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Abstract 

The mesenchyme homeobox genes, MEOX1 and MEOX2, encode homeodomain 

transcription factors.  Studies of Meox1/Meox2 knockout mice established that these 

proteins are partially redundant during development, suggesting that they may regulate 

common target genes.  In the adult vasculature, MEOX2 is expressed in vascular smooth 

muscle and endothelial cells.  MEOX2 has been demonstrated to: i) inhibit proliferation, 

ii) activate apoptosis and iii) induce senescence.  In contrast, the role of MEOX1 has not 

been studied in the vasculature.  Currently, there are two known target genes of MEOX2: 

cyclin-dependent kinase inhibitor 1A (CDKN1A/p21
CIP1/WAF1

) and cyclin-dependent 

kinase inhibitor 2A (CDKN2A/p16
INK4a

), which regulate transient (quiescent) and 

permanent (senescent) cell cycle arrest.  Senescence is postulated to contribute to the 

development of atherosclerotic vascular disease by promoting endothelial dysfunction. 

We hypothesized that MEOX1 and MEOX2 would activate both p21
CIP1/WAF1

 and 

p16
INK4a

 expression, as well as induce apoptosis, cell cycle arrest and senescence in 

endothelial cells.  Furthermore, we postulated that the majority of newly identified 

MEOX target genes in endothelial cells would be regulated by both MEOX1 and 

MEOX2. 

MEOX proteins were expressed in human endothelial cells via adenoviral 

transduction.  Levels of target gene expression were measured by luciferase reporter gene 

assays, western blot and quantitative real-time PCR.  Electrophoretic mobility shift 

assays were used to demonstrate MEOX binding to DNA.  Cellular proliferation, 

senescence, and apoptosis were evaluated.  For the identification of novel target genes, 
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microarrays were used to compare levels of gene expression in endothelial cells 

transduced with MEOX constructs or control virus. 

Both MEOX1 and MEOX2 activated p21
CIP1/WAF1 

and p16
INK4a

 gene transcription, 

inhibited proliferation and induced apoptosis and senescence in endothelial cells.  MEOX 

activation of p21
CIP1/WAF1

 transcription occurs via a DNA-binding independent 

mechanism that requires the SP1 transcription factor.  In contrast, MEOX activation of 

p16
INK4a

 transcription is dependent upon DNA-binding.  Microarray analysis revealed 

that both MEOX1 and MEOX2 increased the expression of intercellular adhesion 

molecule 1 (ICAM-1) and decreased the expression of nitric oxide synthase 3 

(NOS3/eNOS). 

Taken together, we conclude that MEOX1 and MEOX2 have similar target genes 

in endothelial cells including p21
CIP1/WAF1

, p16
INK4a

 and eNOS.  As increased endothelial 

senescence and decreased nitric oxide production are hallmarks of endothelial 

dysfunction, this study proposes a role for the MEOX proteins in the progression of 

atherosclerotic vascular disease. 
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CHAPTER 1:   INTRODUCTION 

 

1.1. The cardiovascular system 

1.1.1. Endothelial cells 

Endothelial cells (ECs) are highly specialized squamous epithelial cells that line 

the lumens of both the cardiovascular and lymphatic systems, including the blood vessels, 

the heart and the lymph vessels [1].  ECs exist as a continuous monolayer (called the 

endothelium) that is separated from neighbouring cell types by a specialized sheet of 

extracellular matrix known as the basement membrane.  The endothelium controls many 

physiological functions such as blood pressure regulation, blood coagulation, 

inflammation and immune responses [1].  ECs regulate vascular tone by producing and 

secreting vasoconstrictors (e.g. endothelin-1, angiotensin II) and vasodilators (e.g. nitric 

oxide (NO), prostacyclin, c-natriuretic peptide) that act upon vascular smooth muscle 

cells (VSMCs), the contractile force generating cells which encircle the endothelial layer 

[2].   ECs can also regulate coagulation by expressing either pro- or anti-coagulant 

molecules that affect platelet adhesion and aggregation [1].  The endothelium regulates 

inflammation through changes in vascular permeability as well as altered expression of 

leukocyte adhesion molecules (e.g. intercellular adhesion molecule 1 (ICAM-1), vascular 

cell adhesion molecule 1 (VCAM-1)) on the luminal surface [1]. 

EC gene expression profiles are specific to the type (vein, artery or lymphatic), 

size (macrovascular or microvascular) and tissue origin of the vessel [1,3].  For example, 

ECs that form the blood-brain barrier express higher levels of tight junction proteins to 

prevent the diffusion of molecules between the blood and the brain interstitial fluid [4,5].  
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Therefore, brain ECs also express specific transporters to move essential molecules 

across this barrier [4,5].  Thus, endothelial cell homeostasis is vital for the proper 

functioning of the vasculature as well as the health of the organism. 

1.1.2. Vascular smooth muscle cells 

VSMCs, which make up the medial layer within the blood vessels, provide tone 

and support to the endothelial cell layer of the arteries and veins.   In response to 

endothelial signals, VSMC contraction is either enhanced or reduced, leading to 

vasoconstriction or vasodilation, respectively [2].  VSMCs can exist in two phenotypic 

states; the quiescent (non-proliferative), contractile VSMC phenotype found in stable 

vessels or the proliferative, synthetic phenotype seen during vascular remodeling and 

after vascular damage [6].  Proliferative VSMCs are the major contributor to pathologic 

vascular stenosis (blood vessel narrowing) [7]. 

1.1.3. Vascular development 

The cardiovascular system is the first organ system to develop during 

embryogenesis.  Pluripotent hemangioblast cells within the mesoderm give rise to the 

blood islands (Figure 1-1).  Cells on the periphery of the blood islands differentiate into 

the ECs that will later form the capillaries [8] (Figure 1-1).  During embryogenesis, the 

process of de novo vessel formation by the ECs is termed vasculogenesis [9], which 

results in the formation of the initial vascular plexus.  This process is critically dependent 

upon vascular endothelial growth factor (VEGF) signalling.  Loss of expression of the 

VEGF ligand, the VEGF receptor (VEGFR)-2 (also known as KDR) or the co-receptors, 

neuropilin-1 and neuropilin-2, precludes embryonic vasculogenesis [10,11]. 
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Figure 1-1:  Development of the vascular system.  
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Figure 1-1:  Development of the vascular system. 

Early in embryogenesis, the hemangioblast gives rise to both endothelial and 

hematopoietic cells that form the blood islands. After formation of the initial vascular 

plexus (vasculogenesis), arterial and venous endothelial cells differentiate and then the 

lymphatic endothelial cells bud off from the developing veins. Finally, during 

angiogenesis the arteries and veins are refined and vascular smooth muscle cells are 

recruited to the vessels for stabilization. [17] 
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Even before the heart begins to beat, the arteries and veins can be distinguished at 

a molecular level [12].  Ephrin B2 is expressed by arterial ECs while its receptor, ephrin 

type-B receptor 4, is expressed by venous ECs.  Upon establishment of blood flow, the 

early network of capillaries is remodelled in a process termed angiogenesis [13].  This 

remodelling includes sprouting and branching, as well as pruning of the initial vascular 

plexus.  Loss of ephrin B2 or ephrin type-B receptor 4 results in defective angiogenic 

remodelling and embryonic death.  During angiogenesis, pericytes and VSMCs are 

recruited to stabilize the developing vessels in a process that is mediated by angiopoietin-

1/endothelial TEK tyrosine kinase (also known as TIE-2) signalling [14].  Pericytes 

surround the smaller arterioles and venules, while VSMCs are recruited to the larger 

arteries and veins.  Arteries, which have a higher intraluminal pressure than veins, have a 

much thicker layer of VSMCs surrounding the EC layer (Figure 1-1).  Vascular 

stabilization is essential to prevent excessive vascular permeability and vessel rupture. 

A second network of vessels, the lymphatics, are responsible for the uptake of 

extravasated fluid from the tissues and return this fluid to the cardiovascular system.  

Lymphatic ECs sprout from the cardinal vein to form lymph sacs that will develop into 

the lymphatic vessels (Figure 1-1) [15].  Compared to blood vessels, lymphatic vessels 

are blind-ended, thinner walled and more permeable due to an incomplete basement 

membrane, fewer inter-EC junctions and much fewer mural support cells (e.g. VSMCs, 

pericytes) [16].  The processes of vasculogenesis, angiogenesis and lymphangiogenesis 

require the precise regulation of cellular proliferation, differentiation, and migration to 

allow the proper formation of the cardiovascular system [12]. 
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1.1.4. Postnatal angiogenesis 

Cells of the adult vasculature remain quiescent until a need for new blood supply 

is encountered, such as in wound healing [18], menstruation [19] and endurance exercise 

[20].  Induction of postnatal angiogenesis occurs in response to hypoxia and 

inflammation [13].  The process of angiogenesis must be carefully regulated in order to 

meet the needs of the organism, but not result in unnecessary growth or remodelling of 

the blood vessels since excessive angiogenesis and vascular remodelling contributes to 

the development of diseases such as diabetic retinopathy, atherosclerosis, tumour growth 

and metastasis [13].  In contrast, insufficient angiogenesis or vascular repair can result in 

limb ischemia, myocardial infarction, stroke and Alzheimer’s disease (AD) [13].  

1.1.5. Endothelial dysfunction and vascular disease 

A hallmark of vascular disease is endothelial dysfunction [21].  Age, obesity, 

smoking and diabetes are risk factors that damage ECs and promote the progression of 

vascular diseases such as atherosclerosis, hypertension and stroke [22].  Acute injury and 

chronic stress of ECs leads to changes in gene expression, which underlie EC dysfunction 

[22,23].  Endothelial dysfunction is primarily characterized by the loss of NO 

bioavailability in the endothelium, which results in decreased vasorelaxation [24].  

However, enhanced reactive oxygen species (ROS) production, decreased proliferative 

capacity and increased expression of pro-thrombotic (e.g. endothelin-1, plasminogen 

activator inhibitor-1) and pro-inflammatory (e.g. ICAM-1, VCAM-1, E-selectin) 

mediators are also features of EC dysfunction [24,25]. 

Indeed, impaired vasodilation is predictive of future adverse cardiovascular events 

[24,25].  In ECs, the major producer of NO is the endothelial nitric oxide synthase 
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(eNOS) enzyme, which is encoded by the nitric oxide synthase 3 (NOS3) gene.  NO 

production is dependent upon both the level of expression and the activity (regulated by 

phosphorylation) of eNOS [2,26].  Furthermore, ROS react with NO, producing 

peroxynitrite, thereby reducing the amount of bioavailable NO [2,26].  Thus, factors that 

positively/negatively influence eNOS transcription and phosphorylation or ROS 

production will promote endothelial function/dysfunction. 

Moreover, ROS is an inducer of cellular senescence [25,27].  Senescence 

(permanent cell cycle arrest) is associated with aging and also contributes to 

atherosclerotic vascular disease [28,29].  Human blood vessels that contain 

atherosclerotic plaques have a higher proportion of senescent VSMCs and ECs, as 

compared to non-atherosclerotic vessels [30-32]. Senescent endothelial cells have 

reduced eNOS expression [33-35], impaired angiogenic capability [36] and altered 

metabolism, which result in endothelial dysfunction and the progression of vascular 

diseases, such as atherosclerosis [28,29]. 

 

1.2. Homeobox genes 

Homeobox genes were discovered by researchers studying the genetic basis of 

homeotic transformations (replacement of one body segment by another) in the fruit fly, 

Drosophila melanogaster.  The classic examples of this phenomenon are the mutation of 

the Ultrabithorax (Ubx) and Antennapedia (Antp) genes.  Flies with dominant Ubx 

mutations have two sets of wings due to the replacement of the third thoracic segment 

(T3; haltere and third leg) by a second thoracic segment (T2; wing and second leg) [37].  

Mutations in the Antp gene give rise to flies that have legs growing in the place of 
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antennae [37].  Ubx and Antp gene belong to a cluster of homeobox genes in Drosophila 

that is homologous to the homeobox (HOX) gene clusters (A-D) in humans [38].  A 

fascinating feature of HOX homeobox gene clusters is that the expression of the genes 

along the anterior–posterior axis of the organism matches the order in which the genes 

are arranged along the chromosome [38,39]. 

All homeobox genes contain a characteristic sequence motif, termed the 

homeobox [38].  In the majority of homeobox genes, this motif is 180 bp in length; 

however some genes (e.g. HDX, HMBOX1, IRX1-6, MEIS1-3 and PROX1) contain 

extended homeobox sequences [38,40].  The homeobox sequence motif was discovered 

in 1984 by two independent groups studying HOX gene homologs of Drosophila 

melanogaster [41,42].  Since then, many homeobox genes have been identified, 

distributed throughout the genomes of other animals, plants and fungi [38].  The human 

genome is estimated to contain 235 functional homeobox genes and 65 homeobox 

pseudogenes [40].  Homeobox genes encode homeodomain containing transcription 

factor proteins [38].  Many of the protein products of homeobox genes are involved in 

regulating cell fate and differentiation as well as controlling the body plan and patterning 

[38,39]. 

1.2.1. The homeodomain 

The homeodomain, which is encoded by the homeobox, is the DNA-binding 

domain of homeodomain transcription factors [38].  This domain has been highly 

conserved throughout evolution.  The typical homeodomain is composed of 60 amino 

acid residues and contains the amino acids WFQNRR at positions 48 – 53 [38].  

Structurally, this domain is composed of a flexible amino-terminal arm followed by three 
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α-helical segments separated by a turn and a fold, respectively [38,43].  Helix I and II are 

parallel to each other and perpendicular to Helix III [38,43].  These first two α-helices 

comprise the hydrophobic core of the homeodomain [38,43].  When the homeodomain is 

bound to DNA, Helix III (also known as the recognition helix) resides within the major 

groove of the DNA double helix [38,44].  The recognition helix makes essential contacts 

with DNA bases, establishing the sequence specific binding and stabilization of the 

protein and DNA interaction [38,45].  Typical homeodomain proteins bind to DNA via 

an ATTA motif (TAAT, on the complimentary DNA strand) and the glutamine residue at 

position 50 of the homeodomain is critical for its interaction with this motif [38,45].  In 

addition to the recognition helix, the flexible amino-terminal arm also interacts with 

DNA bases within the minor groove [38,44]. 

