes affect cardiac cushion EMT 

and cause valvular defects. 
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We have previously shown that the MAPKKK, MEKK4, is necessary but not 

sufficient for cardiac cushion EMT during heart development [116].  The current work 

elucidates the role of MEKK3 with different functions than MEKK4 during cardiac 

cushion morphogenesis.  Our results show that MEKK3 is both necessary and sufficient 

for EMT in the embryonic heart further supported by previous results that demonstrate 

loss of MEKK3 is embryonic lethal [72].  Finally, MEKK3 functions via a TGFβ2-

dependent mechanism to produce valve mesenchyme.  

 

2.3. RESULTS 

 

2.3.1. MEKK3 is Expressed in the Embryonic Heart 

RT-PCR detected MEKK3 transcripts in embryonic hearts from E9 to E14.5, 

stages before, during and after cardiac cushion EMT[8].  MEKK3 message is detected in 

the rudimentary heart at stages E9, E9.5, E10.5, and E14.5 (Figure 2.1 A).  To localize 

MEKK3 protein in the embryonic heart, we performed immunofluorescence staining on 

embryo sections from E9.5 to E12.5 with an anti-MEKK3 antibody.  MEKK3 is detected 

to the myocardium at all stages examined.  At E9.5 to E10.5, MEKK3 is also detected to 

the endocardium lining the AVC cushions, and a diminished gradient of expression in 

mesenchymal cells within the cushion matrix (Figure 2.1 B, C, E, F).  Additionally, little 

MEKK3 is detected in the ventricular endocardium, which does not normally undergo 

transition to mesenchyme (Figure 2.1D, G).  This immuno-localization places MEKK3 in 

the appropriate area of the heart when EMT occurs.  
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Figure 2.1. Detection of MEKK3 in the embryonic heart at stages during AVC 
endocardial EMT. MEKK3 is detected to the embryonic mouse heart at stages E9-E14.5 
by RT-PCR (A). MEKK3 is immunofluorescently detected to the embryonic mouse heart 
at E9.5 (B, C, D) and E10.5 (E, F, G). At E9.5. MEKK3 protein is detected to the AVC 
cushion endocardium (C), but there is minute to no detection to the ventricular 
endocardium (D). MEKK3 – red, Hoescht dye (nuclei) – blue. A = atrium, V 
= ventricle, *, asterisks = AVC endocardial cushion, m = myocardium, e = endocardium. 
Scale bar in B and E = 100 microns; scale bar in C, D, F, G = 50 microns 
(Immunofluorescence by Elisa Rogowitz). 
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Figure 2.2. Kinase inactive MEKK3 (MEKK3KI) blocks EMT. AVC explants from E9.5 
embryos under naïve conditions, or provided with Ad-GFP (A), or wt-MEKK3 (B), or 
MEKK3KI (C). Red – Vimentin, Blue – nuclear stain. Graphical representation of 
mesenchymal cell counts based on positive vimentin staining from these experiments (D). 
Naïve n = 5; GFP n = 11; wt-MEKK3 n = 9; MEKK3KI n = 14. MEKK3KI vs. GFP, *, p < 
0.0001. Scale bar in A, B, C = 50 microns. 
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2.3.2. MEKK3 is Necessary for Cardiac Cushion EMT 

In vivo EMT is recapitulated in vitro via the endocardial cushion explant assay 

[26].  In this assay, endocardial cushions of the AVC are microdissected from E9.5 

embryos and explanted onto collagen gels [41].  The endocardial cells migrate onto the 

gel, where they undergo EMT and invade into the collagen matrix.  Mesenchyme 

formation and invasion is scored to determine the extent of EMT.  Mesenchymal cells are 

distinguished as individual, elongated cells with filapodia, whereas epithelial cells have 

cell-cell contacts with adjacent cells and have a rectangular, or rounded morphology[26, 

41].  In addition, immunofluorescent detection of vimentin indicates mesenchymal cells, 

since its expression is upregulated in cells of this phenotype [150].  We used this assay to 

determine whether kinase activity of MEKK3 is required for EMT and production of 

AVC cushion mesenchyme. Kinase inactive MEKK3 (MEKK3KI), which is a dominant 

negative, was used in the AVC endocardial cushion explant assay. MEKK3KI was created 

by mutating the active site lysine at position 391 to methionine (K391M) [93]. Naïve and 

Ad5-GFP infected cultures were used as controls and displayed normal amounts of 

mesenchyme production (Figure 2.2 A, B, D). Addition of wild-type MEKK3 (wt-

MEKK3) to explant cultures did not affect AVC cushion EMT (Figure 3 D). In contrast, 

MEKK3KI causes a 3-fold reduction in mesenchyme formation compared to control 

explant cultures (Figure 2.2 C, D). Active caspase-3 detection in AVC explants with 

MEKK3KI shows a significant 2-fold increase in apoptosis compared to controls after 24 

hours (Figure 2.3 A, B, C, p = 0.0077). This suggests that MEKK3 kinase activity is 
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necessary for EMT during endocardial cushion morphogenesis and functions in 

endothelial cell survival. 

 

 

 

Figure 2.3. MEKK3 activity is anti-apoptotic. Increased detection of active caspase-3, an 
indicator of apoptosis in AVC explants cultures, with MEKK3KI compared to controls 
(Compare A and B). AVC explants from E9.5 embryos with GFP (A) or MEKK3KI (B). 
Red – Active caspase-3, Blue – nuclear stain. Graph comparing active caspase-3 positive 
cells to total cells (C). GFP n = 7; MEKK3KI n = 10. MEKK3KI vs. GFP, *, p = 0.0077. 
Scale bar A, B = 50 microns. 
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2.3.3. MEKK3 is Sufficient to Activate EMT  

Ventricular endocardium does not undergo EMT because the myocardium of the 

ventricle is not competent to promote transformation of AVC endocardium, suggesting 

the myocardium underlying the AVC is regionally restricted for promoting mesenchyme 

formation [26].  Therefore, explants of endocardium derived from the ventricle are used 

to screen candidate factors for sufficiency to induce EMT.  For example, Alk2, a 

TGFβ/BMP receptor, has been determined sufficient for EMT in this manner [151]. We 

established ventricular endocardial explants to determine whether the catalytic activity of 

MEKK3 can drive EMT.  A constitutively active form of MEKK3 (ca-MEKK3) was 

created by truncating the N-terminal region, leaving the fully-active kinase domain[152]. 

Ventricles were adenovirally transfected with GFP or ca-MEKK3.  Naïve and Ad5-GFP 

transfected ventricular endocardium exhibited little to no mesenchyme formation (Figure 

4 A, D).  Explants treated with constitutively active Alk2 (ca-Alk2), which has been 

shown to activate EMT in this system [151], served as a positive control, driving 

mesenchyme outgrowth (Figure 4 B,D). ca-MEKK3 also induced EMT in explanted 

ventricular endocardium to levels comparable to those with ca-Alk2 (Figure 2.4 B, C, D). 

Mesenchymal cells were confirmed by vimentin detection in cells of ca-MEKK3 and 

Alk2 control cultures (Figure 2.4 B, C). In addition, cell proliferation was examined by 

BrdU incorporation into ventricular explant cultures. The number of proliferating cells is 

significantly increased in cultures provided with ca-MEKK3 (Figure 2.5, p = 0.0037). 

Increased proliferation is observed primarily within endothelial cells (Figure 2.5, p =  
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Figure 2.4. Constitutively active MEKK3 is sufficient for cardiac EMT. Endocardial 
explants from ventricles of E9.5 embryos treated with Ad-GFP (A), ca-Alk2 (B), or ca-
MEKK3 (C). Red – Vimentin, Blue – nuclear stain. Graphical representation of cell 
counts of vimentin positive cells versus total cells in culture (D). GFP n = 12; ca-Alk2 n 
= 11; ca-MEKK3 n = 12. ca-Alk2 vs. GFP, p < 0.01; ca-MEKK3 vs. GFP, p < 0.01. Scale 
bar in A, B, C = 100 microns.          
 
 
 
 
 
 
 



58 
 

 
Figure 2.5. MEKK3 increases cell proliferation. Elevated detection of BrdU positive 
cells in explanted ventricular endocardium with ca-MEKK3 compared to controls. 
Ventricular explants from E9.5 embryos, which are naïve (A) or provided with ca-
MEKK3 (B). Graphical representation of BrdU positive cells vs. total cells and BrdU 
positive endothelial cells vs. total endothelial cells (E). Naïve n = 6; ca-MEKK3 n = 5.  #, 
p = 0.0037; *, p = 0.0077. Scale bar A, B = 100 microns; C, D = 50 microns. 
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.0007), suggesting that ca-MEKK3 in these cultures is primarily involved in endothelial 

cell proliferation. These data demonstrate that ca-MEKK3 is sufficient to activate EMT 

and the production of mesenchyme, partly by increasing the population of endocardial 

cells that undergo EMT. 

 

2.3.4. MEKK3 Triggers Expression of Factors that Promote EMT 

A TGFβ2/TGFβ type III receptor (TβRIII) signaling cascade is critical for the 

EMT program[153].  Additionally, molecules including BMP2, Has2, and Snai2 (Slug) 

are also implicated in this process [8, 48, 50]. Importantly, periostin is a marker of mature 

cushion mesenchyme [42, 154]. Therefore, real time RT-PCR was performed on RNA 

samples prepared from ventricular explants with or without ca-MEKK3 to examine 

expression of genes important to endocardial cushion EMT. MEKK3 mRNA is increased 

in ventricular explants provided with ca-MEKK3, which along with fluorescence 

detection of GFP, demonstrates transfection of the cultures (Figure 2.6). TβRIII is 

expressed 64 times more in the ca-MEKK3 samples compared to controls (Figure 2.6). 

TβRIII is required to mediate TGFβ2- induced EMT [153, 155]. As TGFβ2 is necessary 

in promoting EMT in endocardial cushions [45, 156], we detect a substantial increase in 

TGFβ2 message in ca-MEKK3 samples, but not in controls (Figure 2.6). Furthermore, 

expression of Snail2 (Slug), a transcription factor up-regulated by TGFβ2 signaling[48], 

is also induced by ca-MEKK3-expressing ventricular cultures (Figure 2.6). BMP2 is also 

necessary for mesenchyme production from the AVC cushion endocardium, and is 

expressed in AVC cushion myocardium, but not in the ventricular myocardium 
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[50],[157]. BMP2 expression is not observed in control ventricular explant cultures, but 

ca-MEKK3 induces expression of BMP2 in this system (Figure 2.6). TGFβ1 and TGFβ3 

are also induced by ca-MEKK3 as compared to control samples (Figure 2.6). Examining 

expression of genes that are normally activated by cells undergoing EMT [41], we detect 

induced expression of hyaluronan synthase 2 (Has2) compared to controls, further 

supporting a role for MEKK3 in mesenchyme production (Figure 2.6). Periostin 

expression confirms the mature mesenchymal phenotype of cells that invade into the 

extracellular matrix [42],[154]. Expression of periostin is significantly increased in ca-

MEKK3 cultures compared to controls (Figure 2.6), which coincides with the increase in 

mesenchymal cells observed in Figure 2.4. These data suggest that ca-MEKK3 in 

ventricular explants cultures is inducing expression of genes necessary for the onset of 

EMT and eventually genes that are indicative of mesenchyme production. 
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Figure 2.6. ca-MEKK3 induces expression of genes involved in endocardial EMT. 
Detection of the indicated genes is relative to the housekeeping gene, Alas1. Genes 
examined were MEKK3, TGFβ type III receptor (TβRIII), TGFβ1, TGFβ3, TGFβ2, 
BMP2, Snail2, Has2, and Periostin. Ad-GFP control (C) cultures (clear bars) versus ca-
MEKK3 (M) cultures (filled bars). Primers against the MEKK3 kinase domain were used 
to check transfection of ca-MEKK3. Relative expression was calculated using real-time 
RT-PCR for the housekeeping gene, Aminolevulinate, delta-, synthase 1 (Alas1). 
Normalized expression was calculated with mean control value for all real time RT-PCR 
experiments. 
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2.3.5. ca-MEKK3 Induces Production of TGFβ2 

The observation that MEKK3 activity increases expression of TGFβ2, TβRIII, 

and Slug suggests that it may be upstream of this key TGFβ growth factor cascade as 

required for EMT. Therefore, we examined explant supernatants for the presence of 

TGFβ2 to determine if there is an increase in TGFβ2 that coincides with elevated gene 

expression.  An ELISA for TGFβ2 was utilized to quantify secreted TGFβ2 in the media 

taken from ca-MEKK3 and GFP transfected ventricular explants. A significant 4-fold 

increase in TGFβ2 is detected in ca-MEKK3 explant cultures compared to GFP controls 

(Figure 2.7 A). Conversely, a 4.4-fold decrease in TGFβ2 is detected in endocardial 

cushion explants treated with kinase inactive MEKK3 (MEKK3KI) (Not shown). Thus, 

MEKK3 increases production of TGFβ2 message and protein. Next, we examined 

phosphorylated-Smad2 (p-Smad2) as a functional target of TGFβ signaling in ventricular 

explants cultures with or without ca-MEKK3. Detection of filamentous actin (F-actin, 

green) shows maintained cell-cell junctions between ventricular endocardial cells in 

controls (Figure 2.7 B), while these junctions are dismantled in the presence of ca-