1.2.2. Classification 

Classification of homeobox genes is achieved though comparative genomics and 

aims to organize these genes based on evolutionary relationships.  The most recent and 

comprehensive classification scheme for human homeobox genes was published by 

Holland et al. in 2007 [40].  The authors categorized all 300 human homeobox genes and 

pseudogenes based primarily on the homeodomain sequence, as well as the presence of 

additional protein domains within these genes [40].  The homeobox gene superclass is 

split up into 11 classes of genes: ANTP, PRD, LIM, POU, HNF, SINE, TALE, CUT, 

PROS, ZF and CERS [40].  The ANTP and PRD classes contain the largest number of 

genes and are further divided into two sub-classes each.  The ANTP sub-classes are 

HOXL (Hox-like) and NKL (Nkx-like), while the PRD class is divided into the PAX and 

PAXL (Pax-like) subclasses [40].  The HOXL sub-class contains 14 gene families made 
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up of 52 genes, including the HOX, EVX and MEOX genes [40].  The HOXL homeobox 

genes are unique in that their chromosomal distribution is primarily clustered.  This 

clustering is thought to have evolved from numerous duplication events of a single 

ProtoHOX-like gene [46]. 

1.2.3. Regulation of angiogenesis by homeodomain proteins 

Numerous homeodomain proteins have been shown to play a role in vascular 

development and/or post-natal angiogenesis.  These include members of the HOX, MEOX 

(ANTP class/HOXL subclass), HHEX, NANOG (ANTP class/NKL subclass), PRRX 

(PRD class), ISL (LIM class), and PROX (PROS class) gene families. 

Homeodomain proteins which have been shown to be essential for proper 

cardiovascular development in human or mouse include HOXA1 [47], HOXA3 [48,49], 

HOXA13 [50,51], paired related homeobox 1 (PRRX1) [52] and hematopoietically 

expressed homeobox (HHEX) [53].  Furthermore the prospero-related homeobox 1 

(PROX1) homeodomain protein, although dispensable for the development of the blood 

vasculature, is essential for the development of the lymphatic vasculature [15,56].  In 

addition, several homeodomain proteins have been shown to promote post-natal 

angiogenesis in vivo or induce a pro-angiogenic phenotype in ECs in vitro.  These include 

HOXA3, HOXA9, HOXB2, HOXB3, HOXB5, HOXB7, HOXD1, HOXD3, ISL LIM 

homeobox 1 (ISL-1) and Nanog homeobox (NANOG) [54,55,57-69].  These effects are 

achieved though the up-regulation of target genes that encode pro-angiogenic molecules 

such as matrix metallopeptidases, collagen, eNOS, ephrins/ephrin receptors, 

angiopoietin-1/endothelial TEK tyrosine kinase, integrins, urokinase-type plasminogen 

activator/ urokinase plasminogen activator surface receptor, VEGF/VEGFRs and 
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cadherin-5 (also known as VE-cadherin).  Conversely HOXA5 and HOXD10 have been 

shown to inhibit angiogenesis by increasing the expression of anti-angiogenic target 

genes (e.g. thrombospondin 2) and decreasing the expression of pro-angiogenic target 

genes (e.g. VEGFR-2, ephrin A1) [70-73].  PROX1 is pro-lymphangiogenic and activates 

the expression of cell cycle and lymphatic specific EC proteins (e.g. cyclin E1, cyclin E2, 

podoplanin, VEGFR-3 and fibroblast growth factor receptor 3) and decreases the 

expression of blood specific EC proteins (e.g. laminin, neuropilin-1, ICAM-1) [74-77]. 

Expression of homeodomain proteins within the vasculature is spatially and 

temporally regulated.  Recently, it was shown that expression of HOXA3 and HOXC11 

in the adult mouse is restricted to different blood vessels; HOXA3 was detected in the 

major arteries of the trunk while HOXC11 was restricted to the hindlimb vasculature 

[78].  During differentiation of mouse embryonic stem cells into ECs, expression of pro-

angiogenic HOXA3 and HOXD5 is increased during the early proliferative/migratory 

phase, while anti-angiogenic HOXA5 and HOXD10 are expressed during the maturation 

phase [79].  Similarly, during mesenchymal stem cell differentiation to ECs, expression 

of HOXA7 and HOXB3 was increased while the expression of HOXA3 and HOXB13 

was decreased [80].  Thus, the differential expression of homeobox genes modulates 

target gene expression and regulates angiogenesis. 

 

1.3. Mesenchyme homeobox gene family; MEOX1 and MEOX2 

The MEOX1 and MEOX2 genes belong to the ANTP class, HOXL subclass, of 

homeobox genes and comprise the Meox gene family.  The MEOX genes were named 

after their restricted expression in the mouse embryo, initially in the mesoderm derived 
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somites and later in mesenchymal tissues.  As discussed in this section, MEOX1 and 

MEOX2 are involved in the development of muscle and bone and are important 

regulators of vascular function.  Identification of downstream targets of the MEOX 

proteins has been instrumental in understanding their role in development and in the 

regulation of cardiovascular cell types. 

1.3.1. Discovery and comparison 

1.3.1.1. Cloning of the human MEOX genes 

The human MEOX1 and MEOX2 genes were identified in 1994 [81-83].  The 

human MEOX1 gene is located on the long arm of chromosome 17 (q21) [81], whereas 

the human MEOX2 gene is located on the short arm of chromosome 7 (p21-p22) [82,83]. 

1.3.1.2. Domains and percent amino acid identity 

We analyzed the degree of conservation between the various functional domains 

of human MEOX1 and MEOX2 proteins (Figure 1-2) [84].  While the amino acid 

composition of the MEOX1 and MEOX2 homeodomains is nearly identical (95%), there 

is a much lower percentage of amino acid identity between MEOX1 and MEOX2 outside 

of this domain (Figure 1-2) [84].  The homeodomain is the DNA-binding domain of the 

MEOX proteins.  However, the MEOX homeodomains have also been shown to act as 

protein-protein interaction domains, as in the case of MEOX2 binding to the paired box 3 

(PAX3) protein and MEOX1 binding to the sex determining region Y-box 10 (SOX10) 

protein [85,86]. 

The N-terminus and middle domain are the next most conserved domains between 

the MEOX1 and MEOX2 proteins, with 35% and 38% amino acid identity, respectively 

(Figure 1-2) [84].  There are currently no known functions for the MEOX N-terminal   
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Figure 1-2:  The MEOX homeodomain is well conserved. 

The amino acid sequence of the corresponding human MEOX1 and MEOX2 protein 

domains were aligned and compared using the protein Basic Local Alignment Search 

Tool (BLASTP) program from NCBI (http://blast.ncbi.nlm.nih.gov) by enabling the 

‘align two or more sequences’ option [92]. 
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domain.  However, the middle region, along with the homeodomain, was shown to be 

important in the regulation of p16
INK4a

 expression [87].  In addition, the middle region of 

MEOX2 is sufficient for binding to ring finger protein 10 (RNF10) [88] and zinc finger 

protein 672 (ZFP672) (Appendix A).  These results suggest that the middle domain of the 

MEOX proteins may play a role in mediating protein-protein interactions. 

Unlike MEOX2, MEOX1 does not contain a histidine/glutamine rich domain, which 

is a putative transactivation domain [89].  Previously, the histidine/glutamine rich domain 

of MEOX2 was shown to be important for the ability of MEOX2 to activate transcription 

from the p21
CIP1/WAF1

 upstream promoter region, as deletion of this domain dramatically 

decreased MEOX2 induced reporter gene expression [89].  Similar 

polyhistidine/polyglutamine rich motifs are found in other human proteins [90], such as 

the homeodomain transcription factor HOXA1, a known transcriptional activator [91]. 

1.3.2. Evolution of the MEOX genes 

1.3.2.1. MEOX gene homologs 

MEOX genes are found in many species throughout the animal kingdom; however, 

the number of MEOX genes present within the different genomes is varied.  Orthologs of 

human MEOX1 and MEOX2 have been cloned from vertebrates such as the mouse (Mus 

musculus) [93], rat (Rattus rattus) [94] and chicken (Gallus gallus) [95].  In addition, the 

Xenopus laevis (frog) ortholog of MEOX2 has been described; however the authors were 

unable to identify a MEOX1 ortholog in the frog [96].  The single Xenopus meox gene is 

likely a MEOX2 ortholog as it contains a histidine/glutamine rich domain, which is not 

present in MEOX1.  The amino acid sequence of rat Meox2 is 98% identical to human, 

99% identical to mouse, 95% identical to chicken and 86% identical to frog meox2 
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[82,95,96].  The MEOX2 homeodomain is 100% conserved at the amino acid level 

between all of these species.  

A single MEOX gene homolog is also present in the genome of non-vertebrates such 

as Branchiostoma floridae (lancelet) [97], Ciona intestinalis (sea squirt) [98], 

Saccoglossus kowalevskii (hemichordate worm) [99], Drosophila melanogaster (fruit fly) 

[100], Haliotis rufescens and Haliotis asinina (mollusc) [101,102], Dugesia tigrina 

(planarian, non-parasitic flatworm) [103] and Hydra magnipapillata [104].  Interestingly, 

the Parazoanthus parasiticus (sponge) genome has two MEOX gene homologs [105] and 

the Caenorhabditis elegans (roundworm) genome lacks any identifiable MEOX genes 

[106,107].  MEOX gene homologs in lower animals have been identified based on the 

high degree of nucleic acid sequence conservation within the MEOX homeobox and 

suggests that the MEOX genes are very important. 

1.3.2.2. MEOX gene ancestry 

Phylogenetic sequence analysis of homeodomain amino acid sequences identified 

the MEOX genes as being ANTP class homeobox genes [108].  From analysis of the 

chromosomal location of ANTP class of homeobox genes in human and mouse it was 

further concluded that the MEOX and EVX genes belong to the extended HOX gene 

cluster [109].  MEOX1 and MEOX2 are found to be loosely linked to the HOXB and 

HOXA gene clusters, respectively [107,109].  Based on sequence similarity, it is proposed 

that EVX and MEOX gene families arose from a single ancestor gene and that this gene 

was linked to the ProtoHOX gene cluster [107].  Tandem duplication of this homeobox 

gene cluster created the extended HOX cluster and ParaHOX cluster [107].  Breakage of 

the tandem clusters resulted in the EVX gene at the posterior end of the HOX cluster, the 
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MEOX gene at the anterior end of the HOX cluster and isolation of the ParaHOX cluster 

[107].  Due to the close proximity and sequence similarity of EVX, MEOX and HOX 

genes, it is postulated that the MEOX/EVX gene ancestor and the ProtoHOX gene 

ancestor arose from duplication of a single HOX-like gene [46].  Furthermore, as MEOX1 

and MEOX2 are both found anterior to a HOX gene cluster, it is likely that the MEOX 

gene duplication which gave rise to the MEOX1 and MEOX2 paralogs occurred as an 

extension of a HOX cluster duplication event [46]. 

1.3.3. Embryonic gene expression 

1.3.3.1. Human 

There is very limited knowledge regarding MEOX gene expression in humans.  

MEOX1 was shown to be expressed in skin during the first and second trimester of 

development, as well as in neonatal skin [110].  MEOX1 mRNA was detected in the 

epidermis, dermis and cells of the hair follicles during the second trimester, while in the 

third trimester MEOX1 mRNA expression was restricted to the cells within the inner 

layer of hair follicles [110].  In contrast, MEOX1 was not expressed in adult skin [110]. 

MEOX2 was shown to be expressed in human placenta [111].  MEOX2 mRNA 

expression was detected in trophoblast cells in the first trimester, third trimester and term 

placentas [111,112].  Furthermore, MEOX2 mRNA expression was also detected in 

placental macro- and micro-vascular ECs [113]. 

1.3.3.2. Other vertebrates 

1.3.3.2.1. Mouse 

Placing the Cre recombinase gene under the control of the endogenous mouse Meox 

gene promoters has allowed various researchers to study the initial temporal and spatial 
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expression of Meox genes during embryonic development by screening for reporter gene 

activation.  Using this approach, Tallquist et al. [114] demonstrated that Meox2 is first 

expressed in epiblast cells of the mouse blastocyst at embryonic day (E) 5.5. 

Embryonic Meox1 expression commences at the onset of somite development, at 

E7.5 in the presomitic mesoderm [115,116].  Meox1 mRNA expression remains confined 

to the presomitic mesoderm and developing somites through to approximately E11.5 

when it then also becomes expressed in the pharyngeal arches and the outflow tract of the 

heart [93,115].  Meox1 mRNA is not expressed in the mouse limb buds until E11.5, at 

which time the expression is very low [117,118].  At later stages (E12.5-14.5), Meox1 

mRNA is expressed in the mesenchyme of various developing organs including: gut, 

body wall, truncus arteriosus and atrioventricular cushions of the heart, kidney, ribs, 

vertebrae, tongue, jaw and eye muscles [93].  Meox1 mRNA expression in the developing 

mouse embryo is highest during somitogenesis (E9.5); however, Meox1 expression is 

maintained throughout embryonic development [119]. 

Meox2 mRNA is not expressed in the presomitic mesoderm, but is expressed in the 

somites at E8.5 [93].  At E11.5 Meox2 mRNA expression is detected in the limb buds, 

mesenchyme of the kidney and palate [115,120,121].  Alluding to its importance in 

muscle development, MEOX2 protein expression has been found in all three types of 

muscle during development; myocardium of the heart, smooth muscle of the gut and 

stomach and skeletal muscles of the head, trunk and limbs [122]. 

1.3.3.2.2. Chick 

The embryonic expression of Meox1 and Meox2 mRNA in the chick is comparable to 

that of the mouse.  Meox1 mRNA expression in the developing chick embryo starts in the 
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pre-somitic mesoderm (stage 6), becomes localized throughout the developing somites 

(stage 10) and is later restricted to the posterior halves of the somites (stage 20) [118].  At 

stage 20, Meox1 mRNA is also detected in the tail bud, first pharyngeal arch and the 

lateral rectus muscles of the eye [118].  At stage 22, Meox1 mRNA becomes expressed in 

the dorsal and ventral regions of limb buds and at stage 25, Meox1 mRNA is also 

detected in the fourth and fifth pharyngeal arches, truncus arteriosus of the heart and the 

oesophagus [118]. 

Meox2 mRNA expression in the developing chick embryo commences within the 

formed somites (stage 11), and like Meox1, later becomes restricted to the posterior 

halves of the somites (stage 20) [95,118].  At stage 21, Meox2 mRNA expression is 

detected in the myoblasts of the chick limb buds and then in the dorsal and ventral 

regions (pre-muscle masses) of the limb buds at stage 22 [95,118].  At stage 25, Meox2 

mRNA is detected in the second pharyngeal arch [118].  MEOX2 protein is expressed in 

the epicardium and myocardium of the chick heart during the late stages of development 

(stages 35-39) [123]. 