MEKK3 indicating initiation of EMT (Figure 2.7 C).   Although low levels are detected 

in control ventricular endocardium, we observe increased p-Smad2 in cultures with ca-

MEKK3 (Figure 2.7, compare D and E). Collectively, these observations also suggest 

that MEKK3 induces EMT through TGFβ2. 
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Figure 2.7. ca-MEKK3 induces production of TGFβ2 in ventricular endocardium 
explants. Detection of TGFβ2 by ELISA in Ad-GFP conditions (clear column, n =24) and 
ca-MEKK3 (filled column, n = 23). Graphical representation of ELISA data (A) (*, p = 
1.02*10-5; 99% CI). p-Smad2 levels increase with ca-MEKK3 (Compare D and E). 
Ventricular explants cultures with GFP only (B, D) or ca-MEKK3 (C, E). Green – 
Filamentous actin, Blue – nuclear stain. Immunofluorescent detection of p-Smad2 shown 
in monochromatic image (D and E). For p-Smad2 experiments, GFP n = 3; ca-MEKK3 n 
= 3. Scale bar in B, C, D, E = 50 microns.   
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2.3.6. Neutralization of TGFβ2 Inhibits ca-MEKK3-induced EMT 

Our observations suggest MEKK3 stimulates TGFβ2 production coincident with 

EMT. To determine whether TGFβ2 is the central factor mediating MEKK3-induced 

EMT, ca-MEKK3 expressing ventricular explant cultures were cultured with or without 

neutralizing anti-TGFβ2 antibody. Additional ventricular explant cultures were treated 

with IgG-matched isotype controls to ensure specificity of anti-TGFβ2 and not irrelevant 

effects by the antibody [45, 156].  Also, naïve and Ad5-GFP provided ventricular 

explants served as negative controls, as they produce little to no mesenchyme (Fig 8 A).  

Again, ca-MEKK3 is able to induce mesenchyme production in explants treated with 

control IgG (Figure 2.8 C) and those with ca-MEKK3 alone (Figure 2.8 B). In contrast, 

addition of anti-TGFβ2 dramatically inhibits the ability of ca-MEKK3 to stimulate 

mesenchyme formation in ventricular explants (Figure 2.8 D, E). Since increases in 

expression were also observed for BMP2, TGFβ1, and TGFβ3, it was necessary to 

examine whether these factors have a significant contribution to ca-MEKK3-induced 

mesenchyme production.  Effects of neutralizing each of these factors in cultures of 

ventricular endocardium with ca-MEKK3 were assessed for EMT.  We used BMP 

antagonist, noggin, and antibodies against TGFβ3 and TGFβ1 in these experiments 

(Figure 2.9). Decreases in EMT are observed with noggin and anti-TGFβ3 treatment in 

ca-MEKK3 expressing ventricular explants, however, mesenchyme production in each 

was significantly higher than with anti-TGFβ2 treatment (Figure 2.8 E). Blockade of 

TGFβ1 has no significant effect on ca-MEKK3-induced EMT (Figure 2.8 E). Thus, 

neutralizing TGFβ2 induced by ca-MEKK3 blocks EMT restoring the normal  
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Figure 2.8. MEKK3 drives EMT in a TGFβ2-dependent manner. Neutralizing TGFβ2 

with an anti-TGFβ2 antibody blocks the ca-MEKK3 induced EMT in ventricular 

explants. Images of Naïve (A), ca-MEKK3 (B), ca-MEKK3 with control IgG (C), and ca-

MEKK3 with anti-TGFβ2 blocking antibody (D). Graph of TGFβ2 blocking experiments 

(E) (ca-MEKK3 vs. ca-MEKK3 + TGFβ2 neutralizing antibody; *, p = 0.006; 99% CI). 

Naïve n = 5; ca-MEKK3 n = 3; ca-MEKK3 + control IgG n = 4; ca-MEKK3 + TGFβ2 

antibody n = 11. Vimentin – Red, Nuclear stain – Blue. Ex = explant, dashed line 

represents outline of initial explant. Scale bar = 100 microns. 
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phenotype of the ventricular endocardium which does not normally undergo EMT. 

Blocking activities of BMP2, TGFβ3, or TGFβ1 does not fully restore the normal 

phenotype (Not shown). Furthermore, TGFβ2 is elevated even with blockade of BMP2, 

TGFβ3, or TGFβ1 compared with control cultures (Not shown).  The dramatic reduction 

in EMT when TGFβ2 is neutralized also suggests that the other TGFβ factors do not 

compensate for TGFβ2 loss in this system. Collectively, these data show that the 

production of endocardial-derived mesenchyme by active MEKK3 involves a TGFβ2-

dependent mechanism. 

 

   
 

                           
 
 
Figure 2.9. Neutralizing BMP, TGFβ3, and TGFβ1 do not affect EMT activation in ca-
MEKK3 expressing ventricular explants. GFP (A), ca-MEKK3 (B), ca-MEKK3 + noggin 
(C), ca-MEKK3 + anti-TGFβ3 (D) and ca-MEKK3 + anti-TGFβ1 (E). Vimentin – red, 
Phalloidin – green, Nuclear stain – blue. 
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2.4. DISCUSSION 

 

MEKK3 knockout mice exhibit myocardial and endocardial defects, which are in 

part responsible for their death at E10.5 [97]. Although not a primary focus of Yang et al. 

[97], the authors show an acellular AVC cushion in a MEKK3-deficient embryo. These 

types of defects are consistent with localization of MEKK3 to the myocardium and AVC 

cushion endocardium of the developing heart in our studies. Importantly, we detect very 

little MEKK3 in ventricular endocardium, which is a region in the heart that does not 

execute developmental EMT [26]. The restricted detection of MEKK3 to the 

endocardium of AVC cushions is consistent with expression patterns of other proteins 

that are necessary and sufficient for cardiac cushion EMT.  One example is Alk2, a 

TGFβ/BMP receptor, which is sufficient to activate mesenchyme production during 

valvulogenesis [151]. Hence, localization of MEKK3 to the AVC cushion endocardium 

implies that it is also involved in activation of endocardium to become mesenchyme. 

Moreover, MEKK3 kinase activity is necessary for the transition from endocardium to 

mesenchyme, since endocardial cushion explants failed to display normal levels of 

mesenchymal cells with MEKK3KI.  We observe endocardial migration onto the gel, but a 

majority of cells do not become vimentin-positive mesenchymal cells in the presence of 

MEKK3KI (Figure 2.2).  There is also an increase in apoptosis observed in AVC explant 

cultures provided with MEKK3KI, which is consistent with MEKK3 being involved in 

endothelial cell survival in MEKK3 deficient mice [98]. Remarkably, ca-MEKK3 is 

sufficient to induce EMT from ventricular endocardium, similar to that with ca-Alk2 
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[116, 151]. Additionally, an increase in endothelial cell proliferation is observed in ca-

MEKK3 expressing ventricular endocardium, consistent with decreased endothelial cell 

proliferation in the MEKK3-deficient embryonic heart [98]. Together, these data 

demonstrate that MEKK3 is necessary and sufficient for mesenchyme production and this 

is partially due to increased proliferation and survival of endocardial cells available for 

the EMT program.  

Our studies show that TGFβ2 is necessary for ca-MEKK3-driven EMT in 

ventricular endocardium.  This growth factor is especially important for mesenchyme 

production in the murine heart[8].  TGFβ2 involvement in endocardial cushion 

morphogenesis is supported by a TGFβ2 knockout mouse model that exhibits heart 

defects including valve and outflow tract malformations [46, 145].  Observed defects also 

demonstrate that TGFβ2 has developmental functions that cannot be compensated by the 

other TGFβs.  In addition, MEKK3 is upstream of the MAPKs, p38 and JNK, which are 

important in activating ATF2, a transcription factor that stimulates TGFβ2 expression 

[158].  Interestingly, ventricular endocardium expresses little TβRIII, a receptor 

necessary for TGFβ2-induced EMT [153].  In our studies, TβRIII and TGFβ2 are both 

upregulated in response to ca-MEKK3, demonstrating a link between the MAP3K, 

MEKK3, and a defined EMT-activating pathway.  Mesenchyme production by ca-

MEKK3 in ventricular endocardium was ablated by neutralizing TGFβ2 demonstrating 

that MEKK3 is upstream of TGFβ2-mediated EMT. TGFβ2 is essential for the formation 

of mesenchyme in both mouse and chicken AVC endocardial cushions[45, 46].  

Consistent with this, we detect an increase in Snail2 during ca-MEKK3 stimulation 



69 
 

suggesting Snail2 expression is induced by TGFβ2 activity in the embryonic heart to help 

mediate mesenchyme transition [48].   We detect a number of additional genes 

upregulated as a result of MEKK3 activity. One such expressed gene is Has2, which is 

implicated in cardiac EMT [41].  Has2 is a synthetase that produces hyaluronan, a vital 

extracellular molecule for cushion morphogenesis and EMT [41].  Another gene 

upregulated by MEKK3 is TGFβ3, which becomes expressed in cushion mesenchyme, 

and contributes to formation of fibrous structures in the developing heart [159].  In 

addition, BMP2 message is induced by ca-MEKK3, but not in control cultures. Alk3, a 

BMP receptor, in the myocardium is needed for TGFβ2 production and cushion 

morphogenesis, so MEKK3 may act upstream of BMP2 signaling for TGFβ2-dependent 

EMT [51].  BMP2 also promotes cell migration and tissue maturation during endocardial 

cushion morphogenesis demonstrating its additional role in post-EMT events [53]. 

Interestingly, BMP2 is shown to act synergistically with TGFβ3 to promote cardiac 

cushion EMT in chicken [160].  Since we show that neutralizing BMP2 or TGFβ3 in ca-

MEKK3 expressing ventricular explants does not decrease mesenchyme production to the 

extent by blocking TGFβ2, it is likely that these molecules either enhance TGFβ2-

induced EMT or play a role in the invasion step in EMT.  TGFβ1 expression also 

increases with ca-MEKK3 in ventricular explants, however, there is no significant 

decrease in MEKK3-driven mesenchyme production after blockade of TGFβ1.  Embryos 

from female TGFβ1 knockout mice demonstrate in utero mortality with cardiac defects, 

whereas females that are heterozygous or wild-type for TGFβ1 are able to transfer 

TGFβ1 to the developing embryo for normal cardiac development [44].  Letterio et al. 
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also indicate that TGFβ1 is important to endocardial cell survival [44].  This may explain 

why fewer cells are observed with neutralizing TGFβ1 than other groups (Not shown), 

although the percentage of cells undergoing EMT is relatively equal to ca-MEKK3 

expressing ventricles.  Periostin is expressed by mesenchymal cells within the 

endocardial cushions [161], and its overexpression causes transition of cells to 

mesenchyme [162].  Periostin expression is significantly increased in samples with ca-

MEKK3 versus controls, which supports the ability of MEKK3 to produce mature 

mesenchyme.   Collectively, our studies show that MEKK3 mediates activation of EMT 

and production of cushion mesenchyme via a TGFβ2-dependent mechanism. 

This is the first time that MEKK3 has been implicated in developmental EMT and 

functionally linked to early events in heart valve formation.  We observe MEKK3 is 

mediating pathways, specifically through TGFβ2, that are activating EMT.  As such, 

active MEKK3 is sufficient for mesenchyme production.  Deciphering upstream 

mediators of MEKK3 will be important to connect factors that help establish an activated 

endothelium with the ability to execute EMT.  In summary, we present MEKK3 as a 

critical signaling effector in the pathways that mediate endocardial cushion EMT. 
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CHAPTER 3 – MEKK4 REGULATES DEVELOPMENTAL EMT IN 

THE EMBRYONIC HEART 

Stevens MV, Parker P, Vaillancourt RR, Camenisch TD. Developmental Dynamics: 

October 2006 

 

3.1. ABSTRACT 

Congenital heart malformations occur at a rate of one per one hundred births and 

are considered the most frequent birth defects. This high incidence of cardiac defects 

underscores the complex developmental processes required to form the first functioning 

organ in mammals. The molecular cues which govern heart development are poorly 

defined and require an improved understanding in order to advance repair strategies in 

the clinic. The cytoplasmic MAP kinase kinase kinase, MEKK4, is known to be a critical 

effector in cellular stress responses; however, the function of MEKK4 during embryonic 

development and cardiogenesis is not well understood. We have identified MEKK4 as a 

critical signaling molecule during cardiovascular development. We report the detection of 

MEKK4 transcripts to early myocardium, endocardium and to cardiac cushion cells that 

have executed epithelial to mesenchymal transformation (EMT). MEKK4 protein is also 

observed to the rudimentary valve tissue and heart muscle. Immunofluorescence 

detection shows that MEKK4 appears to be more abundant in newly transformed cardiac 

mesenchyme as compared to endocardium. These observations suggest that MEKK4 may 

function during production of the cushion mesenchyme as required to create valves and 

the septated heart. We used a kinase inactive form of MEKK4 (MEKK4KI) in an in vitro 
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assay that recapitulates in vivo EMT, and show that MEKK4KI attenuates mesenchyme 

production. However, addition of a constitutively active MEKK4 (ca-MEKK4) into a 

system that does not normally undergo EMT is not able to cause mesenchymal cell 

outgrowth. Thus, the kinase activity of MEKK4 is essential, but not sufficient, to support 

developmental EMT as required for heart formation. This knowledge provides a basis to 

understand how MEKK4 may integrate signaling cascades controlling heart development.  