Thus, the expression patterns of Meox1 and Meox2 are similar, but are largely non-

overlapping.  For example, expression of Meox1 and Meox2 mRNA is detected within the 

dorsal and ventral regions of the developing limb bud, but are only co-expressed in a 

fraction of these regions [118]. 

1.3.3.2.3. Frog 

During Xenopus (frog) development, meox2 mRNA expression begins at the 

gastrulation stage and increases until the tailbud stage, where it is expressed 
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predominantly in the trunk and tail [124].  Xenopus meox2 mRNA expression was 

detected in undifferentiated mesoderm [124]. 

1.3.3.3. Non-vertebrate animals 

As mentioned above, a single MEOX gene homolog is found in several non-

vertebrate organisms of the animal kingdom and for a few, embryonic expression of these 

MEOX homologs has been studied.  For example, during somitogenesis, the 

Branchiostoma floridae (lancelet) MEOX gene is expressed in the anterior portion of the 

presomitic mesoderm and newly formed somites [97].  MEOX mRNA expression in the 

established somite decreases as the subsequent somite is being shaped and is completely 

lost by the time a new somite is fully formed [97].  During Ciona intestinalis (sea squirt) 

development, MEOX gene expression is located in the tail muscles of the embryo [125].  

The Saccoglossus kowalevskii (hemichordate worm) MEOX gene is expressed in the 

mesoderm along the ventral midline of the developing embryo [99].  Similarly, MEOX 

gene expression in Haliotis (mollusc) is limited to the ventral mesoderm that develops 

into the foot muscle [102].  MEOX was not expressed in the early Haliotis embryo, but 

was present during mesodermal differentiation in the larval and post-larval stages [101]. 

The MEOX homolog of Drosophila melanogaster, known as buttonless (btn), is most 

highly expressed during the early stages of embryonic development of the fruit fly, 

although very low levels of mRNA transcript were detected in all later stages of 

development as well as in adult [100].  During the early stages of development, btn is 

highly expressed in the mesoderm-derived dorsal median cells [100].  These cells guide 

nerve axon extension from the dorsal midline to the muscles of the body wall.  In the 
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absence of btn, dorsal median cells are absent and median nerve outgrowth does not 

occur [100]. 

1.3.4. Role in development 

In order to elucidate the role of MEOX1 and MEOX2 during embryonic 

development, Meox genes were knocked out in the mouse, individually and in 

combination [126].  Compound heterozygous mice (Meox1
+/-

, Meox2
+/-

) developed 

normally, while the Meox1 gene knockout mice (Meox1
-/-

, Meox2
+/-

) had axial skeleton 

abnormalities and the Meox2 gene knockout mice (Meox1
+/-

, Meox2
-/-

) had reduced limb 

musculature [117,126,127].  Skeletal malformations in Meox1 deficient mice included 

deformed ribs (missing or bifurcated), hemivertebrae in the lumbar and sacral regions, as 

well as fused cranial-cervical joints and tail vertebrae, causing these mice to appear 

smaller and with short kinked tails [126,127].  Meox1 gene knockout mice do not have 

musculature defects [126], nor do they have a compensatory increase in Meox2 

expression [127].  Meox2 deficient mice, in addition to musculature defects, have very 

mild skeletal defects characterized by fused tail vertebrae [126].  Furthermore, 10%-35% 

of homozygous Meox2 gene knockout mice have cleft palates, a phenotype that also 

occurs in Meox2 heterozygous mice [117,121]. 

Double Meox gene knockout mice (Meox1
-/-

, Meox2
-/-

) lack an axial skeleton (no ribs, 

no vertebrae in the lumbar or tail region, malformed vertebrae in the cervical and thoracic 

region) and have missing or reduced skeletal musculature in the head, neck, trunk and 

limbs [126].  In addition, double Meox gene knockout mice lacked the dorsal brown fat 

depot [126].  Thus, the developmental defects observed in the double Meox knockout 

mice are more severe than the combined abnormalities observed in each of the single 
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Meox gene knockout mice.  This finding indicates that MEOX1 and MEOX2 have both 

redundant and distinct roles during development; MEOX1 has a larger role in formation 

of the skeleton and MEOX2 has a larger role during skeletal muscle formation [126]. 

Malformations in the double Meox gene knockout mice resulted from defects in 

somite differentiation, including lack of epithelialization and absence of anteroposterior 

polarity [126].  Indeed, reduced mRNA expression of transcription factor 15 (Tcf15; also 

known as paraxis) and delta-like 1 (Dll1), which are involved in epithelisation and 

anteroposterior polarity of the somites, was observed in double Meox gene knockout mice 

[126].  The somites give rise to the dermis of the skin, skeletal muscle and vertebrae, thus 

accounting for the observed defects in the Meox gene knockout mice. 

1.3.4.1. Axial skeleton 

Akin to the double Meox gene knockout mice, Meox1 deficient mice have defects in 

somite differentiation; although epithelisation occurs normally, there is a lack of 

anteroposterior sclerotome polarity [127].  The sclerotome is the portion of the somites 

that gives rise to the vertebrae and ribs.  The sclerotome is composed of loose, lowly 

proliferative mesenchyme in the anterior compartment and dense, highly proliferative 

mesenchyme in the posterior compartment [126,127].  The mRNA expression of Pax1, 

Pax9, twist homolog 1 (Twist1) and forkhead box C2 (FoxC2), which are involved in 

sclerotome differentiation, are decreased in double Meox gene knockout mice [126].  

Although Meox1 deficient mice also have skeletal abnormalities, no change in Pax1, 

Pax9 or FoxC2 mRNA expression was detected in these mice [127]. 

However, Meox1 gene knockout mice have reduced or abolished mRNA expression 

of UNC homeobox (Uncx) and T-box 18 (Tbx18), respectively [127].  These factors are 
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involved in the control of cell proliferation and anteroposterior somite polarity [127].  

Moreover, MEOX1 binds to the upstream promoter region of the Uncx and Tbx18 genes 

in vivo, indicating that they are direct transcriptional target genes of MEOX1 during 

embryonic development [127].  Loss of sclerotome polarity due to reduced Uncx and 

Tbx18 expression is likely the cause of the vertebral fusions seen in Meox1 deficient 

mice. 

Furthermore, NK3 homeobox 2 (Nkx3-2; also known as Bapx1) mRNA expression is 

reduced in Meox1 gene knockout mice [127,128], and absent in double Meox gene 

knockout mice [128].  This finding indicates that both MEOX1 and MEOX2 are involved 

in the maintenance of Nkx3-2 expression during embryonic development.  NKX3-2 is a 

regulator of cell proliferation and chondrogenic differentiation (cartilage formation) of 

the sclerotome [127].  Nkx3-2 was shown to be a direct transcriptional target gene of 

MEOX1 [128].  MEOX1 binds to the Nkx3-2 upstream promoter region and can activate 

transcription from this region via a TAATTA motif (located between -880 bp and -620 bp 

relative to the transcriptional start site) [128].  MEOX2 was also shown to be able to bind 

this motif [128].  Furthermore, co-expression of PAX1 or PAX9 increases MEOX1 

induced transcription from the Nkx3-2 upstream promoter region [128].  Inhibition of 

sclerotome differentiation due to the loss of Nkx3-2, Pax1 and Pax9 expression in Meox1
-

/-
, Meox2

-/-
 mice can explain the lack of axial skeleton formation. 

Thus, MEOX1 and MEOX2 regulate skeletal development at early stages of 

embryonic development by up-regulating the expression of genes that are essential for 

sclerotome polarity and differentiation. 
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1.3.4.2. Myogenesis 

Meox2 gene knockout mice lack specific limb muscles and have reduced muscle 

mass in the remaining muscles [117].  This reduction in muscle mass was shown to be 

due to a reduction in the number of myofibers [129].  Furthermore, Meox2 deficient mice 

have a diminished number of skeletal muscle stem cells (Pax7
+
, Myogenin

+
) in the 

developing limb muscles [129].  Consistent with this finding, the mRNA expression of 

Pax3, Pax7, myogenic factor 5 (Myf5) and myogenin (Myog), which are involved in 

skeletal myogenesis, are decreased in double Meox gene knockout mice [126].   

Pax3 and Meox2 mRNA are co-expressed in myoblasts of the developing mouse and 

chick limb buds [117,118].  Meox2 mRNA expression is reduced in the mouse limb bud 

of Pax3
-/-

 mice and Pax3 mRNA expression is reduced in the mouse limb bud of Meox2
-/-

 

mice [117], suggesting a positive regulatory loop between Pax3 and Meox2.  In addition, 

MEOX2 and PAX3 proteins have been shown to interact [85].  The mRNA expression of 

the myogenic regulatory factor Myf5 is also decreased in the limb bud of Meox2 deficient 

mice [117].  PAX3 and MEOX2 are capable of binding to the Myf5 limb enhancer (a 

homeo/paired binding motif sufficient to drive Myf5 expression in the limb muscle 

progenitor cells), but could not activate transcription from the Myf5 limb enhancer in 

either 10T1/2 fibroblasts or C2C12 myoblasts [130].  Furthermore, a Myf5 limb enhancer 

reporter gene is equally expressed in the limbs of Meox2
+/+

 and Meox2
-/-

 mice [130].  

Thus, the regulation of Myf5 by MEOX2 functions through a different enhancer region. 

Unlike Meox2, Meox1 is not highly expressed in the developing mouse limb bud 

[117,118].  In the chick limb bud, the region of Meox1 mRNA expression overlaps with 

Pax3; however, cellular co-expression was not detected [118].  Furthermore, the 
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expression of Pax3 was unaffected in Meox1
-/-

 mice [127], which is consistent with the 

lack of limb muscle phenotype in these mice [126].  However, due the severity of the 

myogenic defects in the double Meox gene knockout mice, it is evident that Meox1 has a 

role in muscle development. 

The mouse embryonic carcinoma cell line, P19, can be induced to differentiate into 

cardiac and skeletal muscle cells in the presence of dimethyl sulfoxide (DMSO) and is 

therefore a frequently utilized model for the study of myogenesis.  Addition of DMSO to 

P19 cells induces Meox1 mRNA expression [131,132].  MEOX1 over-expression in P19 

cells is sufficient to induce cardiomyogenesis in the absence of DMSO and up-regulate 

the expression of pro-myogenic genes, such as Nkx2-5, GATA binding protein 4 (Gata4) 

and myocyte enhancer factor 2C (Mef2C) [133].  Combined addition of retinoic acid and 

DMSO prevents cardiac myogenesis, increases skeletal muscle myogenesis and further 

increases Meox1 mRNA expression [131].  Both inhibition (citral treatment) and 

augmentation (all-trans retinoic acid treatment) of retinoic acid signalling in the 

developing chick limb bud has been shown to down-regulate the expression of both 

Meox1 and Meox2 mRNA [134].  Indeed, the retinoic acid receptor binds to the Meox1 

upstream promoter region in P19 cells [131], indicating that Meox1 is a direct target of 

retinoic acid signalling during myogenesis. 

The sonic hedgehog signalling pathway also influences Meox1 expression and 

myogenesis.  Over-expression of dominant negative GLI-Kruppel family member 2 

(GLI2, a mediator of sonic hedgehog signalling) prevents Meox1 induction in P19 cells 

and skeletal myogenesis [135,136].  Reciprocal activation exists between MEOX1 and 

GLI2 in P19 cells [135].  Inhibition of hedgehog signalling, using cyclopamine, delays 
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the up-regulation of Meox1 expression in P19 cells undergoing myogenesis [137].  In 

addition, myogenic differentiation 1 (MYOD1), a protein required for skeletal muscle 

differentiation, binds to the Meox1 upstream promoter region and activates Meox1 

mRNA expression in P19 cells [138]. 

Hence, MEOX proteins are required for the induction and maintenance of pro-

myogenic protein expression that is necessary for the specification of muscle cells.  

However, it was recently shown using C2C12 myoblasts that inhibition of Meox2 

expression by microRNA (miR)-1 and miR-206 is required for terminal differentiation of 

myoblasts into myotubes [139]. 

1.3.4.3. Pharyngeal arch 

Kirilenko et al. [140] demonstrated that Meox1 expression in the second 

pharyngeal arch is activated by the homeodomain protein HOXA2.  Meox1 is a direct 

transcriptional target of HOXA2, which binds to the Meox1 upstream promoter region in 

vivo and activates Meox1 transcription though two conserved homeodomain binding sites 

[140].  Meox2 is also expressed in the second pharyngeal arch of mice and in tissue of the 

middle and inner ear of rat [140,141].  Furthermore, both Meox1 and Meox2 genes have 

to be knocked out in mice for morphological defects to arise in the derivatives of this arch 

(middle ear) [140].  This suggests that Meox2 is also a target gene of HOXA2 in the 

second pharyngeal arch.  Like Meox1, Nkx3-2 expression is lost in the HoxA2 gene 

knockout mice, indicating that HOXA2 may regulate Nkx3-2 (a MEOX1 target gene) 

expression in the second pharyngeal arch via increased MEOX1 (and potentially 

MEOX2) expression [140,142]. 
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1.3.4.4. Palate 

Meox2, but not Meox1, is expressed in the developing mouse palate [121].  Meox2 

mRNA expression is confined to the posterior portion of the palate shelves, which will 

eventually form the soft palate [121,143,144].  Initially, the Meox2 domain expression 

covers >70% of the palate shelf, but as the palate shelves grow to meet one another, the 

Meox2 expression domain shrinks to the posterior 25% of the palate shelf [143].  

Approximately 10-35% of Meox2 deficient mice develop cleft palate [117,121].  Clefts 

were shown to occur after plate shelf fusion, indicating that MEOX2 is required for the 

maintenance of this seam [121], via unknown mechanisms.  

1.3.4.5. MEOX genes and EMT 

Due to the expression of MEOX2 in areas where sheets of mesenchymal and 

epithelial cells contact, several reports have suggested a role for MEOX2 in establishing 

proper epithelial-mesenchymal interactions during mouse and human development of 

various embryonic and extra-embryonic structures such as the palate [121,144], teeth 

[145], kidney [120] and placenta [112].  Over-expression of MEOX2 was shown to block 

epithelial-mesenchymal transition (EMT) induced by transforming growth factor β1 

(TGF-β1) in human keratinocytes [146].  Furthermore, silencing of Meox2 expression 

enhances induced pluripotent stem cell (iPSC) generation from mouse fibroblasts, a 

process of cellular reprogramming that is dependent upon mesenchymal-epithelial 

transition (MET) [147]. 