 
3.2. INTRODUCTION 

Cardiac malformations are the most frequently diagnosed congenital birth defects 

diagnosed in the first year of life [163]. The exact causes of congenital heart defects 

(CHD) are poorly understood, but are in part due to alterations in the normal molecular 

programming directing development of heart cell phenotypes and corresponding tissue 

structures. In this regard, environmental factors as well as genetic lesions contribute to 

the changes in molecular processes and cellular behavior that contribute to CHD [164, 

165] and therefore it is crucial to understand the normal developmental processes that 

form the functioning heart and vascular system in mammals. 

 

Mitogen-activated protein kinases (MAPKs) are activated through a sequential 

series of kinases typically mobilized by stress stimuli and growth factors. MAPK are 

activated by MAPK Kinases (MAP2Ks). The MAP2Ks are acted upon by upstream 

MAPK kinase kinases (MAP3Ks). MEK kinase-4 (MEKK4) is a MAP3K that is known 

to transduce stress responses to p38 and JNK MAPK through phosphorylation of MKK3, 

MKK6, MKK4 and MKK7 [105] [21]. MEKK4 is a serine/threonine kinase and has the 
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ability to bind other cytoplasmic proteins during the responses to stimuli. It has been 

shown that MEKK4 forms a complex with Annexin II, Pyk2 and SHP2 in keratinocytes 

in response to IFN-gamma stimulation [166].  Interestingly, genetic mutations resulting 

in constitutively active forms of Shp2 phosphatase are responsible for around 50% of 

Noonan syndrome cases which exhibit dysplastic pulmonary valves [38]. Although the 

cardiovasculature was not the focus of examination, mice deficient for MEKK4 exhibit a 

spina bifida and exencephaly-phenotype [108] suggestive of a developmental role for this 

MAP3K. Thus, the physiological function of MEKK4 during cardiovascular development 

is largely unknown. We report the characterization of MEKK4 transcripts and protein 

during heart development. We further show that the kinase activity of MEKK4 is 

required for normal developmental EMT during endocardial cushion and valve 

morphogenesis.  

 

3.3. RESULTS 

3.3.1. MEKK4 Expression in the Developing Heart   

There have been no previous reports characterizing the expression of MEKK4 

during embryonic cardiac development. Therefore, in order to observe the expression of 

MEKK4 during heart formation, in situ hybridizations were performed using a riboprobe 

specific to MEKK4 transcripts. MEKK4 mRNA is detected from stages E8.5 through 

E14.5 encompassing pre-looped, looping, cushion morphogenesis and completed 

septation stages of heart development. We observe message to MEKK4 fairly restricted 

to the rudimentary heart at E8.5 of embryogenesis. Transcripts are detected in the 
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developing myocardium of E8.5 and E9 embryonic hearts with little to no detection to the 

endocardium (Figure 2.1 A-D). At E10, MEKK4 mRNA is detected to the myocardium 

with stronger expression observed in the atrial chamber (Figure 2.1 E,F). There is 

increased detection of MEKK4 mRNA at this stage to the mesenchymal cells within the 

endocardial cushions of the atrioventricular canal but not the outflow tract (Figure 2.1 

E,F). The endocardium of the outflow tract does show prominent expression of MEKK4 

transcripts (Figure 2.1 E). An interesting observation is that MEKK4 mRNA is also 

detected to cells within the cardiac cushions of the AV canal at this stage. The cardiac 

cushions are a primary site of EMT, a process important to the development of the valves 

and septa of the heart. This pattern of expression is maintained at E11.5 and E12, as 

MEKK4 continues to be expressed in the endocardial layer of the cardiac cushions as 

well as in the cushion mesenchyme (Figure 2.2 A,B). The myocardium expresses a 

minimally-detectable level of MEKK4 with stronger expression to the atrial side at these 

stages (Figure 2.2 C).  By stage E14.5, MEKK4 is strongly detected to the developing 

valve and the outflow tract structures (Figure 2.2 E,F). The lining of the outflow tract 

shows distinct detection of MEKK4 message and the forming leaflets of the AV canal 

exhibit expression to the luminal side of the rudimentary valves (Figure 2F).    
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Figure 3.1. Detection of MEKK4 mRNA in embryonic heart before and during cushion 
EMT. MEKK4 is detected to E8.5 to E10.5 mouse hearts by in situ hybridization. 
MEKK4 expressed in the developing myocardium of E8.5 (A,B)  E9 (C,D) and also the 
endocardial cushions of E10 (E,F) embryonic hearts. bvc, bulbo-ventrricular canal; bc, 
bulbis cordus; a, atrium; m, myocardium; e, endocardium; as, aortic sac; V, ventricle; 
asterisks indicate cardiac cushions. 
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Figure 3.2 - Detection of MEKK4 mRNA in embryonic heart at later stages and after 
cushion EMT. MEKK4 detected to stage E11.5 (A,B), E12 (C,D) and E14 (E,F) 
embryonic hearts. V, ventricle; m, myocardium; asterisks indicate cardiac cushions; Li, 
liver; e, endocardium; m, myocardium; a, atrium; OT, outflow tract; Lu, lung; X, 
rudimentary AV valve. 
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Figure 3.3. Detection of MEKK4 mRNA in embryonic heart at later stages and after 
cushion EMT. MEKK4 detected to stage E11.5 (A,B), E12 (C,D) and E14 (E,F) 
embryonic hearts. V, ventricle; m, myocardium; asterisks indicate cardiac cushions; Li, 
liver; e, endocardium; m, myocardium; a, atrium; OT, outflow tract; Lu, lung; X, 
rudimentary AV valve. 
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3.3.2. MEKK4 Protein in the Developing Heart  

To complement the in situ hybridization results, we performed 

immunohistochemical detection using an anti-MEKK4 antibody [167] to observe the 

presence of MEKK4 in the developing heart. MEKK4 protein is also detected to the 

developing mouse heart at stages E10.5 to E14.5. At E10.5, MEKK4 protein is present in 

the myocardium and in the cells of the outflow tract and endocardial cushions of the AV 

canal (Figure 3 A,E). Surprisingly weak immunoreactivity was observed in the cushion 

regions compared to the relatively strong detection of MEKK4 mRNA at E10.5. MEKK4 

protein is also detected to the myocardium and the endocardial portion of primitive 

valves in E13.5 and E14.5 embryonic hearts (Figure 3B, C) in agreement with the in situ 

hybridization results. There is more robust staining of the myocardium with the specific 

antisera compared to the relatively weak detection of message for MEKK4 shown in 

figure 2. MEKK4 protein is also detected to the outlflow tract at these stages (Figure 3C) 

in a similar pattern to MEKK4 mRNA. Although prebleed sera shows no 

immunoreactivity (data not shown), the disparity between protein and RNA expression in 

heart muscle and cushion tissue cells could be due to the antisera. Therefore, a separate 

antisera to another region of MEKK4 [167] was used in immunohistochemical detection 

and gave similar results (data not shown). It is likely that posttranscriptional and 

posttranslational mechanisms are different in the myocardium and cushion regions 

leading to longer stability in the muscle or quicker turnover of MEKK4 in the cushion 

mesenchyme. Furthermore, immunoprecipitation and western blotting with specific anti-

MEKK4 antibodies detected MEKK4 protein in lysates from E10 to E14 embryonic 
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hearts (Figure 3G) substantiating that the MEKK4 protein is present in the heart at these 

stages.  

 

Figure 3.4. MEKK4 protein is detected in embryonic mouse during heart morphogenesis. 
IHC shows MEKK4 present in E10.5 (A,D), E13.5 (B,E), and E14.5 (C,F) embryos using 
an anti-MEKK4 antibody. V, ventricle; AVC, atrioventricular canal; OT, outflow tract; 
black asterisks indicate cardiac cushion; X indicates rudimentary valve; red asterisks 
indicate rudimentary AV valve; m, myocardium; e, endocardium; a, atrium; Li, liver; Lu, 
lung. MEKK4 protein is detected to embryonic heart lysates by immunoprecipitation and 
western blotting with specific anti-MEKK4 antibodies (G). C, control lysate from H9c2 
smooth muscle cells. AV canal explant from an E10.5 embryo immunofluorescently 
stained with an anti-MEKK4 antibody (green) and nuclear stain (blue) (H,I). e, 
endothelial cells, arrow indicates mesenchymal cells. 
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To verify the presence of MEKK4 protein to mesenchymal cells of the 

endocardial cushions, we used primary cultures of heart explants derived from the AV 

canal endocardial cushions. The in vitro AV canal explant assay recapitulates in vivo 

events that occur during endocardial cushion morphogenesis including the EMT process 

[8, 26, 39]. Here we used AV canals from E10.5 mouse embryos so that we could 

observe both endothelial and mesenchymal cell types in the same cultures [41]. 

Immunofluorescent detection with an anti-MEKK4 antibody shows that MEKK4 is more 

strongly detected to mesenchymal cells and transforming cells than to endothelial cells 

(Figure 3 H, I). It appears MEKK4 is in a perinuclear expression pattern diffusing out 

from the proximity of the nucleus into the cytosol (supplemental image 1) which is in 

agreement with previous observations in smooth muscle cells [167]. Collectively, this 

data supports the in situ detection of MEKK4 to endocardial and mesenchymal cells and 

suggests that expression of MEKK4 may play an important role in cardiac cushion EMT. 

 

3.3.3. Inactive MEKK4 Blocks Endocardial Cushion EMT 

Immediately following looping of the embryonic heart, EMT generates invasive 

mesenchymal cells that populate the endocardial cushions and form valve progenitors 

[164] [39]. During cardiac EMT, a dynamic shift in MEKK4 gene expression is observed 

with upregulation in both the activating endocardium and newly formed mesenchymal 

cells in the atrioventricular canal and outflow tract cushion regions. Throughout cushion 

EMT robust expression of MEKK4 is maintained in cushion mesenchyme. This 

expression pattern for MEKK4 suggests that it may function during endocardial cushion 
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morphogenesis. In order to assess whether the kinase activity of MEKK4 contributes to 

cardiac cushion EMT, we created a mutant form of MEKK4 by substituting a Methionine 

for Lysine at position 1361 (Figure 4A). This creates a kinase-inactive form of MEKK4 

(MEKK4KI). We tested the MEKK4KI in an in vitro phosphorylation assay which shows 

that MEKK4KI is functionally inactive for phosphorylating a defined substrate, MEKK6 

(Figure 4B, compare lanes 3 and 4).  Thus, the MEKK4KI form is catalytically inactive. 

 

 

Figure 3.5. MEKK4 kinase activity is involved in epithelial to mesenchymal 
transformation. A dominant negative form of MEKK4KI (A) expressed in AV canal 
explants from E9.5 embryos. A radioactive kinase assay showed that MEKK4KI does not 
phosphorylate MEKK6 (B, lane 3) while wt-MEKK4 does (B, lane 4) AV canal explants. 
MKK6KI (B, lane 1) and wt-MKK6 (B, lane 2) served as negative and positive controls 
respectively. without (C) and with MEKK4KI (D). Ex, explant; arrow, mesenchymal cells. 
Graphical representation of mesenchymal cell counts from these cultures (E). Naïve n = 5 
(*, p = 0.0000); MEKK4-KI n = 7; wt-MEKK4 n = 5 (**, p = 0.0000); Ad-GFP n = 5 
(***, p = 0.0002). 
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To further examine the role of MEKK4 kinase activity for EMT during heart 

development, we introduced the MEKK4KI form into AV canal explants established from 

E9.5 embryos (Figure 4). Controls included naïve cultures and explants infected with 

adenovirus-GFP. The AV canal explants cultured in the presence of the kinase inactive 

MEKK4, MEKK4KI, had a significantly reduced number of mesenchymal cells in the 

collagen gels (Figure 4 C,D). There are few to no cells showing the characteristic stellate 

appendages of cushion mesenchyme [26, 41] nor invasion within the collagen gel matrix 

in MEKK4KI treated explant cultures compared to the normal cultures or GFP-treated 

explants. Enumerating the mesenchymal cells in these cultures revealed that AV canal 

explants with MEKK4KI exhibit a significant decrease in mesenchymal cell production as 

compared to the controls (Figure 4 E, *, p = 0.0001 and #, p = 0.0004, 99% CI). Explants 

over-expressing wt-MEKK4 did not demonstrate a significant difference in EMT. This 

demonstrates the importance of MEKK4 as a signaling protein that may regulate the 

pathways involved in cardiogenic EMT. 