In addition, bioinformatic analysis of genes expressed during periods of MET in 

several mouse tissues at different developmental stages identified MEOX1 as a candidate 

transcriptional regulator of MET during mouse development [148,149].  Indeed, Meox1 
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was shown to be expressed in mesenchyme of the atrioventricular cushions and truncus 

arteriosus of the heart, which arise from the EMT of the endocardial layer [93]. 

1.3.5. Functions of the MEOX proteins in the cardiovascular system 

Post-natal MEOX2 expression is principally confined to the cardiovascular system.  

In the adult rat, high levels of Meox2 mRNA expression were detected in the heart and 

aorta [94].  Furthermore, MEOX2 is expressed in VSMCs and ECs of human arteries 

[150].  Consequently, many studies have focused on the function of MEOX2 within the 

cells of the vasculature. 

In contrast, the expression and function of MEOX1 has been studied much less in the 

context of the cardiovascular system, although MEOX1 was shown to be expressed in 

cardiomyocytes and cardiac fibroblasts [151], as well as in endothelial cells [152]. 

1.3.5.1. Vascular smooth muscle cells 

In rat VSMCs, the expression of Meox2 mRNA is down-regulated in vitro in 

response to serum and growth factors, as well as in vivo in response to vascular injury 

[94,153,154].  The expression of Meox2 is down-regulated within 1-4 hours of growth 

factor stimulation or injury and remains low for 24 hours, following which it begins to 

return to normal levels [94,153].  Hence, MEOX2 expression is reduced in VSMCs in 

response to proliferative signals. 

Over-expression of MEOX2 in VSMCs inhibits cell proliferation [155-157].  This is 

due to MEOX2 induced transcriptional up-regulation of the cyclin-dependent kinase 

(CDK) inhibitor p21
CIP1/WAF1

, decreased CDK2 activity and subsequent cell cycle block 

in the G1 phase [156].  Up-regulation of p21
CIP1/WAF1 

expression by MEOX2 was shown 
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to be independent of p53, as MEOX2 was able to increase p21
CIP1/WAF1 

transcription and 

inhibit cell proliferation in p53 deficient mouse embryonic fibroblasts [156]. 

Similar to proliferation, MEOX2 over-expression prevents VSMC migration in 

response to growth factors [158].  Consistent with decreased cell migration, MEOX2 

over-expression reduced the cell surface expression of integrin αv/β3 and αv/β5 (cell 

surface receptors involved in extracellular matrix attachment), due to the down-regulation 

of the β3 and β5 protein subunits [158].  Furthermore, MEOX2 requires p21
CIP1/WAF1 

for 

the inhibition of integrin β3 and β5 expression as well as cell migration [158].  MEOX2 

over-expression was also shown to decrease integrin α2 mRNA expression in VSMCs 

[154]. 

Serum stimulation of MEOX2 over-expressing quiescent VSMCs induced apoptotic 

cell death [157,159].  Apoptosis induction by MEOX2 is independent of p21
CIP1/WAF1

, 

p53 and cell cycle inhibition [160].  Rather, MEOX2 induced apoptosis is a result of 

post-translational changes in the levels of anti-apoptotic B-cell CLL/lymphoma 2 (BCL2) 

expression (decreased) and pro-apoptotic BCL2-associated X protein (BAX) expression 

(increased) [160].  

In accordance with its roles in preventing proliferation and migration in isolated 

VSMCs, MEOX2 over-expression has been shown to reduce thickening of the medial 

VSMC layer and artery occlusion following balloon angioplasty-induced vascular injury 

in vivo [155,156,161].  Furthermore, attenuated integrin β3 and β5 protein expression as 

well as increased numbers of apoptotic cells were observed in the medial VSMC layer of 

injured arteries over-expressing MEOX2 [158,160]. 
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Angiotensin II, a potent vasoconstrictor, also decreases Meox2 mRNA expression in 

VSMCs, while the vasodilator c-natriuretic peptide increases Meox2 mRNA expression 

in VSMCs [162].  Angiotensin II stimulated decrease of Meox2 expression in VSMCs 

was shown to be dependent upon ROS production and the subsequent activation of the 

mitogen-activated protein kinases 1 and 3 (MAPK1/3; also known as extracellular signal-

regulated kinases 1 and 2, ERK1/2) [163].  Another mechanism by which angiotensin II 

was shown to reduce Meox2 expression is through miR-130a.  Spontaneously 

hypertensive rats are an animal model of the vascular remodelling that occurs in 

hypertensive patients.  These rats display increased circulating levels of angiotensin II 

and thickening of the VSMC layer, indicative of enhanced proliferation.  Compared to 

normal rats, spontaneously hypertensive rats were shown to have significantly increased 

miR-130a expression and reduced Meox2 mRNA expression in the aorta and superior 

mesenteric artery [164].  Consistent with this, treatment of isolated VSMCs with 

angiotensin II was shown to augment miR-130a expression and thereby decrease Meox2 

expression and increase cell proliferation [164]. 

In addition, down-regulation of Meox2 expression was observed in the lungs of rats 

exposed to hypoxia [165].  Similar to the spontaneous hypertensive rat model, hypoxia 

causes pulmonary hypertension that results in thickening of the pulmonary arterioles due 

to increased VSMC proliferation, which can be prevented by MEOX2 over-expression 

[165]. 

In isolated VSMCs, MEOX2 over-expression prevented hypoxia-induced 

phosphorylation of MAPK1/3 and cell proliferation.  Furthermore, MEOX2 over-

expression decreased BCL2 protein expression, increased BAX protein expression and 
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induced apoptosis in hypoxia treated VSMCs [165,166].  Conversely, knockdown of 

Meox2 under normoxic conditions (when expression is high) causes increased VSMC 

proliferation and BCL2 expression.  Treatment of VSMCs with a MAPK kinase inhibitor 

(U0126) prevented hypoxia-induced repression of Meox2 expression and induction of cell 

proliferation [165]. 

At the level of the MEOX2 promoter, transcription was shown to be mediated by the 

SP1 transcription factor and MEF2A in VSMCs [167].  SP1 and MEF2A bound to their 

respective binding sites in the minimal MEOX2 upstream promoter region (-125 bp to -75 

bp relative to the transcription start site (TSS)) [167]. 

1.3.5.2. Adventitial fibroblasts 

The adventitia is the external connective tissue layer that surrounds the VSMCs.  

Adventitial fibroblasts (AFs) secrete collagens, the major component of the adventitia.  

Akin to VSMCs, MEOX2 inhibits AF proliferation, migration and adhesion, while 

inducing AF apoptosis [168].  In addition to increasing p21
CIP1/WAF1

 expression, MEOX2 

over-expression in AFs was also shown to up-regulate the expression of the CDK 

inhibitor p16
INK4a

 and decrease the expression of CDK4 [168].  Consistent with decreased 

migration and adhesion, MEOX2 over-expression in AFs decreased the expression of 

integrin β1, focal adhesion kinase (Fak), and their downstream signalling mediators, 

protein tyrosine kinase 2β (Ptk2b), Kirsten rat sarcoma viral oncogene homolog (Kras), 

mitogen-activated protein kinase kinase 1 (Map2k1) and mitogen activated protein kinase 

14 (Mapk14; also known as p38) [168].  Furthermore, MEOX2 over-expression also 

blocked TGF-β induced AF proliferation and migration, likely due to the down-

regulation of its downstream signalling mediators SMAD family member 2 (Smad2), 
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Smad3 and Smad4 [168].  In contraposition, knockdown of Meox2 expression in AFs had 

the opposite effect to that of MEOX2 over-expression [168]. 

An in vivo study by Liu et al. [169] on the effects of MEOX2 over-expression 

following lipopolysaccharide treatment of the external surface of the aorta showed that 

MEOX2 inhibits vessel occlusion due to medial and adventitial thickening.  Like vascular 

injury induced by balloon angioplasty and hypertension, which cause damage to the 

intimal layer of the vessel, Meox2 expression is decreased in response to adventitial 

inflammation and over-expression of MEOX2 in the vasculature can inhibit vascular 

remodeling induced by adventitial inflammation [169].  The decrease in expression of 

integrin and TGF-β signalling molecules seen in isolated AFs over-expressing MEOX2 

was recapitulated in whole vessels over-expressing MEOX2.  In addition, decreased 

expression of many pro-inflammatory proteins (including, but not limited to, interleukins, 

matrix metallopeptidases, nuclear factor kappa-light-chain-enhancer of activated B cells 

(NFκB), VCAM-1 and ICAM-1) was observed in aortic tissue [169].  As whole vessel 

tissue was used to assess gene expression changes, these results reflect VSMCs, AFs and 

to a lesser extent ECs; however, many of these changes were confirmed in vitro in 

isolated AFs [169]. 

1.3.5.3. Endothelial cells 

As in VSMCs and AFs, MEOX2 over-expression in ECs increases p21
CIP1/WAF1

 

expression and decreases cell proliferation and migration [89,150,155,170] (Figure 1-3).  

Furthermore, MEOX2 modulates EC tube formation in vitro and angiogenesis in vivo, in 

a dose dependent manner, where both over-expression and knockdown of MEOX2 inhibit 

the formation of new vessel structures by ECs [150,170,171] (Figure 1-3).  The inhibitory   
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Figure 1-3:  Functional roles of MEOX2 in endothelial cells.  
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Figure 1-3:  Functional roles of MEOX2 in endothelial cells.  MEOX2 increases 

p21
CIP1/WAF1 

expression and decreases EC proliferation and migration.  MEOX2 has also 

been shown to inhibit tube formation in a dose dependent manner.  MEOX2 binds to 

NFκB and blocks its ability to activate target genes, including ICAM-1, V-CAM-1, E-

selectin and IL-6.  MEOX2 increases the expression of the pro-apoptotic BAX protein by 

an unknown mechanism.  Loss of MEOX2 expression also leads to apoptosis through 

activation of FOXO4 expression.  In response to growth signals, the expression of 

MEOX2 is repressed by miR-130a.  Blue minus signs indicate a negative effect on gene 

expression by MEOX2.  Red plus signs indicate a positive effect on gene or protein 

expression by MEOX2. White circles represent the basal transcription machinery. 
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effect of MEOX2 over-expression on EC tube formation was shown to require the N-

terminal region (consisting of the N-terminal, histidine/glutamine rich and middle 

domains) and the homeodomain [172]. 

In 2007, Chen et al. [89] described the mechanism of MEOX2 mediated p21
CIP1/WAF1

 

transcriptional activation in ECs.  These authors showed that deletion of either the 

homeodomain or the histidine/glutamine rich domain of MEOX2 abolishes transcription 

activation from the p21
CIP1/WAF1

 upstream promoter region, while deletion of the C-

terminal domain or the entire N-terminal region, only reduces p21
CIP1/WAF1

 upstream 

promoter activation by MEOX2 [89].  Similarly, deletion of the homeodomain prevents 

the inhibition of cell proliferation by MEOX2, while deletion of the N-terminal region 

only reduces its effect [89], suggesting that cell proliferation is dependent upon 

p21
CIP1/WAF1

.  Furthermore, deletion of the homeodomain binding sites from the 

p21
CIP1/WAF1

 upstream promoter region abolished MEOX2 activation of transcription from 

the p21
CIP1/WAF1

 promoter [89].  Chromatin immunoprecipitation (ChIP) and 

electrophoretic mobility shift assays (EMSAs) showed that MEOX2 binds (via the 

homeodomain) to ATTA rich motifs located throughout the p21
CIP1/WAF1

 gene locus (from 

approximately 9.6 kb upstream of the transcriptional start site to within the first intron) 

[89].  Taken together, these authors concluded that MEOX2 activates p21
CIP1/WAF1

 gene 

transcription through a homeodomain-DNA-binding dependent mechanism.  

Furthermore, knockdown of MEOX2 abolished p21
CIP1/WAF1

 expression, but did not affect 

the expression of p53 [89]. 

Over-expression of MEOX2 in ECs was also shown to decrease the expression of 

NFκB target genes at the mRNA level, including E-selectin, VCAM-1 and ICAM-1, 
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which are all involved in EC to immune cell adhesion [170] (Figure 1-3).  In ECs, 

MEOX2 bound to the v-rel reticuloendotheliosis viral oncogene homolog A (RELA; also 

known as p65) subunit of NFκB, as well as to the NFκB inhibitor β (also known as IκB-

β) and caused their translocation from the cytosol to the nucleus [172] (Figure 1-3).  At 

low levels of over-expression, MEOX2 activated transcription from the NFκB target gene 

upstream promoter regions (inhibitor of DNA-binding 1 (ID1), ID3, interleukin 6 (IL-6) 

and ICAM-1).  Whereas at high levels of over-expression, MEOX2 inhibited transcription 

from these upstream promoter regions [172].  EMSAs were used to demonstrate that 

MEOX2 prevents NFκB binding to its consensus sequence [170,172].  Deletion of the 

entire N-terminal region or the homeodomain prevented the interaction of MEOX2 with 

RELA and transcriptional regulation from the NFκB target gene upstream promoter 

regions [172]. 

Treatment of ECs with β-carotene increased MEOX2 mRNA expression [173].  In 

contrast, MEOX2 expression in ECs is decreased by serum and growth factors [71,170].  

The MEOX2 upstream promoter region was shown to be unresponsive to serum or 

growth factor treatment in ECs [71], indicating that decreased MEOX2 expression is not a 

consequence of reduced gene transcription.  In silico analysis of the 3’ untranslated 

region (UTR) of MEOX2 mRNA identified many miR binding sites; however, only the 

expression of miR-130a was positively affected by increased serum concentration [71].  

Indeed, the ability of serum treatment to decrease MEOX2 expression was dependent 

upon miR-130a targeting the 3’UTR of MEOX2 mRNA, and subsequently causing its 

degradation [71] (Figure 1-3).  Furthermore, over-expression of miR-130a prevented the 

inhibitory effects of MEOX2 on EC proliferation, migration and tube formation [71]. 
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The antithesis is true for miR-221.  Serum stimulation decreases miR-221 

expression [174].  In ECs, miR-221 targets the 3’ UTR of the zinc finger E-box binding 

homeobox 2 (ZEB2) mRNA, leading to its degradation [174].  Upon serum stimulation, 

increased ZEB2 binding to the MEOX2 upstream promoter region, via two key binding 

sites, represses MEOX2 gene transcription [174]. Accordingly, miR-221 over-expression 

increases MEOX2 mRNA levels and inhibits EC migration and tube formation [174]. 

MEOX2 has also been shown to play a role in EC apoptosis [171].  Both 

knockdown and over-expression of MEOX2 leads to increased pro-apoptotic protein 

expression.  Specifically, knockdown of MEOX2 expression in ECs increased forkhead 

box O4 (FOXO4) expression (pro-apoptotic) and decreased BCL2-like 1 (BCL2L1) 

protein expression (anti-apoptotic), while over expression of MEOX2 decreased FOXO4 

expression, but increased pro-apoptotic BAX protein expression [171] (Figure 1-3).  

Thus, maintenance of an optimum level of MEOX2 expression may be critical for EC 

viability. 

1.3.6. MEOX genes and potential roles in human disease 

MEOX1 was postulated to be a candidate gene in three human diseases (Naegeli 

syndrome, Diaphanospondylodysostosis and Hyperostosis corticalis generalisata), but has 

now been eliminated as the genetic cause of these disorders [175-178].  At the present 

time, the only association of MEOX1 and human disease is in cancer.  

Dermatofibrosarcoma protuberans is a rare form of skin cancer and the region of human 

chromosome 17 which is commonly amplified in this disease includes the MEOX1 locus 

[179].  Consistent with this, MEOX1 mRNA expression was found to be significantly 

increased in dermatofibrosarcoma protuberans samples when compared to other soft 
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tissue tumour samples [179].  However, whether increased MEOX1 expression 

contributes to the progression of this type of cancer is unknown.  Recently, MEOX1 was 

also shown to be highly expressed with pre-B cell leukemia homeobox 1 (PBX1) in 

ovarian cancer tissues [180].  MEOX1 binds to PBX1 and is recruited to a subset of 

PBX1 target genes in the OVCAR3 ovarian cancer cell line, where it is required for target 

gene transcription [180].  Furthermore, knockdown of PBX1 prevents OVCAR3 

proliferation, which can be partially overcome by the concomitant over-expression of 

MEOX1 [180]. 

In contrast to MEOX1, altered MEOX2 gene expression has been documented in a 

number of human diseases, all of which have a vascular component.   

1.3.6.1. Hutchinson-Gilford Progeria Syndrome 

Hutchinson-Gilford Progeria Syndrome (HGPS) is a genetic disorder caused by 

mutations in the lamin A/C (LMNA) gene and is characterized by features of premature 

aging.  Affected individuals generally die around 13 years of age from myocardial 

infarction or stroke that is caused by accelerated atherosclerosis.  Csoka et al. [181] 

compared gene expression profiles of dermal fibroblasts from HGPS individuals that 

were heterozygous for the LMNA GGC>GGT mutation at codon 608 (G>G) to normal 

age-matched controls using microarray analysis.  They found that MEOX2 mRNA 

expression was up-regulated 29.1-fold in HGPS cells [181].  Furthermore, homozygous 

mutation for the LMNA AAG>AAC mutation at codon 542 (K>N) also causes HGPS 

and gene expression analysis of dermal fibroblasts revealed a 5.36-fold increase in 

MEOX2 expression in these cells [182]. 
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1.3.6.2. Alzheimer’s Disease 

Hallmarks of AD include decreased cerebral microvasculature and accumulation of 

neurotoxic Amyloid-β in the brain [183].  MEOX2 expression is decreased in human 

brain ECs from AD individuals [171].  These brain ECs have reduced tube formation 

capability and augmented levels of apoptosis as compared to age matched controls [171].  

Knockdown of MEOX2 in normal human brain ECs recapitulates the defects in tube 

formation and increased apoptosis observed in the brain ECs from individuals with AD 

[171].  Furthermore, restoration of MEOX2 expression in AD brain ECs increases tube 

formation [171]. 

Heterozygous Meox2 gene knockout mice (Meox2
+/-

) were found to have 

cerebrovascular defects including decreased cerebral blood flow, decreased cerebral 

capillary density and decreased cerebral angiogenesis in response to hypoxia [171].  

Brain ECs from Meox2
+/-

 mice have increased pro-apoptotic FOXO4 protein expression, 

decreased anti-apoptotic BCL2L1 protein expression and decreased tube formation 

capabilities [171], which is consistent with increased apoptosis and decreased 

cerebrovasculature.  In addition, Meox2
+/-

 mice have increased Amyloid-β retention in the 

brain due to decreased clearance across the blood brain barrier [171].  Expression of the 

mature form of low density lipoprotein receptor-related protein 1 (LRP1), the major 

amyloid-β clearance receptor at the blood-brain barrier, is decreased in brain ECs of 

Meox2
+/-

 mice and following knockdown of MEOX2 in normal brain ECs [171].  This 

was found to be due to decreased expression of LRP associated protein 1 (LRPAP1), a 

chaperone required for the proper folding of mature LRP1 [171].  Knockdown of MEOX2 
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in normal human brain ECs decreases LRPAP1 mRNA and protein expression [171], 

suggesting that LRPAP1 is a direct transcriptional target of MEOX2 transactivation. 

More recently, an analysis of copy number variation in autosomal dominant early-

onset AD individuals identified a duplication of a genomic region that includes the 

upstream promoter region and exon 1 of the MEOX2 gene [184].  Changes in MEOX2 

transcription level were not assessed, but the authors hypothesized that disruption of the 

regulatory region is likely to reduce MEOX2 function [184]. 

1.3.6.3. Hepatic portal hypertension 

The expression of MEOX2 mRNA is decreased in the splenic vein of individuals 

with portal hypertension [185].  Individuals with portal hypertension suffer from high 

blood pressure in the hepatic portal vein and its associated vessels [18].  This elevated 

pressure causes atherosclerotic plaques to develop within the splenic vein due to 

excessive proliferation of VSMCs within the vessel wall [18].  This condition often 

results in the hemorrhage of associated gastrointestinal vessels [18]. 

1.3.6.4. Cancer 

A genome-wide association study by Frullanti et al. [186] revealed that the strongest 

statistical association between a single-nucleotide polymorphism (SNP) and overall 

survival of individuals with lung adenocarcinoma was a SNP located in the first intron of 

the MEOX2 gene.  However, the effect of this SNP on MEOX2 gene expression has not 

been assessed.  Nevertheless, decreased MEOX2 gene expression has been associated 

with several forms of cancer.  Two major mechanisms have been shown to play a role in 

MEOX2 silencing in cancer: microRNAs and DNA methylation. 
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The 5’ UTR of the MEOX2 gene is 20% methylated in healthy adult lung and 40% 

methylated in adenocarcinomas and squamous cell lung cancer [187].  This differential 

level of methylation suggests that MEOX2 expression is decreased in this form of lung 

cancer, as methylation of the 5’ UTR of the MEOX2 gene was shown to be inversely 

correlated with mRNA expression in the lung [187].  Similarly, methylation of the 5’ 

UTR of the MEOX2 gene was significantly correlated with decreased MEOX2 expression 

in wild-type WT1 Wilms’ tumour tissue samples and cell lines [188].  However, 

compared to wild-type WT1 Wilms’ tumour tissue samples, mutant WT1 Wilms’ 

tumours have approximately 7-fold higher MEOX2 expression [189].  Methylation status 

of the MEOX2 5’ UTR was not assessed in this latter study; however, this finding 

indicates that decreased MEOX2 expression may not be a feature of all cancers. 

The expression of miR-130a is augmented in non-small cell lung cancer tissue and is 

positively correlated with smoking, lymph node metastasis, stage and poor prognosis 

[190].  As MEOX2 mRNA is a target of miR-130a mediated degradation [71], its 

expression is likely decreased in non-small cell lung cancer tissue.  In hepatocellular 

carcinomas, the expression of MEOX2 mRNA is decreased and the expression of miR-

301a is increased, when compared to adjacent non-tumour tissue [191,192].  

Furthermore, the expression of miR-301a is positively correlated with tumour stage (early 

versus late), while the expression of MEOX2 is negatively correlated with tumour stage 

and vascular invasion [191,192].  Moreover, a low level of MEOX2 protein expression in 

hepatocellular carcinoma tissue is associated with decreased overall patient survival 

[192].  In the human hepatocellular carcinoma cell line HepG2 and the human lung 

adenocarcinoma cell line A549, miR-301a targets the 3’ UTR of MEOX2 and thereby 
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causes MEOX2 mRNA degradation [191,193].  Inhibition of mir-301a in HepG2 and 

A549 cells leads to the up-regulation of MEOX2 mRNA and protein expression 

[191,193].  Inhibition of miR-301a expression in HepG2 cells decreased cell proliferation 

and migration, in addition to increasing apoptotic and necrotic cell death [191].  

Similarly, in A549 cells, inhibition of miR-301a decreased colony formation ability in 

soft agar [193].  Conversely, MEOX2 over-expression in A549 cells decreases 

proliferation and increases apoptosis [194,195]. 

Thus, down-regulation of MEOX2 expression may increase the growth of tumours by 

directly affecting cancer cell proliferation and migration.  Furthermore, as MEOX2 has 

been shown to play a role in the regulation of angiogenesis, decreased MEOX2 may also 

promote cancer progression by enabling increased tumour neovascularisation, thereby 

increasing nutrient supply and facilitating metastasis. 
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CHAPTER 2:   OVERALL RATIONALE, HYPOTHESES AND OBJECTIVES 

 

Vascular diseases, including cardiovascular (heart), cerebrovascular (brain) and 

peripheral vascular (all other vessels) diseases, are the leading cause of death worldwide 

[196].  In order to effectively prevent and treat vascular diseases, we must first better 

understand the normal physiology of blood vessels and the changes that occur during 

disease. 

The phenotype of a cell, at any given time, is determined by its gene expression 

profile.  EC dysfunction, the major hallmark of vascular disease, is characterized by 

numerous gene expression changes that lead to decreased angiogenic potential and nitric 

oxide production as well as increased expression of pro-inflammatory and pro-thrombotic 

mediators [21,24,25].  Although many of the signaling pathways that induce these gene 

expression changes have been identified [197], the direct transcriptional mechanisms that 

mediate these changes are not well defined. 

 

2.1. Rationale 

The mesenchyme homeobox genes, MEOX1 and MEOX2, encode homeodomain 

transcription factors.  In the adult vasculature, MEOX2 is expressed in vascular smooth 

muscle and endothelial cells where it inhibits proliferation and induces apoptosis.  

Furthermore, altered MEOX2 gene expression has been documented in a number of 

human diseases (AD, cancer, hepatic portal hypertension and HGPS), all of which have 

perturbed vascular function [171,181,185].  MEOX2 may control the transcription of 

many target genes and thereby modify vascular cell phenotype and function.  However, at 
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present there are only two confirmed direct target genes of MEOX2; the CDK inhibitors 

CDKN1A/p21
CIP1/WAF1

 and CDKN2A/p16
INK4a

 [87,89].  MEOX1 is partially redundant to 

MEOX2 during development, suggesting that that these proteins regulate common target 

genes.  In spite of this, the role of MEOX1 has not been studied in the vasculature. 

 

2.2. Hypothesis 

We hypothesised that MEOX1 and MEOX2 would activate p21
CIP1/WAF1

 and 

p16
INK4a

 expression, as well as induce apoptosis, cell cycle arrest and senescence in 

endothelial cells.  Furthermore, we postulated that the majority of newly identified 

MEOX target genes would be regulated by both MEOX1 and MEOX2.  As p21
CIP1/WAF1

 

and p16
INK4a

 together are important for mediating permanent cell cycle arrest 

(senescence), we speculated that MEOX proteins may control endothelial dysfunction. 

 

2.3. Objectives 

I. Compare MEOX induced apoptosis of vascular smooth muscle and endothelial cells. 

II. Elucidate the mechanism and consequences of MEOX mediated transcriptional 

activation of the CDK inhibitors p21
CIP1/WAF1

 and p16
INK4a

 in endothelial cells. 

III. Identify and validate novel MEOX target genes in vascular endothelial cells. 
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CHAPTER 3:   THE ROLE OF MEOX1 AND MEOX2 IN VASCULAR CELL 

DEATH 

 

3.1. Introduction 

When the rate of vascular cell death exceeds the rate of vascular cell proliferation, 

blood vessels become unstable (attributable to VSMC, AF or pericyte cell death) or 

regress (due to ECs death).  While excessive vascular cell death and insufficient 

reparative angiogenesis contributes to diseases like limb ischemia, stroke and AD, the 

selective induction of vascular cell apoptosis is currently a therapeutic strategy for the 

treatment of atherosclerosis, restenosis and solid tumours.  

3.1.1. Apoptosis and necrosis 

There are various forms of cell death (e.g. apoptosis, autophagy, pyroptosis, 

necrosis), each of which is characterized by different molecular and phenotypic changes 

[198,199].  Multiple forms of cell death can take place simultaneously and biochemical 

assays can distinguish between the types of cell death that are occurring within a 

population of cells [198,199].   

The process of apoptosis is characterized by inter-nucleosomal DNA 

fragmentation, nuclear and cytosolic condensation and budding-off of membrane 

enclosed cellular content [200,201].  In response to intrinsic or extrinsic apoptotic 

stimuli, cells will activate cysteine-dependent aspartate-directed proteases (caspases) 

through proteolytic cleavage [198,199].  Activation of the effector caspase-3 is central to 

the apoptotic process as it is responsible for the subsequent cleavage and activation of 

other proteins which directly mediate the apoptotic process [199].  Loss of mitochondrial 
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outer membrane integrity is also a feature of apoptosis and is a result of increased pro-

apoptotic protein (e.g. BAX) expression in proportion to the level of anti-apoptotic 

protein (e.g. BCL2, BCL2L1) expression [202].  Mitochondrial outer membrane 

permeability results in the release of mitochondrial proteins (e.g. cytochrome c) into the 

cytosol, which potentiates caspase activation [202].  Apoptosis is a controlled process 

that does not result in a loss of plasma membrane integrity, and therefore does not induce 

an inflammatory response [200]. 

In contrast, necrosis does not involve caspase activation or outer mitochondrial 

membrane permeability.  Necrosis is characterized by adenosine triphosphate (ATP) 

depletion and cellular swelling (oncosis) that ultimately culminates in plasma membrane 

rupture [199].  Therefore, unlike apoptosis, necrosis results in the loss of plasma 

membrane integrity and the release of cellular constituents into the intercellular space, 

which elicits a pro-inflammatory response [199]. 

 

3.2. Rationale, hypothesis and aims 

MEOX2 over-expression was first shown to induce apoptosis in serum stimulated, 

but not quiescent, primary rat aortic VSMCs [159].  MEOX2 induced apoptosis 

correlated with increased protein expression of BAX and decreased protein expression of 

BCL2 [159].  However, MEOX2 over-expression did not alter the mRNA expression of 

BAX or BCL2, indicating that they are not target genes of MEOX2 transcriptional 

regulation [159].  BAX expression was necessary for MEOX2-induced apoptosis, while 

over-expression of BCL2 was sufficient to prevent the induction of apoptosis by MEOX2 

[159].  Although apoptosis was dependent upon serum stimulation, MEOX2 induced 
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apoptosis was demonstrated to be independent of p53, p21
CIP1/WAF1

, and cell cycle 

inhibition [159].  More recently, MEOX2 over-expression was shown to induce apoptosis 

in adventitial fibroblasts and A549 cells [168,195]. 