 

3.3.4. MEKK4 Activity is Not Sufficient for Endocardial EMT 

Studies by Runyan and Markwald [26] showed that signals originating from the 

myocardium are inductive for EMT in a select subset of AV canal endocardium and 

importantly that ventricular explants have little potential for EMT. This regional 

specificity for EMT to the cardiac cushions has been supported by our work [168] and 

others [11] by showing that VEGF expression prevents EMT in the ventricular and atrial 

regions through a NFAT dependent mechanism. Here, we assessed whether MEKK4 is 
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sufficient to induce EMT by using ventricular explants which normally are unable to 

produce mesenchymal cells. This experiment has been previously accomplished in 

studies of ALK2, a member of the family of TGFβ receptors [153]. The introduction of a 

constitutively active MEKK4 to ventricular explant cultures did not cause mesenchymal 

cell outgrowth suggesting that MEKK4 activity is not sufficient to activate cardiac EMT. 

Ventricular explants with ca-ALK2 exhibited mesenchyme formation.    

 

3.4. DISCUSSION 

MEKK4 expression in the myocardium and cells of the cardiac cushions  

MEKK4 is observed in the myocardium, the endocardial layer of the cardiac cushions 

and developing valves in the embryonic heart. At early stages before E9, we observed 

that MEKK4 expression is restricted to the myocardium. The transcription factor GATA4 

shows a similar expression pattern in the myocardium at these early stages and is 

necessary for cell proliferation in the myocardium [169]. Thus, MEKK4 may be a 

GATA4-responsive gene whose product contributes to the expansion of the myocardium. 

At E10, MEKK4 becomes more widely expressed to include endocardial and 

mesenchymal cells of the endocardial cushions. These observations suggest that MEKK4 

may play an important role in cushion morphogenesis, which is critical to the 

development of the septa and valves of the heart. Recently, the TGF-β type I receptor, 

Activin receptor-like kinase 2 (ALK-2), was found to be expressed in a similar pattern 

within the cardiac cushions at developmental stages coincident with EMT in chick 
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Figure 3.6. MEKK4 kinase activity is involved in epithelial to mesenchymal 
transformation. A dominant negative form of MEKK4KI (A) expressed in AV canal 
explants from E9.5 embryos. AV canal explants without (B) and with MEKK4KI (C). Ex, 
explant; arrow, mesenchymal cells. Graphical representation of mesenchymal cell counts 
from these cultures (D). Naïve n = 5 (*, p = 0.0000); MEKK4-KI n = 7; Ad-GFP n = 5 (#, 
p = 0.0004). 
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embryos and further shown to activate the EMT process [151, 170]. Since both TGF-β 

and MEKK4 are linked to the p38 pathway [135, 171], a cascade that is necessary for 

myocardial and endothelial development, it is plausible that MEKK4 may be mobilized 

by activation of this ALK2 signaling route. Moreover, myocardial and endocardial 

expression of MEKK4 continued to developmental stage E12 suggesting that MEKK4 

may serve to support maturation of the endocardial cushion regions. In E14.5 embryos, 

which are at a stage after EMT and when valve elongation and remodeling are occurring, 

MEKK4 is expressed to the outflow tract and the endocardial layer of maturing AV 

valves. Thus, MEKK4 may serve a function in the outflow tract developmental processes 

for aortic and pulmonary valve and vessel formation. Further studies will have to 

elucidate whether MEKK4 also functions during maturation of the rudimentary valve 

structures. Collectively, our observations define the expression of MEKK4 to the 

myocardium and regions of the endocardial cushions that develop into valves and regions 

that complete septation of the heart. These results indicate for the first time that MEKK4 

is a signaling molecule present during myocardial formation and endocardial cushion 

morphogenesis and valve development. 

 

MEKK4 protein during heart development  

MEKK4 is a cytoplasmic serine/threonine kinase that can interact with several 

proteins including Cdc42, Rac, SHP-2, Pyk2, Annexin II, and GADD45 [105] [167, 172]. 

MEKK4 mRNA was strongly detected to the AV cushions and also detected to the 

myocardium at E10, however, MEKK4 protein was detected much less to the AV 
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cushions in E10.5 embryos and very strongly detected to the myocardium. These data 

suggest that MEKK4 protein may be more stable in the myocardium than in the cardiac 

cushions at E10.5. The transcription factor GATA6 also shows this type of differential 

expression between mRNA and protein during heart development [173]. Factors affecting 

protein stability such as post-translational modifications, high rate of degradation of 

mRNA and/or protein may be responsible for this non-equivalence of RNA and protein 

expression. At E13.5 and E14.5, MEKK4 is also present in the myocardium and strongly 

detected in the endocardial layer of forming AV valves and in the outflow tract. MKK3 

and MKK6, MAPKKs that activate the MAPK p38, have been shown to be substrates of 

MEKK4 during neurulation and skeletal patterning in developing mouse embryos [21]. 

MEKK4 has also been shown to phosphorylate MKK4 for activation of the JNK pathway 

[105]. Both p38 and JNK serve important functions during heart development. The 

MAPK, p38, is activated for extracellular matrix remodeling after myocardial stress 

[174]. The induction of myocardial markers, MLC-2 and cTnI, is in part mediated by a 

Wnt11-JNK pathway during cardiomyocyte differentiation [175] [176]. Thus, MEKK4 

may act to balance these MAPK pathways during developmental programming governing 

cardiac morphogenesis.  

 

MEKK4 is necessary, but not sufficient for cardiac EMT 

Detection of increased MEKK4 protein in mesenchymal cells compared to the 

endocardial cells of E10 AV canal explants suggest that MEKK4 may be important for 

the EMT process which is a crucial step during endocardial cushion morphogenesis. 
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MEKK4 protein is located in a perinuclear pattern in endocardial cells and becomes 

spread more evenly throughout the cytoplasm in mesenchymal cells. It has been reported 

that MEKK4 is localized to the Golgi apparatus in T47D breast carcinoma cells and 

HEK293 cells [105]. Perhaps, upon activation, MEKK4 moves from the Golgi region to 

regulate signaling processes in the cytoplasm through governing mobilization of the 

MAPKs. 

A kinase inactive form of MEKK4 severely ablates EMT in the in vitro AV canal explant 

assay suggesting that the kinase activity of MEKK4 supports cardiac cushion 

morphogenesis. Cdc42 and Rac, members of the Rho family of proteins, fail to become 

phosphorylated in the presence of kinase inactive MEKK4 (dominant negative form) 

[105]. Cdc42 and Rac are also known to have functional significance during heart 

development. Inhibition of the Rho family proteins results in disrupted cardiac 

development including incomplete looping, lack of chamber demarcation and myocardial 

trabeculations [177]. MKK3 and MKK6, additional substrates of MEKK4, can induce the 

activation of atrial natriurectic factor (ANF) promoter [178]. ANF is known to be 

necessary for cardiomyocyte differentiation and ANF expression also shows atrial 

specificity at later stages of heart development [179]. Our observations show a trend for 

atrial specificity of MEKK4 expression at later stages of development as well (Figure 2). 

Therefore, it is conceivable that MEKK4 and ANF are involved in the same processes 

during heart development in that the ability of MEKK4 to phosphorylate its downstream 

targets may support cardiomyocyte maturation.  
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A constitutively active MEKK4 did not activate cardiac EMT in ventricular 

explants. This is similar to ALK5, which is shown to be important for heart development, 

yet not sufficient to cause mesenchyme formation [151]. MEKK4 kinase activity is 

important, however, as indicated by the phenotype of an MEKK4KI/KI knock-in mouse, 

which have defects in neural tube development and skeletal patterning [21]. A defect in 

Shp2, a protein tyrosine phosphatase, leads to hyperproliferative valves [23] and MEKK4 

is shown to interact with this phosphatase [167]. This may be one such signaling pathway 

mediated by MEKK4 during heart valve development.       

 

An increase in MEKK4 activity in the endocardial cushions may be caused by 

signaling from the developing myocardium. Myocardial-endocardial signaling has been 

demonstrated with neurofibromin from the myocardium, which acts by signaling 

endocardial cells to regulate Ras activation whose activity promotes transformation into 

mesenchymal cells [148]. Signaling molecules from the myocardium may activate 

receptors upstream of MEKK4 such as ALK2, leading to eventual activation of MEKK4 

so that it may further transduce the induction cascade for EMT. In this regard, Heregulin 

growth factor (Hrg) activation of a subset of AV canal endocardial cells for EMT utilizes 

signals originating from the endocardium where Hrg is produced [180] [41]. Although 

there is no reported link of MEKK4 with the erbB receptor tyrosine kinases, the 

heregulin-autocrine pathway acting through Ras-MAPK may intersect with TGFβ/ALK2 

cascades through convergence at MEKK4 which serves as a master regulator of these 

cytoplasmic signaling events.   
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In conclusion, we observe the presence of MEKK4 in the developing heart. 

MEKK4 mRNA and protein are observed in the myocardium and the endocardial 

cushions. MEKK4 is expressed strictly to the myocardium at early stages (E8.5 and E9), 

and at later stages where expression becomes restricted to the atria, endocardial cushions 

and the outflow tract. This pattern of expression indicates that MEKK4 may contribute in 

propagation of induction signals during cardiovascular development. Embryonic knock-

in mice with the genotype MEKK4KI/MEKK4KI were shown to have defects in neural 

tube closure and skeletal patterning processes which require developmental EMT; 

However, other developmental defects including those in the heart were not characterized 

in the study [21]. Knockout mice of MEKK3, another MAPKKK, display retarded 

development of the myocardium and endocardium with malformed endocardial cushions 

[97]. Collectively these studies provide compelling evidence for a necessary role by the 

MAPKKK, MEKK4, in heart development including in EMT during cushion 

morphogenesis. We find that MEKK4 is highly expressed in mesenchymal cells both in 

situ and in an in vitro assay that recapitulates EMT. Collectively, our findings show for 

the first time that MEKK4 is a protein kinase expressed during heart formation whose 

activity is required, but not sufficient, for developmental EMT to produce the valve 

mesenchymal progenitor cells. As such, MEKK4 may be a central regulator directing 

signaling cascades during cardiovascular development.  
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CHAPTER  4 – CHARACTERIZATION OF HEART DEFECTS IN 
EMBRYONIC MICE DEFICIENT IN MEKK4 KINASE ACTIVITY 

 
4.1. ABSTRACT 

 Mitral valve prolapse (MVP) affects many individuals, however, not much is 

known of its etiology.  In non-classic forms of MVP, an increase in valve thickness 

increases the severity of the condition.  Mitogen activated protein kinase kinase kinase-4 

(MEKK4) is a cytoplasmic serine/threonine kinase, which mediates the MAPK cascade 

from activated receptor complex to nuclear transcription factors.  A kinase inactive 

MEKK4 knock-in mouse has developmental defects, however, the heart was not 

examined.  We observe defects in the hearts of MEKK4 kinase inactive homozygotes 

(MEKK4KI/KI).  These malformations include ventricular septal defects and enlarged 

mitral valves.  Further characterization of mitral valves in MEKK4KI/KI embryos indicate 

that there is increased proliferation compared to normal mitral valves at stage E16.5, 

when mitral valves are normally mature.  An increase in α-Smooth muscle actin and a 

decrease in periostin in mature embryonic mitral valves indicates that valves do not reach 

full maturity.  Increased p-Smad2/3 is observed in the mature mitral valves of 

MEKK4KI/KI late-stage embryos suggesting that TGFβ signaling may be unregulated 

without MEKK4 kinase activity. Mechanistically, we show an increase in MEKK3 kinase 

activity in the MEKK4KI/KI cardiac cushions at E12.5 compared with wild-type, as 

MEKK3 is another MAP3K that overlaps with MEKK4 in activating downstream 

MAPKs and is also important to heart development.  Embryonic fibroblasts also 

demonstrate maintained levels of active MEKK3 and ERK MAPK.   Together, these data 
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indicate that MEKK4 kinase activity is necessary for the development of fully mature 

valves, and its loss may lead to heart defects and an increased risk of MVP.  

 

4.2. INTRODUCTION 

Mitogen-activated protein kinases (MAPKs) are activated sequentially through a 

series of kinases typically initiated by stress stimuli and growth factors. MAPK are 

activated by MAPK Kinases (MAP2Ks). The MAP2Ks are acted upon by upstream 

MAPK kinase kinases (MAP3Ks). MEK kinase-4 (MEKK4) is a MAP3K that is known 

to transduce stress responses to p38 and JNK MAPK through phosphorylation and 

activation of MKK3, MKK6, MKK4 and MKK7 [105] [21]. MEKK4 is a 

serine/threonine kinase and has the ability to bind other cytoplasmic proteins during 

responses to various stimuli. It has been shown that MEKK4 forms a complex with 

Annexin II, Pyk2 and SHP2 in keratinocytes in response to IFN-gamma stimulation 

[166].  Interestingly, genetic mutations resulting in constitutively active forms of Shp2 

phosphatase are responsible for around 50% of Noonan syndrome cases which exhibit 

dysplastic pulmonary valves [38].  Marfan syndrome is another disorder characterized by 

loss of fibrillin-1, an extracellular matrix protein involved in TGFβ regulation [24].  