Furthermore, MEOX2 has also been shown to play a role in EC apoptosis [171].  

Both knockdown and over-expression of MEOX2 leads to increased pro-apoptotic 

protein expression.  Specifically, knockdown of MEOX2 expression in ECs decreased 

anti-apoptotic BCL2L1 protein expression, while over-expression of MEOX2 increased 

pro-apoptotic BAX protein expression [171].  Decreased BCL2L1 expression in ECs was 

proposed to occur via MEOX2-induced transcriptional down-regulation of the 

transcription factor FOXO4 [171].  FOXO4 induces the expression of another 

transcription factor, BCL6, which directly represses BCL2L1 gene expression [203]. 

In order to better understand the mechanism of MEOX2 induced apoptosis, we 

wanted to identify the protein domains of MEOX2 that were required for this ability. The 

homeodomain is both capable of DNA-binding as well as mediating protein-protein 

interactions [85,89], and is therefore likely to be required for MEOX2 induced apoptosis.  

In addition, we have shown that the middle domain of MEOX2 is sufficient to bind zinc 

finger proteins (Appendix A) and therefore postulate that this domain may mediate 

protein interactions with other transcriptional co-factors.  The homeodomain and middle 

domain are the most highly conserved protein domains between human MEOX1 and 

MEOX2 (Figure 1-2)[84].  To the best of our knowledge, the ability of MEOX1 to induce 

apoptosis has not been assessed.   
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We hypothesised that analogous to MEOX2, MEOX1 would induce apoptosis and 

that the induction of apoptosis by the MEOX proteins would be dependent upon the 

presence of the homeodomain. 

To address this hypothesis, our aims were to: 

i) Determine if MEOX1 over-expression results in apoptotic induction. 

ii) Identify the MEOX protein domains that are required for MEOX induced 

apoptosis by over-expressing mutant MEOX proteins. 

 

3.3. Materials and methods 

3.3.1. Cell culture 

All cells were maintained in a standard cell culture incubator at 37°C with 5% 

CO2, except when stated otherwise.  Cells exposed to hypoxic treatment were placed in a 

custom made Plexiglas chamber that was kept within a standard cell culture incubator 

(maintained at 37°C) and was connected via a PROOX oxygen controller (Reming 

Bioinstruments Company) to a gas tank containing 5% CO2 and 95% N2. 

3.3.1.1. HEK293 

The human embryonic kidney cell line, HEK293A (ATCC), was cultured in HyQ 

Dulbecco’s Modified Eagle’s Medium/High Glucose with 4.0 mM L-glutamine and 

sodium pyruvate (HyQ DMEM/High Glucose) (HyClone) containing 5% Fetal Bovine 

Serum (FBS) (HyClone) and 1% Penicillin/Streptomycin (Pen/Strep) (Gibco). 
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3.3.1.2. A7r5 

The A7r5 (ATCC) embryonic rat thoracic aorta smooth muscle cell line [204], 

was cultured in HyQ DMEM/High Glucose (HyClone) containing 10% FBS (HyClone) 

and 1% Pen/Strep (Gibco). 

3.3.1.3. VSMCs 

Primary coronary artery VSMCs were isolated from porcine hearts as described 

by Saward and Zahradka [205].  Hearts were obtained from an abattoir and quickly 

placed on ice.  The left coronary artery was flushed with phosphate buffered saline (PBS; 

137 mM NaCl, 2.68 mM KCl, 4.29 mM Na2HPO4, 1.47 mM KH2PO4) containing 10% 

Pen/Strep/Fungizone (Gibco) and then dissected from the heart.  Next, the isolated vessel 

was rinsed in PBS containing 10% Pen/Strep/Fungizone (Gibco), cut into 2-5 mm thick 

rings and then placed in HyQ DMEM/High Glucose (HyClone) containing 20% FBS 

(HyClone) and 10% Pen/Strep/Fungizone (Gibco).  Coronary artery rings were incubated 

at 37°C with 5% CO2 for 2-4 days, after which the media was changed to HyQ 

DMEM/High Glucose (HyClone) containing 20% FBS (HyClone) and 1% 

Pen/Strep/Fungizone (Gibco).  After 5-10 days in culture, cells began to migrate from the 

coronary artery rings.  Seven days after the start of cell migration from the explants, the 

coronary artery rings were transferred to new dishes.  VSMCs, which migrated from the 

explants between days 7-14 after the start of cell migration, were subsequently cultured in 

HyQ DMEM/High Glucose (HyClone) containing 5% FBS (HyClone) and 1% Pen/Strep 

(Gibco) for experimental use.  The purity of the VSMC population was verified by 

fluorescent immunocytochemistry (described in section 3.3.4.1) using smooth muscle 

(SM) α-actin and SM myosin as VSMC markers (Figure 3-1).  
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Figure 3-1: Primary cells isolated from porcine coronary arteries express VSMC 

markers.  
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Figure 3-1: Primary cells isolated from porcine coronary arteries express VSMC 

markers. 

Porcine vascular smooth muscle cells were immunostained using antibodies against 

smooth muscle (SM) α-actin (panels A and B) and SM myosin (panels C and D).  Cells 

incubated without primary antibody (panels E and F) served as controls for non-specific 

binding by the secondary antibody.  Primary porcine VSMCs were positive for both SM 

α-actin and SM myosin expression (red in panels A and C).  Human umbilical vein 

endothelial cells (HUVECs) were used as a negative control for the expression of VSMC 

markers (panels B and D).  Nuclei are stained with DAPI (blue).  Scale bars represent 100 

μm. 
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3.3.1.4. HUVECs 

Human umbilical vein endothelial cells (HUVECs) (Clonetics) were cultured in 

Endothelial Cell Growth Medium (EGM-2) (Clonetics) which contains 2% FBS, 

epidermal growth factor (rhEGF), basic fibroblast growth factor (rhFGF-B), insulin-like 

growth factor 1 (R
3
-IGF-1), VEGF, hydrocortisone, heparin, ascorbic acid and 

gentamicin/amphotericin-B (GA-1000).  Cells exposed to nutrient starvation were placed 

in Endothelial cell Basal Medium (EBM-2) (Clonetics) containing 0.2% FBS. 

3.3.2. Expression vectors 

Details regarding the cloning of the C-terminal EGFP and FLAG-tagged MEOX1, 

MEOX1
K180_K230del

, MEOX2, MEOX2
K195_245del

 and MEOX2
T89_V182del

 expression 

constructs are described in Appendix B. 

3.3.3. Adenovirus production and titering 

Ad-EGFP was a gift from Dr. G. Pierce (University of Manitoba), Ad-LacZ was a 

gift from Dr. M. Czubryt (University of Manitoba) and Ad-p53-EGFP was a gift from Dr. 

N. Mesaeli (Weill Cornell Medical College in Qatar).  Cloning of the MEOX1, MEOX2, 

MEOX2
Q235E

 and MEOX2
K195_K245del

 constructs into the pShuttle vector is described in 

Appendix B.  Production and amplification of the adenoviral stocks was achieved using 

the AdEasy vector system (Qbiogene).  Briefly, the pShuttle vector containing a MEOX 

cDNA and the pAdEasy vector were linearized using the PmeI restriction enzyme and 

then co-transformed into the recombination competent Escherichia coli (E.coli) BJ5183 

strain.  Next, colonies were screened by PacI restriction enzyme digestion for 

homologous recombination events between the pShuttle and pAdEasy vectors.  The 

recombinant pAd vector was linearized using the PacI restriction enzyme and then 
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transfected into the packaging cell line HEK293A, in which virus is produced.  Virus 

from the initial plaques was amplified by three rounds of infection of HEK293A cells.  

All adenoviral titres were determined using the RapidTiter kit (Clontech), as we 

determined that this method is faster, more sensitive (Figure 3-2) and less subjective 

(lower inter-operator variance, data not shown) than the standard TCID50 method. 
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Figure 3-2:  Difference between the calculated adenoviral titer using the TCID50 and 

RapidTiter method for the same viral stocks. 

The titer of each adenoviral stock was measured using the TCID50 method (visual 

identification of cytopathic effect within a population of cells) and the RapidTiter method 

(antibody detection of viral coat protein production by cells).  Using the RapidTiter 

method, the calculated titer was a median 9-fold higher than the calculated titer obtained 

using the TCID50 method, indicating that the RapidTiter method is a more sensitive 

technique. 
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3.3.4. Immunofluorescence (epifluorescence microscopy) 

3.3.4.1. SM α-actin and SM myosin 

Cells plated onto glass coverslips were washed once with PBS and then fixed with 

100% methanol (Fisher) at -20°C for 10 minutes.  Subsequently, the methanol was 

removed and the cells on coverslips were allowed to dry in a fume hood for 5 minutes at 

room temperature.  Cells on coverslips were blocked overnight at 4°C in PBS containing 

0.1% bovine serum albumin (BSA).  Primary mouse anti-SM α-actin antibody [1A4] 

(Sigma) and primary mouse anti-SM myosin [HSM-V] (Sigma) were diluted 1:500 and 

1:100 in blocking buffer, respectively.  Primary antibodies were incubated with cells on 

coverslips overnight at 4°C.  Coverslips were then washed three times with PBS.  Texas 

Red conjugated goat anti-mouse IgG secondary antibody (Invitrogen) was diluted 1:400 

in blocking buffer and then incubated with cells on coverslips for 1 hour at room 

temperature.  Coverslips were then washed 3 times with PBS and mounted onto slides 

using SlowFade Gold antifade reagent with DAPI (Invitrogen). 

3.3.4.2. FLAG 

VSMCs and HUVECs (1×10
5
 cells/well) were transduced with adenovirus at 100-

500 MOI and then plated onto glass coverslips (for HUVECs, coverslips were coated 

with collagen I (BD Biosciences)) in 6-well tissue culture plates.  At 48 hours post-

transduction, cells were washed once with PBS and then fixed in 4% paraformaldehyde 

(EMD Chemicals) for 30 minutes at room temperature.  Cells on coverslips were washed 

three times with PBS then blocked with 5% v/v goat serum (Sigma) in PBS containing 

0.3% v/v Triton-X-100 (PBS-T) overnight at 4°C.  Primary mouse anti-FLAG antibody 

[M2] (Sigma) was diluted 1:1000 in blocking buffer and incubated with cells on 
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coverslips for 2 hours at room temperature.  Coverslips were then washed three times 

with PBS-T.  Alexa Fluor 488 conjugated goat anti-mouse IgG secondary antibody 

(Invitrogen) was diluted 1:400 in blocking buffer and incubated with cells on coverslips 

for 1 hour at room temperature.  Coverslips were then washed three times with PBS-T 

and once with PBS prior to mounting onto slides using SlowFade Gold antifade reagent 

with DAPI (Invitrogen). 

3.3.4.3. Acquisition of images 

Images were acquired with a ZeissAxioskop 2 mot plus microscope equipped 

with an AxioCam digital camera and AxioVision 4.6 software (Zeiss). 

3.3.5. Western blotting 

A7r5 cells (8×10
4
 cells/well) were plated into 6-well tissue culture plates and then 

48 hours later, the media was changed to Opti-MEM I (Gibco) containing 10% Calf 

Serum (Gibco).  Each well of cells was then transfected with 4μg MEOX expression 

vector DNA using 10µL Lipofectamine 2000 Reagent (Invitrogen).  Media was changed 

back to growth medium after 4 hours.  HUVECs (2.5×10
5
 cells/plate) were transduced at 

500 MOI and then plated onto 6 cm tissue culture plates.  Prior to harvest, one well of 

mock transfected A7r5 cells or one plate of untransduced HUVECs was treated with 

staurosporine (Fisher) at a final concentration of 2.5 mM for 4 hours. 

At 24 (A7r5) or 48 (HUVEC) hours post-transfection, cells were washed once 

with PBS and then cells were harvested using RIPA buffer (50 mM Tris pH 7.4, 150 mM 

NaCl, 1 mM EDTA, 1 mM EGTA, 0.5% Na-deoxycholate, 1% Triton-X 100 and 0.1% 

SDS) containing Complete Mini Protease Inhibitor Cocktail (Roche).  Whole cell lysates 

were centrifuged for 15 seconds to pellet cell debris.  To assure equal loading between 
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samples, protein assays were performed prior to sample preparation using the DC Protein 

Assay Kit (Bio-Rad) and an Ultrospec 2000 (Pharmacia Biotech) or MRX-TC revelation 

spectrophotometer (Dynex Technologies) set to 540 nm.  Samples were prepared with 3× 

loading buffer (166.4 mM Tris pH 7.4, 33.3% glycerol, 6.6% SDS, 0.3% bromophenol 

blue and 100 mM DTT) and then boiled for 5 minutes to denature the proteins prior to 

loading.  Proteins were separated by SDS-PAGE and then transferred to nitrocellulose 

membranes (Bio-Rad) by electrophoretic tank transfer.  Membranes were stained with 

Ponceau S solution (0.1% w/v Ponceau S (Fisher), 5% v/v acetic acid) to visually ensure 

equal protein loading. 