Patients with Marfan syndrome have heart defects including mitral valve prolapse and 

aortic aneurysms [181, 182].  Particularly, aortic aneurysm in Marfan syndrome is caused 

by dysregulated TGFβ signaling and increased content of HA [182].  Although the heart 

was not the focus of examination, mice deficient for MEKK4 kinase activity exhibit a 

spina bifida and exencephaly-phenotype [108] suggestive of a developmental functions 
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for this MAP3K.  We have also shown that MEKK4 kinase activity is required for 

endocardial cushion EMT in vitro [116]. However, the in vivo function of MEKK4 

during cardiovascular development is unknown. We report heart valve defects in 

MEKK4KI/KI mice. We further show that the kinase activity of MEKK4 is required for 

normal mitral valve maturation during endocardial cushion and valve morphogenesis and 

this involves dysregulation of α-smooth muscle actin expression, hyaluronan production, 

TGFβ-Smad2/3 activity, and Filamin A.  

 

4.3. RESULTS 

 

4.3.1. MEKK4KI/KI Embryos Exhibit Defects in the Heart  

The heart was examined in MEKK4KI/KI embryos at late stages E16.5 to E17.5.  

Abnormalities are observed in the aortic and mitral valves of MEKK4KI/KI mice compared 

to normal (Figure 4.1 A-D).  Aortic valves do not have normal leaflet structure observed 

in wild-type embryos.  They have thickened valves, which makes them less pliable 

(Figure 4.1 Compare B to A). Mitral valves are also malformed with the inferior leaflet 

becoming overgrown in comparison to normal (Figure 4.1 Compare D to C).  This is 

typical of mitral valve prolapse, a valve disease more common with aging, but a 

developmental form of this condition has been linked to mutations in fibrillin-1 in Marfan 

Syndrome [181].  Through morphometry of embryo heart sections for valve cross-

sectional area, the mitral valves are approximately 3-fold larger in MEKK4KI/KI hearts 

compared to wild-type (Figure 4.1 E).  Mitral valve defects occurred in 100% of embryos 
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observed. The aortic valves in approximately 50% of the MEKK4KI/KI embryos were 

dysmorphic compared to wild-type embryos, however, there is no significant change in 

size (Figure 4.1 E).  No significant area changes are observed for tricuspid and 

pulmonary valves from MEKK4KI/KI embryos.  MEKK4KI/KI embryonic hearts were also 

viewed after Eosin and alcian blue staining. Ventricular septal defects were also seen in 

MEKK4KI/KI hearts compared to wild-type (Figure 4.6). Interestingly, major differences 

in cross-sectional area are not observed between MEKK4KI/KI and wild-type pulmonary 

and tricuspid valves (Figure 4.1 E).   

4.3.2. Proliferation in Maturing Valves in MEKK4KI/KI Embryos 

Myxomatous valve disease is characterized by abnormal proliferation [24]. 

Therefore, proliferation in embryonic hearts was examined at E16.5 by BrdU 

incorporation and immunodetection of phospho-histone H3, which marks mitotic cells. 

E16.5 is a stage when heart valves are mature.  Mitral valves from MEKK4KI/KI 

embryonic hearts at E16.5 (Figure 4.2 B) contain more proliferating cells than wild-type 

E16.5 mitral valves (Figure 4.2 A).  In comparison of aortic valves, the MEKK4KI/KI 

embryo (Figure 4.2 D) appeared to display more proliferation compared to normal at 

E16.5 (Figure 4.2 C). This suggests increased proliferation occurs in the mitral valves at 

later stages in MEKK4KI/KI embryonic hearts when valves reach normally reach maturity.   
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E 

 

Figure 4.1.  Abnormal phenotypes observed in aortic and mitral valves of MEKK4KI/KI 

embryos.  Aortic valves from wild-type (A) and MEKK4KI/KI(B) embryos (E16.5). Mitral 
valves from wild-type (C) and MEKK4KI/KI (D) embryos (E16.5).  Comparison of the 
cross-sectional areas for mitral, tricuspid, aortic, and pulmonary valves at e16.5 (E). 
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Figure 4.2. Proliferation in wild-type vs. MEKK4KI/KI valves.  BrdU detection in 
embryonic mitral valves of normal (A) and MEKK4KI/KI embryos (B).  BrdU detection 
in embryonic aortic valves of normal (A) and MEKK4KI/KI embryos.  BrdU – green, 
nuclei – blue. Scale in A-D = 100 microns. 
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4.3.3. Hyaluronan in MEKK4KI/KI Valves 

Hyaluronic acid (HA) levels are observed to increase in myxomatous valve 

disease [183, 184], so we employed fluorescence staining to detect hyaluronan in 

embryonic heart sections. Because HA is a matrix sugar, we used a HA binding protein 

conjugated to biotin followed by detection with a fluorophor conjugated with streptavidin 

[185]. By this technique, it is observed that the HA content observed in mitral valves of 

E16.5 MEKK4KI/KI embryos is higher than in wild-type mitral valves (Figure 4.3, 

compare B and D).  HA in MEKK4KI/KI aortic valves is more highly detected compared 

with wild-type aortic valves (Figure 4.4, Compare B to D and F).  We confirmed a 

change in glycosaminoglycan (GAG) content by alcian blue staining in mitral and 

tricuspid valves as well (Figure 4.5, mitral valves). It is clear that there is more intense 

GAG detection in MEKK4KI/KI mitral and tricuspid valves compared with wild-type.  The 

spongiosa layer, or central portion, of the valve usually maintains a high content of 

GAGs, so this is suggestive of loss of normal valve structure.   
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Figure 4.3. Hyaluronan detection in mitral valves of normal vs. MEKK4KI/KI embryonic 
hearts.  Hyaluronan binding protein (HABP) detection of HA in normal E16.5 mitral 
valves (A, B) and E16.5 MEKK4KI/KI mutant mitral valves (C, D).  Hyaluronan is 
increased in the mitral valves of the MEKK4KI/KI heart compared to the normal heart 
(Compare D to B). Hyaluronan – red, Nuclei – blue.    
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Figure 4.4. Hyaluronan detection in aortic valves of MEKK4KI/KI embryos vs. wild-type 
embryos. Conjugated hyaluronan binding protein detects hyaluronan in aortic valves of 
E16.5 wild-type (A, B) and E16.5 MEKK4KI/KI embryos (C, D, E, F). Note the increase in 
hyaluronan in D and F compared to B. n = 3 for each group.  Arrows for comparison of 
hyaluronan detection. Hyaluronan – Red, Nuclear stain – blue.  
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Figure 4.5. Glycosaminoglycan content of endocardial cushions and mitral valves in 
embryonic hearts. At E10.5, extracellular matrix glycosaminoglycans (GAGs) are within 
the endocardial cushions of the wild-type embryo (A), and also within MEKK4KI/KI 
embryo (B). At E16.5, GAGs are detected to a lesser extent in wild-type mitral valves (C) 
compared with MEKK4KI/KI valves (D), which are myxomatous.  
 
 

 
 
 
Figure 4.6. Ventricular septal defect in MEKK4KI/KI embryonic heart.  Eosin and Alcian 
Blue staining of E16.5 wild-type (A) and MEKK4KI/KI (B) embryonic hearts.  Arrows 
indicate normal septation in panel A and septal ventricular septal defect in B. 
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4.3.4. Periostin in MEKK4KI/KI Mitral Valves 

Periostin is an extracellular matrix protein that is required for proper valve 

maturation, as its loss results in malformed valves [186].  Periostin was detected by 

immunofluorescence to the atrioventricular valves of MEKK4KI/KI and MEKK4 wild-type 

embryo hearts at E16.5.  In wild-type mitral valves, periostin is very organized 

throughout the leaflet, while in the MEKK4 mutant embryos, periostin is observed to a 

much lesser extent through mitral valves (Figure 4.7).   This evidence further suggests 

that there is loss of cell maturity with loss of MEKK4 kinase activity during heart 

development.   In part, loss of periostin is responsible for the loss of valve architecture. 

      

 

Figure 4.7. Periostin in mitral valves of wild-type vs. MEKK4KI/KI embryonic hearts. 
Detection of periostin in mitral valves of E16.5 wild-type (A) and MEKK4KI/KI embryos. 
Dashed line – outline of valve, Arrow indicates comparison site. Periostin – green, 
Nuclear stain – blue. 
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4.3.5. Increased α-SMA Detection to the Valves of MEKK4KI/KI Embryos 

Cells undergoing EMT in the endocardial cushions express α-smooth muscle actin 

(α-SMA) in early cushion morphogenesis [187]. The atrioventricular valves of 

MEKK4KI/KI mouse embryos have expression of smooth muscle actin throughout the 

cusp, including a majority of endothelial cells of the mitral valve compared to normal 

valves (Figure 4.8 Compare B to D).  Maintained expression of α-SMA in valve 

endocardial cells is suggestive of increased differentiation potential, as it is observed that 

there are α-SMA positive endocardial cells in the cardiac cushions that represent a 

population with high potential to undergo EMT [188].  This further indicates that 

MEKK4 catalytic activity is necessary for valves to mature. 

 

4.3.6. Filamin-A in MEKK4KI/KI Mitral Valves 

Filamin-A is a structural protein interacting with the actin cytoskeleton of cells, 

and mutations in filamin-A are associated with valvular dystrophy [189].  MEKK4 kinase 

activity also negatively regulates filamin-A expression [117].  In our studies, we 

immunfluorescently detected filamin-A in the mitral valves of wild-type and normal 

embryonic hearts at E16.5, and observed an increase in filamin-A within MEKK4KI/KI 

valves vs. wild-type.  In wild-type valves, detection is limited to the endocardial cells of 

the valve, while there are filamin-A positive cells detected to the interior of MEKK4KI/KI 

valves where the spongiosa layer is normally located (Figure 4.9 Compare B to D).  This 

further indicates that there is a loss of normal valve structure when there is an ablation of 

MEKK4 kinase activity. 
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Figure 4.8.  α-smooth muscle actin (α-SMA) expression in the mitral valves of wild-type 
and MEKK4KI/KI embryos at E16.5. Wild-type (A) and MEKK4KI/KI (B) mitral valves 
stained with SMA antibody.  An increase in SMA detection is observed in MEKK4KI/KI 
vs. normal mitral valves. n = 2. LV – left ventricle, mv – mitral valve. SMA – red, nuclei 
– blue.  
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Figure 4.9.  Filamin-A expression in wild-type vs. MEKK4KI/KI mitral valves in 
embryonic hearts.  Filamin-A detection in transverse sections of normal (A, B) and 
MEKK4KI/KI mitral valves at E16.5. Scale in A, C = 50 microns and in B, D = 25 
microns (Experiment by Duanning Wang). 
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4.3.7. Phospho-Smad2/3 in MEKK4KI/KI Embryonic Hearts 

 In order to examine TGFβ activity in the embryonic heart, we detected 

phosphorylated forms of Smads2/3 by immunofluorescence.  Smad2 and Smad3 are 

phosphorylated in response to stimulation of the TGFβ receptor by TGFβ.  TGFβ is an 

important factor in mouse heart morphogenesis[45], so we examined phospho-Smad2/3 

as a downstream effector of this pathway.  Furthermore, there is evidence that MEKK4 is 

regulated by TGFβ-Smad through expression of GADD45, a protein that binds and 

allows activity of MEKK4[135].  Detection of phosphor-Smad2/3 is seen in the mitral 

valve to a much higher extent than wild-type mitral valves (Figure 4.10, Compare A to 

B). We observe increased detection of phospho-Smad2/3 particularly in the myocardial 

component of the outflow tract and ventricle, whereas in wild-type hearts, there is little 

detection (Figure 4.10).  In the aortic walls of E16.5 MEKK4KI/KI hearts, there is also 

increased detection of phospho-Smad2/3 compared with wild-type (Figure 4.10, Compare 

C to D).  This suggests there is increased TGFβ signaling in MEKK4KI/KI hearts, and 

MEKK4 probably acts to negatively regulate TGFβ signal transduction.   
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Figure 4.10. Phosphorylated-Smad2/3 detection in wild-type and MEKK4KI/KI embryonic 
hearts.  Mitral valves in E16.5 wild-type (A) and MEKK4KI/KI (B) embryos.  Aortic 
valves in wild-type (C) and MEKK4KI/KI (D) embryos.  Dashed line – outlined valve, * - 
valve, m – myocardium.  p-Smad2/3 – red, nuclei –blue. 
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4.3.8. MEKK3 Activity in the Endocardial Cushions of MEKK4 Kinase Mutant Mice 

 MEKK3 functionally overlaps with MEKK4 in that it can activate p38 and JNK 

MAPK pathways.  An antibody against phospho-serine 526-MEKK3 (p-MEKK3) was 

used on sections from wild-type and MEKK4 kinase inactive embryos at E12.5.  We 

observe that p-MEKK3 is more highly detected to the endocardium overlying the cardiac 

cushions at E12.5 in the MEKK4KI embryos compared with wild-type embryos (Figure 

4.11 Compare B to D).  To further substantiate this, embryonic fibroblasts were collected 

from embryos with MEKK4KI and p-MEKK3 was examined by immunoblot.  

Importantly, p-MEKK3 is detected to fibroblasts treated with 1 µM AngII even with loss 

of MEKK4 kinase activity (Figure 4.12).  This suggests that MEKK3 is activated 

regardless of MEKK4 catalytic activity, and would be available to compensate for the 

loss of MEKK4 kinase activity.  Since ERK MAPK is activated downstream of MEKK3 

and not MEKK4, we examined ERK activation by immunoblot with an activated ERK 

antibody.  We see that ERK activity is increased in wild-type fibroblasts with sorbitol and 

AngII, which are known activators of MEKK3.   However, there are higher levels of 

activated ERK at baseline in MEKK4KI fibroblasts.  Interestingly, AngII treatment of 

MEKK4KI fibroblasts shows decreased ERK activation compared with AngII treated 

wild-type fibroblasts.    
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Figure 4.11. Phosphorylated-MEKK3 detected to the endocardium of MEKK4KI 

embryonic hearts.  Phospho-MEKK3 detection to wild-type (A, B) and MEKK4 kinase 
mutant (C, D) endocardial cushions at E13.  phospho-MEKK3 = red, Nuclear stain = 
blue. 
 

 

 

 

Figure 4.12. Active MEKK3 levels in wild-type vs. MEKK4KI fibroblasts. MEKK3 is 
still activated in response to Angiotensin II with loss of MEKK4 activity.  WT = wild-
type (Experiment by Derrick Broka).  
 



108 
 

 

         

Figure 4.13.  ERK activation in NIH-3T3 (wild-type) fibroblasts vs. MEKK4KI/+ 
fibroblasts.  Fibroblasts with MEKK4KI have sustained ERK activation compared to 
untreated wild-type fibroblasts.  50 µg of protein lysate per lane. Sorb = 200mM sorbitol, 
AngII = 1µM AngII. 
 

 

4.4. DISCUSSION 

 

Our studies indicate that heart defects typical of MEKK4KI/KI mice include septal 

and valvular malformations, particularly mitral valve prolapse.  Valves and membranous 

portions of the septa are structures that form from endocardial cushion tissue. These types 

of defects are also observed in other knockout mouse models including those for 

Dishevelled 1/Dishevelled 2, Pax3, and Cited2 [112, 190, 191]. Interestingly, Pax3 

initiates the cellular movement of Dishevelled to initiate the Wnt signaling cascade [192]. 

Axin, another Wnt-signaling protein, binds to the MAP3Ks, MEKK1 or MEKK4, based 
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on cell context and allows for activation of JNK. It is observed that Axin-MEKK4 signal 

transduction to JNK is independent of MEKK1 by experiments with MEKK1-deficient 

fibroblasts, so Axin binding to either MAP3K is based on the intracellular environment 

[113].  Therefore, Axin-MEKK4-JNK may represent an important regulatory pathway for 

cardiac development.  

An increase in proliferation is observed in the valves of late stage MEKK4KI 

embryos (E16.5) compared to wild-type. Interestingly, at E10 an early stage where 

abundant proliferation is observed in the endocardial cushions, there is decreased 

proliferation in MEKK4KI/KI embryonic cushions as compared to wild-type.  In contrast, 

the proliferation increases observed in the endocardial cushions of a mouse model of 

Noonan syndrome, carrying an overactive Shp2, occur during early stages (E10-11) [23]. 

Therefore, abnormal valves observed in the MEKK4KI/KI mice are phenotypically 

different from those seen in mouse models of Noonan syndrome, although myxomatous 

valves are the end result of both.  Also, Noonan syndrome embryos have abnormalities in 

the semilunar (outflow tract) valves [38], whereas the mitral valves seem to be the most 

affected in MEKK4KI/KI embryos. 

MEKK4 kinase inactive (MEKK4KI) knock-in embryos exhibit increased neural 

tube, skin and skeletal defects [21]. Because EMT is an important step in creation of the 

cell layers during gastrulation, it can be inferred that MEKK4 may be important to 

developmental EMT during organogenesis as well. EMT in the endocardial cushions of 

the heart occurs at E9.5 to E11.5. We observe a decrease in invading mesenchyme after 

addition of MEKK4KI to endocardial cushion explant cultures [116]. It is possible that 
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MEKK4 affects cell migration into the cardiac jelly leading to disorganized valve 

formation; however, we also examine cell differentiation and proliferation, since these 

processes are important to cardiac cushion development. 

Active Smad2/3 is observed more highly in MEKK4 kinase mutant hearts.  This is 

indicative of an increase in TGFβ signaling.  Much of the p-Smad2/3 detection is 

observed to the aortic wall and myocardium of the ventricle.  Increased TGFβ activity in 

the aorta is common in aortic aneurysm and is usually followed by an increase in 

apoptosis, weakening the aortic wall [193].  To the same point, increased hyaluronan 

detection is observed in the aortic walls of MEKK4 kinase mutant embryos.  An increase 

in HA in the aortic wall is also observed in aortic aneurysm.  Interestingly, aortic 

aneurysm and mitral valve prolapse are characteristics of Marfan syndrome [181, 194].      

Increased SMA detection and decreased periostin detection in the valves of 

MEKK4 kinase mutant mice demonstrate their lack of maturity.  Detection of phospho-

MEKK3 shows an increase in the endocardium of MEKK4KI embryos compared to wild-

type.  Since we previously observed that MEKK3 activity is sufficient for endocardial 

EMT to produce valve mesenchyme, this finding would agree with the valves 

maintaining an immature state. 

Overall, these data indicate that MEKK4 kinase activity is important to cardiac 

cushion morphogenesis.  Loss of MEKK4 catalytic activity leads to formation of 

immature valves and septal defects.  MEKK4 appears to regulate numerous molecules in 

the heart including TGFβ/Smads, HA, periostin, filamin-1, and smooth muscle actin.  

Loss of MEKK4 kinase activity leads to dysregulation of these molecules resulting in 
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valvular and septal defects that we have characterized.  Increased activity of TGFβ also 

suggests that the MEKK4 kinase inactive mouse may represent a new model for a 

Marfan-like disorder.  Further investigation will be necessary to further    
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Chapter 5 – CONCLUSIONS 
 

 My goal for these studies was to understand how signal transduction is 

coordinated during cardiac cushion and valve development.  The MAP3Ks represent 

signaling intermediates in MAPK cascades, however, they interact with effectors of other 

pathways as well.  This allows the MAP3Ks to provide diverse responses to various 

extracellular stimuli.  During cardiac morphogenesis, many different signaling factors 

converge to create the specialized structures of the heart, such as the valves and septa.  

Knowledge of how these extracellular signals are mediated to create a focused cellular 

response will be important for a better understanding of cardiac cushion morphogenesis 

and heart valve formation.    

 
5.1. MEKK3 AND MEKK4 EXPRESSION IN THE ENDOCARDIAL CUSHIONS 

First, we needed to examine whether MEKK3 and MEKK4 are expressed in the 

cardiac cushions during embryonic development.  This is an important step in 

determining whether these proteins have spatial and temporal availability for endocardial 

cushion morphogenesis. The expression of MEKK3 and MEKK4 in the developing 

endocardial cushions and heart valves demonstrates their importance in cardiac cushion 

morphogenesis and valve formation.  Our findings show that MEKK3 is expressed highly 

to the endocardium of the cardiac cushions at stages when cushion endocardial cells are 

undergoing EMT, and MEKK3 levels diminish entering the interior of the endocardial 

cushions.  Interestingly, there is low expression observed in the ventricular endocardium, 

which does not normally transition to the mesenchymal phenotype [26].  This expression 

pattern for MEKK3 suggests that it functions during endocardial EMT.  The Type 1a 
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BMP receptor (Bmpr1a) exhibits a similar expression pattern to MEKK3 and is also 

important for EMT in the cardiac cushions, as endothelial specific deletion of Bmpr1a 

leads to impaired endocardial cushion development and embryonic death at 

approximately E12 [195]. Interestingly, MEKK3 knockout mice die at E10.5 with 

extensive heart and other cardiovascular defects. This closely reflects the Bmpr1a null 

mouse, which exhibits strikingly similar defects and also die at E10.5 [97]. Conditional 

knockout mice of MEKK3 in the endocardium will need to be created to explore a more 

specific role of MEKK3 in the cardiac cushion endocardium.  In contrast to MEKK3, we 

observe that MEKK4 mRNA and protein is present at E10, but not highly expressed until 

E12.5 and then is expressed highly to the luminal portions of the valve in later 

developmental stages [116].  Rho-associated kinases (ROCKs) are expressed in the 

mesenchyme of the endocardial cushions in a similar manner to MEKK4.  Functionally, 

ROCKs are necessary for the invasion step after mesenchyme has been formed [196].  

This suggests roles for MEKK4 in post-EMT events, cushion remodeling, and in 

maintenance of the valvular tissue.  Taken together, our data indicates that MEKK3 and 

MEKK4 have overlapping, yet different expression patterns during endocardial cushion 

morphogenesis and formation of heart valves.  The next step was to determine the 

functions of MEKK3 and MEKK4 during endocardial cushion EMT, since this is a key 

process during cardiac cushion morphogenesis.  
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5.2. MEKK3 IS NECESSARY AND SUFFICIENT FOR ENDOCARDIAL  EMT 

 

We determined that MEKK3 is both necessary and sufficient for mesenchyme 

production as indicated by loss-of-function and gain-of-function studies.  This is the first 

time that MEKK3 has been implicated in cardiac cushion EMT.  Since MEKK3 has the 

potential to activate the MAPKs, ERK, p38, JNK, and ERK5, each of these protein 

kinases may play a pivotal role in mesenchyme production.  In various contexts, each of 

these MAPKs functions in processes that promote EMT.  ERK2 functions during 

mesoderm differentiation [128], so it may be required for the transition of endocardial 

cells to mesenchyme.  The MAPK, p38, is important for loss of epithelial characteristics 

during epicardial EMT in the heart [102].  ERK5 is necessary for endocardial cell 

proliferation and survival [98], and consequently proper cardiovascular development 

[99].  JNK1 is necessary for TGFβ1-induced EMT in airway epithelial cells and increases 

Smad binding to promoters of target genes [197].  These reports indicate that each 

MAPK has a function that promotes EMT, thus it is likely that MEKK3 may initiate 

EMT through activating multiple MAPK pathways.  In addition to MAPK signaling, 

MEKK3 can activate calcineurin/NFAT[198].  In the endocardial cushion, NFATc1 is 

important for cushion remodeling by allowing expression of remodeling enzymes like 

cathepsin K [199].  This could implicate MEKK3 in post-EMT events in the 

endocardium, but it will need further investigation.   

Next, we explored the mechanism of MEKK3-induced EMT, and found that 

MEKK3-induced mesenchyme production in ventricular endocardium is mediated by 
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TGFβ2, a factor secreted from the endocardium that is necessary for cardiac cushion 

EMT [45].  In addition, TGFβ2 knockout mice exhibit heart valve and septal defects [46] 

showing its importance in cardiac cushion morphogenesis.  These studies confirmed the 

importance of TGFβ2 to endocardial cushion morphogenesis.  Expression of Snail2, a 

transcription factor involved in EMT, is mediated by TGFβ2 [48].  Snail2 expression is 

observed to increase in ca-MEKK3 expressing ventricular endocardium, confirming that 

TGFβ2 signal transduction occurs after provision of ventricular explants with ca-

MEKK3.   Septal and valve defects observed in TGFβ2 deficient hearts also imply that 

TGFβ2 either regulates EMT efficiently or is involved in cushion remodeling, as its 

absence leads to such abnormalities [46].  Heterozygous matings performed in the TGFβ2 

knockout mouse study still allowed for maternal transfer of TGFβ2 to the embryos.  

Perhaps, neutralization of TGFβ2 during pregnancy would increase the severity of 

cardiac cushion defects observed and cause earlier embryonic lethality due to a lack of 

endocardial cushion EMT.   

Contrary to the role of TGFβs in mesenchyme formation, TGFβs are also known 

to play an important role in activating apoptosis. Interestingly, active MEKK3 can 

propagate the MEK5-ERK5 cascade and NFκB activation, which are important cell 

survival pathways [94, 200].  The necessity for MEKK3 as a survival factor is seen 

through increased apoptosis when AV canal explants are provided with a dominant 

negative MEKK3 that is kinase inactive.  Therefore, MEKK3 may not only initiate TGFβ 

production for EMT, but allow cells to evade TGFβ-induced apoptosis that would be 

detrimental to the formation of new mesenchyme. Alternatively, we observe that the 



116 
 

activity of MEKK3 increases cell proliferation in explanted ventricular endocardium 

demonstrating the role for this MAP3K in repopulation of the endocardium.  Both 

endothelial cell proliferation and apoptosis are affected in the hearts of MEKK3 knockout 

mice[98].  These findings indicate that MEKK3 regulates processes necessary for 

endocardial cushion EMT, including endothelial cell proliferation, cell survival, and 

transformation. Invasion of transformed cells is observed along with increased expression 

of periostin, a protein expressed by mature valve mesenchyme, indicating the formation 

of valvular mesenchyme.  