Primary antibodies used for western blotting were: rabbit anti-cleaved caspase-3 

(Asp175) [5A1E] (Cell Signaling), mouse anti-FLAG [M2] (Sigma) and rabbit anti-actin 

(pan) (Sigma).  Antibodies were diluted in blocking buffer composed of 5% skim milk 

powder (SMP) dissolved in Tris-buffered saline (TBS; 50 mM Tris pH 8.0, 138 mM 

NaCl and 2.68 mM KCl), unless otherwise stated.  Primary antibody dilutions and 

incubation conditions are listed in Table 3-1.  Horseradish peroxidase conjugated goat 

anti-mouse IgG and goat anti-rabbit IgG secondary antibodies (Molecular Probes) were 

diluted 1:5000 and incubated for 1 hour at room temperature.  Antibodies were detected 

using Western Blotting Luminol Reagent (Santa Cruz Biotechnology) and images were 

acquired using a Fluor-S MAX MultiImager (Bio-Rad) equipped with Quantity One 

software (Bio-Rad) or CL-Xposure blue X-ray film. 
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Table 3-1:  List of antibodies and incubation conditions used for western blotting.  
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3.3.6. TUNEL assays 

HEK293 (1.6×10
5
 cells/well) were plated onto glass coverslips in 6-well tissue 

culture plates and then 48 hours later, the media was changed to Opti-MEM I (Gibco) 

containing 10% Calf Serum (Gibco).  The cells on each coverslip were then transfected 

with 4μg MEOX expression vector DNA using 10µL Lipofectamine 2000 Reagent 

(Invitrogen).  Media was changed back to growth medium after 4 hours.  Alternatively, 

A7r5, VSMCs and HUVECs (1×10
5
 cells/well) were transduced with adenovirus at 100-

500 MOI and then plated onto glass coverslips (for HUVECs, coverslips were coated 

with collagen I (BD Biosciences)) in 6-well tissue culture plates.  Prior to fixation, one 

well of mock transfected or untransduced cells was treated with staurosporine (Fisher) at 

a final concentration of 2.5 mM for 4 hours.  At 24 hours post-transfection or 24-72 hours 

post-transduction, cells were washed once with PBS and then fixed for 30 minutes at 

room temperature with 4% paraformaldehyde (EMD Chemicals). The coverslips were 

washed three times with PBS-T and then terminal deoxynucleotidyl transferase dUTP 

nick end labelled (TUNEL) using the In Situ Cell Death Detection Kit with TMR red 

(Roche). Briefly, the washed coverslips were incubated with the TUNEL reaction 

mixture for 60 minutes at room temperature, rinsed three times with PBS and then 

mounted onto glass slides using SlowFade Gold antifade reagent with DAPI (Invitrogen). 

Fluorescence images of 16 random fields (200×) per coverslip were acquired using a 

Zeiss Axioskop 2 mot plus microscope. The number of TUNEL positive nuclei was 

counted by an observer that was blinded to the identity of the slides and then expressed as 

a percentage of the total number of nuclei counted. 
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3.3.7. Cell titer assay 

HUVECs (5×10
3
 cells/well) were transduced with adenovirus at 250 or 500 MOI 

and then plated into 8 replicate wells of a 96-well tissue culture plate.  At 48 hours post-

transduction the media was replaced with 100 μL fresh growth media and 20 μL CellTiter 

96 AQueous One Solution Reagent (Promega).  The absorbance at 500 nm was read every 

hour, from 0-4 hours, after the addition of the CellTiter Reagent using a MRX-TC 

revelation spectrophotometer (Dynex Technologies). 

3.3.8. LIVE/DEAD assay 

HUVECs (5×10
4
 cells/plate) were transduced with adenovirus at 250 MOI and 

then plated onto 3.5 cm tissue culture plates.  At 72 hours post-transduction, the media 

was collected and then the cells were washed once with PBS, lifted using 0.5% Trypsin-

EDTA (Gibco) and then collected using the initial media and PBS wash.  Cells were 

pelleted by centrifugation at 225 × g for 5 minutes at room temperature, following which 

the media was discarded and the cells were resuspended in PBS containing 2 μM calcein 

AM and 2 μM ethidium homodimer-1 (components of the LIVE/DEAD 

Viability/Cytotoxicity Assay Kit; Invitrogen).  After incubation at room temperature for 

15 minutes, cells were gently mixed and an aliquot was placed on a slide with a coverslip 

on top.  Immediately, fluorescence images of 16 random fields (200×) per coverslip were 

acquired using a Zeiss Axioskop 2 mot plus microscope.  The number of calcein AM 

positive cells (live) and ethidium homodimer-1 positive cells (dead) were counted by an 

observer that was blinded to the identity of the slides and then expressed as a percentage 

of the total number of cells counted.  Saponin (Sigma) was used as a positive control for 
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cell death and was added at a final concentration of 1 mg/mL to one plate of 

untransduced cells 10 minutes prior to collection. 

3.3.9. Flow cytometry (cleaved caspase-3 / 7-AAD) 

HUVECs (3×10
5
 cells/plate) were transduced with adenovirus at 250 MOI and 

then plated onto 10 cm tissue culture plates.  Prior to harvest, one well of untransduced 

HUVECs was treated with staurosporine (Fisher) at a final concentration of 2.5 mM for 4 

hours.  At 72 hours post-transduction, the media was collected and then the cells were 

washed once with PBS, lifted using 0.5% Trypsin-EDTA (Gibco) and then collected 

using the initial media and PBS wash.  Cells were pelleted by centrifugation, following 

which the media was discarded and the cells were resuspended in PBS.  Subsequently, 

4% formaldehyde solution (4% paraformaldehyde, 1.1 M NaCl, 21.4 mM KCl, 34.3 mM 

Na2HPO4, 11.8 mM KH2PO4), was added to a final concentration of 2% and the cells 

were fixed at 37ºC for 10 minutes, then cooled at 4ºC for 1 minute.  Ice-cold 100% 

methanol (Fisher) was added to a final concentration of 90% and the cells were incubated 

at 4ºC for 30 minutes and then placed at -20ºC overnight.  Cells were pelleted by 

centrifugation, following which the supernatant was discarded and the cells were 

resuspended in PBS containing 0.5% BSA.  This step was repeated twice and then the 

cells were incubated at room temperature for 10 minutes in the PBS/0.5% BSA solution.  

Primary rabbit anti-cleaved caspase-3 (Asp175) [5A1E] (Cell Signaling) was added at 

1:100 dilution and then incubated with the cells at room temperature for 1 hour.  Cells 

were diluted 30-fold with PBS containing 0.5% BSA, pelleted by centrifugation and then 

the supernatant was discarded.  Cells were resuspended in PBS/0.5% BSA solution 

containing 1:100 diluted Alexa Fluor 488 conjugated goat anti-mouse IgG secondary 
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antibody (Invitrogen) and then incubated at room temperature for 1 hour.  Cells were 

diluted 30-fold with PBS containing 0.5% BSA, pelleted by centrifugation and then the 

supernatant was discarded.  Cells were resuspended in PBS/0.5% BSA solution 

containing 1:50 diluted 0.2 mg/mL 7-aminoactinomycin D (7-AAD, Invitrogen) solution 

(0.2 mg 7-AAD, 2% acetone, 98% PBS) and then incubated at room temperature for 15 

minutes.  All centrifugation steps were carried out at 350 × g for 5 minutes at room 

temperature.  In duplicate, 1x10
4
 gated cells per sample were counted using a BD 

FACSCalibur flow cytometer.  The results were analyzed using FlowJo software (Tree 

Star, Inc.). 

3.3.10. Statistical analysis 

Analysis of variance (ANOVA) followed by Tukey post-hoc tests, were used to 

evaluate the changes between untreated and drug treated cells, MEOX proteins and the 

EGFP or LacZ control, MEOX1 and MEOX2, as well as wild-type versus mutant 

MEOX2.  Changes were considered significant if the p-value was less than 0.05. 

Statistical analysis was performed using Origin 8.5 software. 

 

3.4. Results and discussion 

MEOX2 over-expression was shown to induce apoptosis in proliferating cells 

[159,160].  In order to determine the domains required for MEOX induced apoptosis, we 

transfected HEK293 cells with MEOX-EGFP fusion protein constructs and then assayed 

for apoptosis.  We chose the HEK293 cell line as it is readily transfected with high 

efficiency.  Fluorescent microscopy was used to detect cells that were positive for 

cleaved caspase-3 or DNA fragmentation (as assessed by TUNEL), both markers of 
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apoptosis.  As a positive control, we used staurosporine, a cell-permeable non-specific 

protein kinase inhibitor, to induce apoptosis [206,207].  Expression of either wild-type or 

mutant MEOX proteins in HEK293 cells did not induce apoptosis (data not shown).  The 

majority of cells that were either caspase-3 or TUNEL positive did not express the 

MEOX-EGFP fusion proteins, and the relative amount of apoptosis observed was not 

increased compared to the mock transfected control (data not shown). 

Thus, we hypothesized that MEOX-induced apoptosis may be a phenomena that is 

not ubiquitous to all cell types.  As MEOX2 induced apoptosis was first observed in 

VSMCs [159], we switched to the A7r5 vascular smooth muscle cell line to test the 

effects of the various MEOX constructs.  Transfection of A7r5 cells with either MEOX-

EGFP or MEOX-FLAG fusion protein constructs did not induce caspase-3 cleavage, as 

assessed by western blot (Figure 3-3).  Staurosporine treatment was used as a positive 

control for induction of caspase-3 cleavage (Figure 3-3). 

We then hypothesized that the level of MEOX over-expression achieved using lipid-

mediated transfection was insufficient to cause apoptosis.  To achieve greater levels of 

MEOX protein over-expression, we transduced A7r5 cells at a high multiplicity of 

infection (MOI) with adenoviral vectors encoding C-terminal FLAG-tagged MEOX 

fusion proteins.  Adenovirus encoding enhanced green fluorescent protein (EGFP) was 

used as a control for the effects of adenoviral transduction, and an adenovirus encoding a 

C-terminal EGFP-tagged p53 protein was used as a positive control for apoptosis.  

TUNEL assays were used to detect apoptosis in the various adenoviral transduced 

samples.  TUNEL assays detect DNA fragmentation, a characteristic marker of apoptosis 

that occurs during the late phase of the apoptotic process.  The amount of apoptosis in   
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Figure 3-3: Expression of MEOX proteins in A7r5 cells does not induce caspase 3 

cleavage.  
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Figure 3-3: Expression of MEOX proteins in A7r5 cells does not induce caspase 3 

cleavage. 

Representative western blots showing cleaved caspase-3 in A7r5 cells at 24 hours post-

transfection with MEOX-FLAG (A) or MEOX-EGFP (B) fusion protein constructs.  

Neither MEOX1, MEOX2, homeodomain deleted MEOX1 (MEOX1
K180_K230del

), nor 

homeodomain deleted MEOX2 (MEOX2
K195_K245del

) induced caspase-3 cleavage in A7r5 

cells.  Mock transfected cells and empty vector transfected cells were used as negative 

controls.  Staurosporine treatment of mock transfected cells served as a positive control 

for induction of caspase-3 cleavage.  Ponceau S stain was used as a loading control.  The 

protein molecular mass, indicated in kDa, is shown on the left hand side of each image. 
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each sample was quantified by dividing the number of TUNEL positive nuclei by the 

total number of nuclei to obtain the percentage of apoptotic cells (Figure 3-4).  There was 

no difference in the percentage of apoptotic cells observed in untransduced A7r5 cells 

when compared to cells transduced with the EGFP expressing adenoviral control (Figure 

3-5, panel A).  Over-expression of MEOX proteins was verified by western blot (Figure 

3-5, panel B).  Neither MEOX1, MEOX2, nor homeodomain deleted MEOX2
K195_K245del

 

induced apoptosis in A7r5 cells (Figure 3-5, panel A).  Furthermore, over-expression of 

p53 did not induce apoptosis in this cell type (Figure 3-5, panel A). 

Although the A7r5 VSMC cell line was derived from the thoracic aorta of embryonic 

rats, these cells have been shown to have adult-like characteristics, slow growth rates and 

low serum induced early gene expression [208].  The A7r5 cell line is polyploid with 

many chromosomal aberrations [208], which may explain why these cells do not display 

increased apoptosis in response to p53 over-expression (Figure 3-5, panel A). 

Next, we wanted to confirm our findings in primary VSMCs.  We isolated VSMCs 

from porcine coronary arteries and then used these cells for TUNEL assays, as described 

for A7r5 cells.  To assess the efficiency of adenoviral transduction of primary VSMCs 

and the level of MEOX protein expression, we used an anti-FLAG antibody to detect 

MEOX-FLAG fusion protein expression by immunofluorescence and western blot 

(Figure 3-6).  A dose dependent increase in EGFP, p53, MEOX1 and MEOX2 expression 

was observed in primary VSMCs (Figure 3-6).  Furthermore, the majority of primary 

VSMCs expressed the adenoviral encoded proteins, indicating that these cells can be 

efficiently transduced (Figure 3-6, panel A).  In contrast, we could only detect a few cells 

expressing the homeodomain deleted MEOX2
K195_K245del

 by immunofluorescence (data   
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Figure 3-4:  Quantification of apoptosis using a fluorescent TUNEL assay.  
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Figure 3-4:  Quantification of apoptosis using a fluorescent TUNEL assay. 

Representative fluorescent microscopy showing TUNEL labelling (white in panels A and 

B; red in panels E and F) in A7r5 cells which were either untreated or treated with 2.5 

μM staurosporine for 4 hours.  Nuclei are stained with DAPI (white in panels C and D; 

blue in panels E and F).  Scale bars represent 100 μm.  (G) Equation used to calculate the 

percent apoptosis in a population of TUNEL stained cells. 
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Figure 3-5:  Adenoviral over-expression of MEOX proteins in A7r5 cells does not 

induce apoptosis.  
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Figure 3-5:  Adenoviral over-expression of MEOX proteins in A7r5 cells does not 

induce apoptosis. 

(A) Percent apoptosis in A7r5 cells 48 hours after adenoviral transduction at 250 MOI.  

Staurosporine (STAURO) was used as a positive control for increased TUNEL 

incorporation.  Error bars represent the standard error of the mean (n=3).  (B) 

Representative western blot showing the expression of C-terminal FLAG-tagged MEOX 

proteins in A7r5 cells 48 hours after adenoviral transduction at 250 MOI.  In addition to 

the full length proteins (top bands), degradation products (lower bands) were also 

observed.  Replicate samples are from two different sets of transductions.  Ponceau S 

stain was used as a loading control.  The protein molecular mass, indicated in kDa, is 

shown on the left hand side of each image. 
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Figure 3-6:  Expression of MEOX proteins in primary porcine VSMCs.  



71 

 

 

 

Figure 3-6:  Expression of MEOX proteins in primary porcine VSMCs. 

Representative immunofluorescence images showing the expression of EGFP (green in 

panels A and B) and p53-EGFP (green in panels C and D), as well as the C-terminal 

FLAG-tagged MEOX1 (red in panels E and F) and MEOX2 (red in panels G and H) 

proteins in primary VSMCs 48 hours after adenoviral transduction at 100 and 500 MOI.  

Nuclei are stained with DAPI (blue).  Scale bars represent 200 μm.  (I) Representative 

western blot showing the expression of C-terminal FLAG-tagged MEOX proteins in 

primary VSMCs 48 hours after adenoviral transduction at 100 and 500 MOI.  Ponceau S 

stain was used as a loading control.  The protein molecular mass, indicated in kDa, is 

shown on the left hand side of each image. 
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not shown) and were unable to detect its expression by western blot (Figure 3-6, panel 

B).  Quantification of the number of TUNEL positive cells in primary VSMCs transduced 

at 100 MOI with the various adenoviral constructs showed no changes in the number of 

apoptotic cells (Figure 3-7, panel A).  However, in primary VSMCs transduced at 500 

MOI, we observed increased apoptosis in cells over-expressing homeodomain deleted 

MEOX2
K195_K245del

, but no difference in the amount of apoptosis was observed in cells 

over-expressing wild-type MEOX1 or MEOX2 as compared to the EGFP control (Figure 

3-7, panel B).  This suggests that MEOX1 and MEOX2 do not induce apoptosis in 

VSMCs under these conditions. 