Notably, post-EMT relevant genes such as Has2 and periostin were more highly 

expressed in ca-MEKK3-expressing ventricular explants than those expressing only GFP.  

Has2 is highly expressed by cushion mesenchymal cells while endocardial cushions 

undergo remodeling [201].  Periostin is expressed by mature valve cells after endocardial 

cushion morphogenesis [42].  It is confirming that periostin and Has2 levels increase, but 

not to the extent of the EMT-related genes, such as the TGFβs, TGFβ type III receptor, 

and Snail2.  This further demonstrates the relevance of MEKK3 to induce endocardial 

EMT, while maturation of valve mesenchyme is a later step.  Overall, MEKK3 activity is 

necessary for endocardial cushion EMT, while also being sufficient to drive the process.  

This contrasts with the activity of MEKK4, which is necessary, but not sufficient for 

mesenchyme production.    
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5.3. MEKK4 IS NECESSARY FOR CARDIAC CUSHION AND VALVE 

DEVELOPMENT 

 

In vitro studies indicated that the MAP3Ks, MEKK3 and MEKK4, have roles in 

cardiac cushion EMT, but we needed what occurs in vivo.  To accomplish this end, we 

used a kinase inactive knockout mouse acquired from Dr. Gary Johnson [21].  MEKK4 

kinase inactive mice exhibit numerous heart defects including enlarged atrioventricular 

valves, ventricular septal defect, and outflow tract valve defects. In endocardial cushion 

explant cultures, addition of a dominant negative MEKK4 attenuates EMT, while ca-

MEKK4 in ventricular endocardium does not drive mesenchyme production. This shows 

that MEKK4 is necessary, although insufficient, for cardiac cushion EMT. There are 

other mouse transgenic models that exhibit cardiovascular defects similar to MEKK4KI/KI 

embryos including TGFβ2 knockout mice [145]. This is interesting because TGFβ2 is 

also necessary for endocardial cushion EMT as indicated by the lack of EMT in AV 

cushion explants provided with a TGFβ2 neutralizing antibody [41]. We observe that 

valves from E16.5 MEKK4KI/KI embryonic valves have more cells expressing α-smooth 

muscle actin and a decrease or disorganization of periostin than wild-type E16.5 

embryos. This suggests that valve cells are unable to mature with the loss of MEKK4 

kinase activity. This is characteristic of Marfan’s and Marfan-like disorders characterized 

by aberrant TGFβ signaling. To this point, we do observe increases in phospho-Smad2/3 

within MEKK4 mutant hearts indicative of increased TGFβ activity.  MEKK4 is likely 

involved in delayed p38 activation in response to Smad-induced expression of GADD45, 
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a positive regulator of MEKK4 activity [172]. This shows that cross-talk between Smads 

and MAPKs exists, and this activity may be necessary for negative feedback regulation of 

TGFβ signal transduction.  We further showed that MEKK3 and downstream ERK 

activity is maintained when there is decreased MEKK4 kinase activity.  It was observed 

that valve cross-sectional area, proliferation, and α-SMA were increased in the maturing 

mitral valves of MEKK4KI/KI embryos.  Taking all these data together, MEKK3 is 

compensating for the loss of MEKK4 catalytic activity in cardiac cushion development 

through continuing processes, such as endocardial EMT, however, mitral valves are not 

able to mature properly without the kinase ability of MEKK4.   

 

5.4. SUMMARY 

 For the first time, we show the functionality of the MAP3Ks, MEKK3 and 

MEKK4 in endocardial cushion morphogenesis.  MEKK3 appears to have an earlier role 

in endocardial cushion EMT, allowing cells to transform and invade into the underlying 

matrix (Figure 5.1).  In addition, MEKK3 activity is involved in endocardial cell 

proliferation and survival, which are necessary steps in maintaining the endocardial cells 

lining the cushions while mesenchyme is produced (Figure 5.1).  In contrast, MEKK4 

appears to have a later role in EMT.  It maintains the newly formed mesenchyme and 

regulates proliferation of the newly formed cells.  It may also be involved in the 

invasiveness of the mesenchymal cells (Figure 5.1).  MEKK4 may also act to regulate 

MEKK3 activity as increased phospho-MEKK3 is observed in the endocardium of 

MEKK4 kinase mutants compared to wild-type with a subsequent increase in basal levels 
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of active ERK in MEKK4 kinase inactive fibroblasts.  In MEKK4 kinase inactive 

embryonic hearts, the valves do not appear to reach a mature state, which is partly due to 

the long-term activity of MEKK3.  This especially appears to affect the mitral valve, as 

the most observable valve defect is mitral valve prolapse.  Increased activation of Smad2 

and 3 and increased HA levels in the aortic wall is also concerning, as these are features 

of aortic aneurysm.  Both mitral valve prolapse and aortic aneurysm are features of 

Marfan’s syndrome.  This MEKK4 mutation may represent a novel cause of a Marfan-

like disorder.  Overall, MEKK3 and MEKK4 represent two MAP3 kinases with distinct 

roles in endocardial cushion morphogenesis and valve formation and may act as 

therapeutic targets for heart valve disease.       

 

5.5.  FUTURE STUDIES 

Our results show that MEKK3 is necessary and sufficient for endocardial EMT.  

However, MEKK3 is localized to the myocardium and endocardium during endocardial 

cushion EMT.  Since the explanted ventricles consist of myocardium and endocardium, it 

is difficult to deduce in which cell type factors are being produced for mesenchyme 

production after the provision of ca-MEKK3.  It will also be important to determine 

where the catalytic activity of MEKK3 occurs in vivo.  To accomplish this, in vivo 

studies with conditional MEKK3 knockout mice will need to be performed.  Utilizing α-

Myosin Heavy Chain (αMHC)-Cre mice, MEKK3 can be deleted in myocardium via 

flanking LoxP sites [202]. 
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Figure 5.1. Roles of MEKK3 and MEKK4 during and after endocardial cushion EMT.  
MEKK3 activity leads to increased production of TGFβ2, which initiates endocardial 
EMT. MEKK3 also allows for increased proliferation of endocardial cells and cell 
survival.  MEKK4 activity acts to regulate mesenchymal cell proliferation, survival and 
invasion.  These MAP3Ks may also regulate each other as they are regulated by similar 
external factors, such as Angiotensin II.  
 

 

 

 

 

  α-MHC is expressed by myocardial cells, and Cre-mediated recombination will occur 

when α-MHC becomes expressed.   If MEKK3 in the myocardium is necessary to induce 
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signals required for cardiac cushion EMT, then myocardial deletion of MEKK3 will 

ablate mesenchyme production in the cushions.  However, knocking out MEKK3 in heart 

muscle may not have an effect on endocardial cushion EMT, so deleting MEKK3 from 

the endothelium will also be necessary using endothelial cell specific Tie2-Cre [203].  It 

is also possible that heart defects will be observed with myocardial and endothelial 

specific deletion of MEKK3.  This would provide information on context-dependent 

differences in MEKK3 function within the heart.    

In addition to the data mentioned in this dissertation, there were other results that 

may offer new avenues for studying functions of MEKK3 and MEKK4 during 

endocardial cushion EMT and valve formation.  MEKK4 has a large N-terminal 

regulatory region in comparison to MEKK3.  In regards this, proteomic analysis was 

performed on proteins that immunoprecipitated with MEKK4 in NIH-3T3 embryonic 

fibroblasts to find binding partners that may be related to the function of MEKK4 in 

EMT.  One protein interacting with MEKK4 was identified as fibulin-2.  Fibulin-2 is a 

marker of mesenchymal cells in the endocardial cushions, valves, aortic arch vessels, and 

coronary vessels [204, 205].  This exemplifies that MEKK4 may be functional in 

mesenchyme.  Our observations show MEKK4 localized to filopodia of mesenchymal 

cells in endocardial cushion explant cultures, allowing it to interact with proteins in these 

structures.  A protein also present in the filopodia that was shown to interact with 

MEKK4 in the proteomic analysis was IQGAP1.  IQGAP1 is a Ras-GTPase activating 

protein, and also binds Rac and Cdc42, small GTPases involved in signaling to the 

cytoskeleton [206]{Swart-Mataraza, 2002}.  Whether MEKK4 regulates cytoskeletal 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Swart-Mataraza%20JM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
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signaling will need to be explored.  MEKK4 interacts with the actin cytoskeleton, so the 

MEKK4-IQGAP1 interaction may offer insight into how MEKK4 may regulate 

cytoskeletal function. Another protein interacting with MEKK4 was non-muscle myosin 

heavy chain.  Non-muscle myosins are expressed in developing blood vessels during 

embryogenesis [207] showing their importance to cardiovascular development.   We 

observe MEKK4 expression to the walls of the aortic and pulmonary vessels, so this may 

represent a functional role for MEKK4 in the formation of the greater vessels of the heart. 

It will be important to find upstream regulators of MEKK3 and MEKK4.  

MEKK4 activity is regulated by AngII in smooth muscle cells [167], but what other 

ligands control MEKK4 function.  The TGFβ-Smad pathway also activates the 

transcription of GADD45, a known activator of MEKK4, which leads to downstream p38 

activation, however, MEKK4 was not directly linked to their observations [172].  A 

constitutively active version of Alk2 (ca-Alk2), a TGFβ/BMP receptor, was transfected 

into embryonic fibroblasts for 48 hours and tyrosine phosphorylation of MEKK4 was 

observed with ca-Alk2 compared to GFP only control.  Along with the increase in 

tyrosine phosphorylated MEKK4, we observed an increase in Shp2 interactions with 

MEKK4 (not shown).  An increase in activated ERK MAPK is also observed with ca-

Alk2 (not shown).  This shows that MEKK4 is being regulated downstream of Alk2 

signaling, however, it does not show specific ligand requirements because Alk2 is a 

TGFβ/BMP receptor.  Treatments with BMP2 and TGFβ2 would decipher the specific 

factor necessary for MEKK4 activity.  This result is interesting because it demonstrates 
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the TGFβ can activate MEKK4, a MAP3K which appears to negatively regulate TGFβ 

signaling, so the endocardial cushions can remodel properly. 

  In all, it will be necessary to define the upstream regulators of MEKK3 

and MEKK4, as well as their downstream effectors.  The MEKK4 kinase inactive mouse 

will have to be characterized further in order to define its role in regulating 

valvulogenesis.  An endocardial specific MEKK3 knockout mouse will need to be 

created to study the in vivo role of MEKK3 in the endocardium during early heart 

development, and define whether it is the lone MAP3K for initiating cardiac cushion 

EMT.  This knowledge will allow us to understand the signaling events that occur during 

endocardial cushion morphogenesis and valve formation, so that we can better understand 

valvular disease and create better strategies for treatment or repair.   
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CHAPTER 6 – METHODS 

 

6.1. IMMUNOFLUORESCENCE ON EMBRYO SECTIONS/EXPLANTS 

Swiss Webster mouse embryos (Harlan, Indianapolis, IN) were collected from 

stages E9.5 to E12.5 and prepared as described previously [116].   An anti-MEKK3 

antibody [93] was used to detect MEKK3 in embryonic heart sections.  Detection was 

accomplished using a goat-anti-rabbit-Alexa594 secondary antibody (Molecular Probes, 

Invitrogen, Carlsbad, CA) to visualize by fluorescence with a Leica DMLB fluorescence 

microscope (Leica, Bannockburn, IL) with Image ProPlus software (Media Cybernetics, 

Bethesda, MD).  For vimentin detection, an anti-vimentin antibody (Santa Cruz 

Biotechnology, Santa Cruz, CA) [116] was used with an anti-goat-Alexa594 secondary 

antibody (Molecular Probes).  Nuclear staining was accomplished with Hoechst dye 

(Molecular Probes).  Tissue sections and cells treated with only secondary antibody were 

used to control for background staining (Not shown). 

AVC explants were stained with active caspase-3 antibody (1:100) and anti-

rabbit-PE (1:100) (Cell Technology, Mountain View, CA). Ventricular explants were 

provided BrdU (Roche) for 1 hour before fixation and then incubated with anti-BrdU-

fluoroscein (Santa Cruz). p-Smad2 antibody (1:100) (Millipore, Bedford, MA) was used 

with anti-rabbit-594 (1:500) for detection (Molecular Probes).  Phalloidin-488 (1:500, 

Molecular Probes) was used to detect filamentous-actin. 
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6.2. RT-PCR AND REAL TIME RT-PCR 

RNA was isolated from embryonic hearts at stages E9, E9.5, E10.5 and E14.5 

with Trizol (Invitrogen).  Reverse transcription reactions were accomplished using a 

reverse transcription reaction kit (Fermentas, Glen Burnie, MD).  Specific primers 

designed to the N-terminus of MEKK3 cDNA were utilized for PCR with embryonic 

heart cDNAs (Forward Primer - 5’-TAAGGTACCATGGATGAACAAGAGGCATTA-

3’; Reverse Primer - 5’-GCGTTTGCTGGCCCCAAAATC-3’). Primers designed to 

Splicing Factor RS7 (SF RS7) were used for PCR with each cDNA as a loading control 

(Forward Primer - 5’-TCTCTCGAGATGTCGCGTTACGGGCGGTACGGA-3’; 

Reverse Primer - 5’-AACGGTACCGCTTCAGTCCATTCTTTCAGGACTTGC Real-

time PCR - -3’). 

RNA STAT-60 (IsoTex Diagnostics, Friendswood, TX) was used to isolate RNA 

from ventricular explant cultures as by manufacturer’s protocol. cDNA was prepared by 

reverse transcription reactions (Fermentas). Primers (IDT, Coralville, IA) for each cDNA 

sequence (MEKK3, TβRIII, TGFβ1, TGFβ2, TGFβ3, BMP2, Snail2, Has2, and Periostin) 

were designed with the Universal Probe Library site (Roche). Real-time PCR was done 

according to Roche protocol using Universal library probes for mouse (Roche) and 

Taqman Master Mix (Roche).  Real-time PCR was performed using a Roche 480 

LightCycler (Roche, Indianapolis, IN).  Real-time RT-PCR was done in triplicate and 

statistics are included as standard deviation. 
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6.3. ADENOVIRAL-MEDIATED TRANSFECTION OF EXPLANTS 

Adenoviral-mediated transfections were accomplished as previously described 

[41, 116].  After mixing plasmid DNA and adeno-GFP, the transfection mix was 

incubated for 30 minutes in the dark at RT. Next, we added 1ul of 0.1 mg/ml poly-L-

lysine to transfection mixes and incubated again for 30 minutes at RT. Explants were 

incubated with transfection mix for 10 minutes at RT before placing on collagen gels. 

Another 12 µl of transfection mix per explant was provided to the explants and incubated 

for 2-3 hours at 37◦C prior to removal and addition of explant media.      

 

6.4. ELISA DETECTION OF TGFβ2 

An ELISA kit for TGFβ2 (R&D Systems) was used for detection of soluble 

TGFβ2 in explant media according to manufacturer’s instructions with HCl activation of 

TGFβ in samples (R&D systems). 

 

6.5. BRDU INCORPORATION AND CLEAVED CASPASE-3 ASSAYS 

For BrdU incorporation experiments, BrdU (Roche, 1:1000 in 1XM199 media) 

was provided to explants cultures for one hour at 37˚C before fixation. BrdU positive and 

total cells were enumerated from immunofluorescent images. Endothelial cells from 

ventricular endocardial cultures were also counted in this manner.  Apoptotic cells were 

detected via immunofluorescence with a cleaved caspase-3 antibody (Cell Technology) 

and anti-rabbit-PE.   For apoptosis experiments, cleaved caspase 3 positive cells and total 

cells were enumerated from acquired images after. The data for both BrdU incorporation 
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and cleaved caspase-3 experiments was expressed as percentage of positive cells to total. 

Statistics were calculated using the Student’s two sample t-test.    

 

6.6. LIGAND NEUTRALIZATION EXPERIMENTS  

Noggin (R&D systems) is a BMP antagonist and was used at 100 ng/ml in explant 

media. Anti-TGFβ3 antibody [45] was used at 10 ng/ml. Anti-TGFβ1 antibody (R&D 

systems) was used at 10 ng/ml.  TGFβ2 neutralizing antibody (R&D Systems) was used 

at 250 pg/ml. Neutralizing antibody and noggin treatments were provided after 

transfection of ca-MEKK3 to ventricular explants and added continuously for 48 hours 

until fixation.  

 

6.7. IN SITU HYBRIDIZATION   

Serial sections prepared from paraffin embedded mouse embryos were hybridized 

with a specific riboprobe designed to nucleotides 140-520 of the MEKK4 sequence.  The 

MEKK4 DNA was cloned into pBluescript (Stratagene; La Jolla, CA) to facilitate 

riboprobe production using the T7 transcription reaction kit and Digoxigenin (DIG)-

labeling according to manufacturer’s protocol (Roche, Indianapolis, IN). Slides were 

incubated with the DIG-labeled probe for 36 hours at 58°C in a hybridization solution 

containing 50% formamide, 10% dextran sulfate, 1mg/ml Yeast RNA, and 1X 

Denhardt’s solution. The slides were then washed and blocked in blocking solution 

composed of 1X maleic acid buffer, 20% Goat serum, 2% blocking reagent (Roche) and 

1% Tween20. The slides were then incubated with anti-Digoxigenin antibody (1:2000, 
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Roche) in blocking solution for 2 hours at RT. Afterwards, the slides were washed and a 

substrate reaction was accomplished using NBT and BCIP (Roche) in NTMT buffer 

(0.1M NaCl, 0.04M Tris pH 9.5, 0.04M MgCl2, 1% Tween). Slides were refixed, 

dehydrated and coverslipped with Permount (Fisher Scientific, Fair Lawn, NJ). Slides 

were imaged using a Leica DM2500 microscope and Leica IM50 software (In situ 

hybridization procedure modified from Grapin-Botton et al 2001) [208].  

 

6.8. IMMUNOPRECIPITATION AND WESTERN BLOTTING 

Protein lysates were prepared from hearts collected from staged embryos at E10, 

E12 and E14. Immunoprecipitations were done using equal amount of lysates (750ug) 

and anti- MEKK4 antibody designed to amino acids 18-139. Protein A agarose beads 

(Roche) were added incubated on a rotator at 4°C for 2 hours. Samples were washed 

thrice and boiled in 2X Laemmli Loading buffer. Samples were separated on a 7% SDS-

polyacrylamide gel and transferred to PVDF membrane (Millipore, Billerica, MA). An 

anti-MEKK4 antibody to amino acid residues 1102-1255 was used at 1:2000 dilution to 

detect MEKK4. An anti-rabbit-HRP secondary (Amersham Biosciences, Piscataway, NJ) 

was used at a dilution of of 1:25,000 and all Western blots developed using Super Signal 

West Dura substrate (Pierce, Rockford, IL).   

 Western blotting for MEKK3 and p-MEKK3 were accomplished using specific 

antibodies (MEKK3 – 1:500; p-MEKK3 – 1:1000) and anti-rabbit-HRP secondary 

(1:25000, Amersham) [93].  p-ERK and total ERK western blots were done using p-ERK 
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antibody (1:10,000, Sigma) and ERK antibody (1:1000, Cell Signaling) with anti-mouse-

HRP (1:10000) and anti-rabbit-HRP (1:25000).   

 

6.9. AV CANAL AND VENTRICULAR ENDOCARDIAL EXPLANTS  

AV explant cultures were performed as previously reported [45, 209]. Briefly, 

hearts were microdissected from E9.5 wild-type embryos and the atrioventricular canals 

were transplanted onto hydrated Type I rat tail collagen gels (BD Biosciences, Bedford, 

MA, M199 media Gibco-BRL, Carlsbad, CA). Complete M199 media with 1% BGS and 

ITS (Gibco-BRL) was added to the explant cultures. Ventricular explants were explanted 

in a similar manner, although care was taken to ensure that no cushion tissue was taken. 

The cultures were allowed to incubate for 48 hours, then washed with 1X PBS and fixed 

with 2% paraformaldehyde. Plasmid constructs were introduced into explant cultures 

through utilization of adenovirus capsid delivery [210] as lipid-based delivery methods 

are toxic to the primary organ cultures with mouse heart tissue.  Plasmids for mammalian 

expression (pCMV) containing wt-MEKK3, wt-MEKK4, the kinase domain of MEKK3 

(ca-MEKK3), ca-MEKK4, MEKK3KI (K391M), or MEKK3KI (1 µg per explant) were 

added with adenovirus that expresses GFP (Ad5-GFP, 108 pfu) (Iowa Gene Vector 

Transfer Core) in Opti-MEM (Gibco-BRL).    Briefly, construct DNA is mixed with viral 

particles and poly-L-Lysine for 20 minutes at room temperature. This transfection 

mixture is placed in Opti-MEM (Gibco-BRL) during microdissection of atrioventricular 

or ventricular canal cushions from the embryos. Cultures are supplemented with 

transfection mixture 12 hours after establishment of the explants as previously reported 
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[168]. Mesenchymal cells in the cultures for the MEKK4KI experiments were enumerated 

by three independent observers naïve to the culture conditions [8]. Statistical analysis was 

accomplished by the two-sample t-test using Stata 9.0 statistical software (StataCorp, 

College Station, TX).  

 

6.10. IN VITRO KINASE ASSAY  

SF-9 insect cells were treated with baculovirus expressing either MEKK4 or 

MEKK4KI over 48 hours [211]. MEKK4 was immunoprecipitated from prepared cell 

lysates using an anti-MEKK4 antibody conjugated to protein A agarose beads (Roche). 

The kinase reactions were performed using MKK6KI as the substrate in kinase reaction 

buffer with γ32P-ATP (BioRad, Hercules, CA). Controls included wt-MKK6 (due to 

autophosphorylation) and MKK6KI, as positive and negative controls, respectively. 

Reactions were separated by 7.5% SDS-PAGE and gels fixed and Coomassie stained to 

ensure equal loading. Gels are dried for 2 hours at 80˚C onto Whatmann paper (Florham 

Park, NJ) for autoradiography. 

 

6.11. HISTOCHEMISTRY 

Serial sections were stained with Hematoxylin and Eosin.  Slides were rehydrated, 

and then placed in hematoxylin.  After washing, sections were stained with eosin 

solution.  After staining, slides were dehydrated and coverslipped with Permount (Fisher 

Scientific).  For Alcian Blue, slides were rehydrated placed in Alcian Blue solution 

(Sigma) for 30 minutes at RT.  They were then placed in eosin solution for one minute, 
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and washed with distilled water.  Sections were dehydrated before coverslips were 

applied with mounting media. 

 

6.12. HYALURONAN DETECTION 

 HA was detected utilizing a Hyaluronan Binding Protein (HABP) conjugated with 

biotin.  Embryo sections were hydrated, rinsed two times in distilled water, rinsed one 

time in 1XPBS, and incubated for 1 hour with biotin-conjugated HABP at RT.  Sections 

were washed three times in 1XPBS, and then incubated with streptavidin-594 for 30 

minutes at RT.  Sections were rinsed 5 times with 1XPBS with one wash containing 

1:500 bis-benzamide for nuclear staining.  Coverslips were applied with Aqua Polymount 

mounting media.  Images were recorded using a Leica Fluorescent microscope and 

ImagePro software.     

 

6.13. ADDITIONAL IMMUNOHISTOCHEMISTRY/IMMUNOFLUORESCENCE 

Serial sections were used for immunofluorescent staining.  The slides were 

incubated with primary antibody [p-Smad2/3 1:100 (Santa Cruz), Periostin 1:500 

(Markwald), 1:100 α-SMA (Sigma), 1:100 Filamin-A (Santa Cruz), 1:50 pSer526-

MEKK3 (Vaillancourt), MEKK3 (Vaillancourt)] overnight at 4C and appropriate 

fluorophor conjugated secondary antibody (Molecular Probes) for 30 minutes at RT.  

Periostin antibody was a gift from Dr. Roger Markwald, Medical University of South 

Carolina, and MEKK3 and pSer526-MEKK3 antibodies were acquired from Dr. Richard 
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Vaillancourt [93].  Images were captured using a Leica Fluorescent microscope and 

ImagePro imaging software. 

Serial sections were used for immunohistochemical detection of MEKK4 using a 

specific antibody designed to amino acids 18-139 of MEKK4 [211].  The ImmunoCruz 

staining system with rabbit secondary was utilized according to manufacturer’s protocol 

(Santa Cruz, Santa Cruz, Ca).  Slides were incubated with primary antibody (1:150) for 

90 minutes at RT and anti-rabbit HRP as secondary antibody (Amersham Biosciences, 

Piscataway, NJ) for 30 minutes at RT. Color reaction was accomplished using DAB 

substrate (US Biological, Swampscott, MA). Images were captured using a Leica 

DM2500 microscope and Leica IM50 imaging software. 

Immunofluorescence was accomplished with the same anti-MEKK4 antibody and 

anti-rabbit-488 (Molecular Probes, Eugene, OR). Primary antibody at 1:150 dilution in 

blocking buffer was incubated overnight at 4°C and anti-rabbit-488 secondary antibody 

(Molecular Probes [Invitrogen]), at 1:1000 dilution for 2 hours at room temperature. 

Images were taken using a Leica DMLB fluorescence microscope and Magnifire imaging 

software. 

BrdU staining was accomplished with the anti-BrdU antibody and anti-rabbit-

fluorescein (Molecular Probes, Eugene, OR). Primary antibody at 1:50 dilution in 

blocking buffer was incubated 1 hour at 37C and anti-rabbit-fluorescein secondary 

antibody (Molecular Probes [Invitrogen]), at 1:500 dilution for 1 hour at room 

temperature.  
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