The significant increase in the level of apoptosis induced by homeodomain deleted 

MEOX2
K195_K245del

 is not detected in cells transduced at the same MOI with the EGFP 

adenoviral control or wild-type MEOX2, indicating that this cytotoxic effect is not due to 

viral load.  Intriguingly, we were unable to detect the expression of MEOX2
K195_K245del

 by 

western blot under the same transduction conditions (Figure 3-6, panel B).  A potential 

explanation of these observations is that MEOX2
K195_K245del

 may be misfolded or 

unstable, leading to its rapid degradation, cellular stress and induction of apoptosis.  In 

support of this idea, MEOX2
K195_K245del

 appeared to be more stably expressed in A7r5 

cells and over-expression of MEOX2
K195_K245del

 did not increase apoptosis in A7r5 cells 

(Figure 3-5). 

Subsequently, we wanted to compare our findings in VSMCs to that of ECs, 

therefore we repeated the TUNEL assays using HUVECs.  We observed efficient 

adenoviral transduction of HUVECs and high levels of C-terminal FLAG-tagged 

MEOX1 and MEOX2 fusion proteins by immunofluorescence and western blot   
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Figure 3-7:  Adenoviral over-expression of homeodomain deleted MEOX2
K195_K245del

 

induces apoptosis in primary VSMCs.  
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Figure 3-7:  Adenoviral over-expression of homeodomain deleted MEOX2
K195_K245del

 

induces apoptosis in primary VSMCs. 

Percent apoptosis in primary VSMCs 48 hours after adenoviral transduction at 100 MOI 

(A) and 500 MOI (B).  Staurosporine (STAURO) was used as a positive control for 

increased TUNEL incorporation.  # Indicates a statistically significant change (p<0.05) 

between untreated and staurosporine treated untransduced cells.  * Indicates a statistically 

significant change (p<0.05) when compared to the EGFP control.  ○ Indicates a 

statistically significant difference (p<0.05) between wild-type and mutant MEOX2.  Error 

bars represent the standard error of the mean (n≥9 (A), n≥9 (B)).   
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(Figure 3-8).  As was observed in primary VSMCs, homeodomain deleted 

MEOX2
K195_K245del

 expression was seen in fewer cells by immunofluorescence and was 

less abundant in HUVEC lysates, as shown by western blot (Figure 3-8).  Quantification 

of the number of TUNEL positive cells in each population of transduced HUVECs 

showed no change in the number of apoptotic cells (Figure 3-9).  In contrast to what was 

observed in VSMCs (Figure 3-7, panel B), homeodomain deleted MEOX2
K195_K245del

 did 

not induce apoptosis in HUVECs (Figure 3-9). 

In order to assess whether MEOX1 and MEOX2 over-expression may decrease the 

overall viability of ECs we performed CellTiter assays.  This assay is based on the 

production of a formazan dye from the bioreduction of the MTS tetrazolium compound 

by metabolically active cells.  The optical density (OD) of the cell culture medium at 

490nm is directly proportional to the amount of formazan dye produced.  A reduction in 

formazan production is indicative of reduced cell number either due to decreased 

proliferation or increased apoptosis.  Changes in cell viability were assessed 48 hours 

post-transduction of HUVECs with the recombinant adenovirus constructs.  When 

compared to untransduced HUVECs, there was no change in the viability of cells 

transduced with either 250 or 500 MOI adenovirus encoding EGFP, indicating that viral 

transduction did not affect cell viability (Figure 3-10).  In contrast, over-expression of 

p53 significantly decreased the number of viable cells, as indicated by the slower 

production of formazan over time (Figure 3-10).  When MEOX1, MEOX2 or 

homeodomain deleted MEOX2
K195_K245del

 was over-expressed in HUVECs for 48 hours, 

the viability of the cells was unchanged (Figure 3-11). 
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Figure 3-8:  Expression of C-terminal FLAG-tagged MEOX proteins in HUVECs.  
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Figure 3-8:  Expression of C-terminal FLAG-tagged MEOX proteins in HUVECs. 

Representative immunofluorescence images showing the expression of EGFP (green in 

panel B), p53-EGFP (green in panel C) and C-terminal FLAG-tagged MEOX proteins 

(green in panels D-F) in HUVECs 48 hours after adenoviral transduction at 250 MOI.  

Untransduced HUVECs were used as a negative control (panel A).  Nuclei are stained 

with DAPI (blue).  Scale bars represent 50 μm.  (G) Representative western blot showing 

the expression of C-terminal FLAG-tagged MEOX proteins in HUVECs 48 hours after 

adenoviral transduction at 250 MOI.  Actin was used as a loading control.  The protein 

molecular mass, indicated in kDa, is shown on the left hand side of the image.  
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Figure 3-9:  Adenoviral over-expression of C-terminal FLAG-tagged MEOX 

proteins in HUVECs does not induce apoptosis.  
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Figure 3-9:  Adenoviral over-expression of C-terminal FLAG-tagged MEOX 

proteins in HUVECs does not induce apoptosis. 

Percent apoptosis in HUVECs 48 hours after adenoviral transduction at 100 MOI (A) and 

500 MOI (B).  Staurosporine (STAURO) was used as a positive control for increased 

apoptosis.  Error bars represent the standard error of the mean (n=4 (A), n=4 (B)).   
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Figure 3-10:  Adenoviral over-expression of p53 decreases HUVEC viability.  
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Figure 3-10:  Adenoviral over-expression of p53 decreases HUVEC viability. 

Differences in HUVEC viability were measured using the CellTiter assay 48 hours after 

adenoviral transduction at 250 MOI (A) and 500 MOI (B).  The optical density (OD) at 

500 nm is proportional to the amount of formazan dye produced by viable cells.  

Compared to untransduced HUVECs, over-expression of EGFP did not affect the 

production of formazan dye over time, indicating that adenoviral transduction does not 

cause a change in cell viability.  Over-expression of p53 significantly decreased cell 

viability, as indicated by the slower production of formazan dye over time.  * Indicates a 

statistically significant change (p<0.05) when compared to the EGFP control for the same 

time point.  Error bars represent the standard error of the mean (n=3 (A), n=3(B)).   
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Figure 3-11:  Adenoviral over-expression of C-terminal FLAG-tagged MEOX 

proteins in HUVECs does not decrease cell viability.  
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Figure 3-11:  Adenoviral over-expression of C-terminal FLAG-tagged MEOX 

proteins in HUVECs does not decrease cell viability. 

Differences in HUVEC viability were measured using the CellTiter assay 48 hours after 

adenoviral transduction at 250 MOI (A) and 500 MOI (B).  The optical density (OD) at 

500 nm is proportional to the amount of formazan dye produced by viable cells.  

Compared to the EGFP adenoviral control, MEOX1, MEOX2 and MEOX2
K195_K245del

 

over-expression did not affect the production of formazan dye over time, indicating no 

change in cell viability.  Error bars represent the standard error of the mean (n=3 (A), n=3 

(B)). 
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Although there was no apparent effect of the location of the FLAG-tag on the 

expression or function of MEOX1 or MEOX2 (Appendix C), we sought to verify that the 

C-terminal FLAG epitope was not affecting the ability of MEOX1 and MEOX2 to induce 

apoptosis.  To this end, we transduced HUVECs with N-terminal FLAG-tagged MEOX 

adenoviral constructs and then performed TUNEL and CellTiter assays as described 

above.  HUVECs were efficiently transduced as indicated by robust expression, by both 

immunofluorescence and western blot, of N-terminal FLAG-tagged MEOX1, MEOX2, 

DNA-binding domain mutated MEOX2
Q235E

 and to a lesser extent, homeodomain deleted 

MEOX2
K195_K245del

 (Figure 3-12).  Quantification of TUNEL assays showed that neither 

MEOX1 nor MEOX2 induced apoptosis in HUVECs (Figure 3-13).  Similarly, the DNA-

binding domain mutated MEOX2
Q235E

 and homeodomain deleted MEOX2
K195_K245del

 

were also unable to induce apoptosis (Figure 3-13).  CellTiter assays were also performed 

to assess whether N-terminal FLAG-tagged MEOX1 and MEOX2 expression leads to 

decreased overall viability of ECs.  Wild-type MEOX1 and MEOX2, as well as DNA-

binding domain mutated MEOX2
Q235E

 and homeodomain deleted MEOX2
K195_K245del

 did 

not affect cell viability as compared to the EGFP control (Figure 3-14). 

It was documented by Xia et al. [166] that MEOX2 over-expression alone was not 

sufficient to induce apoptosis in pulmonary artery VSMCs; however, in combination with 

hypoxia treatment a marked increase in apoptosis was observed.  Thus, we sought to 

determine whether hypoxic treatment of HUVECs could potentiate the ability of MEOX2 

to induce EC apoptosis.  In addition, the effect of nutrient starvation was also tested.  The 

combination of hypoxia and nutrient starvation was used to simulate ischemia.  

Transduced HUVECs were cultured in growth media for 24 hours, following which the   
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Figure 3-12:  Expression of N-terminal FLAG-tagged MEOX proteins in HUVECs.  
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Figure 3-12:  Expression of N-terminal FLAG-tagged MEOX proteins in HUVECs. 

Representative immunofluorescence showing the expression of N-terminal FLAG-tagged 

MEOX proteins (green in panels A-D) in HUVECs 48 hours after adenoviral transduction 

at 250 MOI.  Nuclei are stained with DAPI (blue).  Scale bars represent 50 μm.  (E) 

Representative western blot showing the expression of N-terminal FLAG-tagged MEOX 

proteins in HUVECs 48 hours after adenoviral transduction at 250 MOI.  Actin was used 

as a loading control.  The protein molecular mass, indicated in kDa, is shown on the left 

hand side of the image. 
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Figure 3-13:  Adenoviral over-expression of N-terminal FLAG-tagged MEOX 

proteins in HUVECs does not induce apoptosis.  
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Figure 3-13:  Adenoviral over-expression of N-terminal FLAG-tagged MEOX 

proteins in HUVECs does not induce apoptosis. 

Percent apoptosis in HUVECs after adenoviral transduction at 250 MOI for 48 hours (A) 

and 500 MOI for 24 hours (B).  Staurosporine (STAURO) was used as a positive control 

for increased TUNEL incorporation.  # Indicates a statistically significant change 

(p<0.05) between untreated and staurosporine treated untransduced cells.  Error bars 

represent the standard error of the mean (n≥3 (A), n=3, (B)).   
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Figure 3-14:  Adenoviral over-expression of N-terminal FLAG-tagged MEOX 

proteins in HUVECs does not reduce cell viability.  
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Figure 3-14:  Adenoviral over-expression of N-terminal FLAG-tagged MEOX 

proteins in HUVECs does not reduce cell viability. 

Differences in HUVEC viability were measured using the CellTiter assay 48 hours after 

adenoviral transduction at 250 MOI (A) and 500 MOI (B).  The optical density (OD) at 

500 nm is proportional to the amount of formazan dye produced by viable cells.  

Compared to the EGFP adenoviral control, MEOX1, MEOX2, MEOX2
Q235E

 and 

MEOX2
K195_K245del

 over-expression did not affect the production of formazan dye over 

time, indicating no change in cell viability.  Error bars represent the standard error of the 

mean (n=3(A), n=3 (B)).   
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cells were exposed to one of four conditions; standard (growth media/normoxia), hypoxic 

(growth media/hypoxia), nutrient starved (basal media + 0.2% FBS/normoxia) and 

ischemic (basal media + 0.2% FBS/hypoxia).  TUNEL assays were performed 48 and 72 

hours post-transduction.  Quantification of the number of TUNEL positive cells revealed 

that hypoxic treatment of HUVECs did not induce apoptosis in untransduced or 

adenoviral transduced cells at either time point (Figure 3-15).  In contrast, 48 hours of 

nutrient starvation under normoxic conditions induced significant apoptosis in 

untransduced cells (Figure 3-15).  There was no difference in the amount of apoptosis 

observed between nutrient starved cells transduced with adenovirus encoding either 

MEOX2 or the EGFP control (Figure 3-15).  Cell proliferation is induced by serum and 

growth factors, and their removal often leads to apoptosis. We observed that adenoviral 

transduction was protective against nutrient starvation-induced apoptosis of ECs under 

normoxic conditions.  Adenoviral transduction inhibits cell cycle progression and slows 

ECs proliferation (Figure 4-29).  It is possible that this decreased rate of proliferation 

protects cells form undergoing nutrient starvation-induced apoptosis. 

Although no change in apoptosis was observed in ECs over-expressing MEOX2 for 

48 hours, we observed that MEOX2 over-expression for 72 hours significantly increased 

the level of apoptosis in HUVECs cultured in growth media, irrespective of hypoxia 

treatment (Figure 3-15).  Thus, prolonged over-expression of MEOX2 is sufficient to 

induce apoptosis in ECs. 

Subsequently, we wanted to confirm that prolonged over-expression of MEOX2 can 

induce EC apoptosis.  To do so, we chose to assess caspase-3 cleavage which occurs 

earlier in the apoptotic process than DNA fragmentation (detected by TUNEL).  We   
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Figure 3-15:  Hypoxia and nutrient starvation of HUVECs does not potentiate 

MEOX induction of apoptosis.  
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Figure 3-15:  Hypoxia and nutrient starvation of HUVECs does not potentiate 

MEOX induction of apoptosis. 

Percent apoptosis, as measured by TUNEL incorporation, in HUVECs transduced at 250 

MOI with adenovirus for 24 hours and then subjected to one of four treatments (± 

hypoxia, ± basal media containing 0.2% FBS) for 24 hours (A) or 48 hours (B).  Hypoxic 

treatment of HUVECs had no effect on the amount of apoptosis observed.  Nutrient 

starvation (basal media containing 0.2% FBS) significantly increased the level of 

apoptosis in untransduced HUVECs, but not transduced HUVECs.  MEOX2 over-

expression induced apoptosis in HUVECs cultured in growth media for 72 hours, 

irrespective of hypoxic treatment.  * Indicates a statistically significant change (p<0.05) 

compared to EGFP over-expressing cells under the same treatment conditions.  Error bars 

represent the standard error of the mean (n=4 (A), n≥3 (B)).   
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measured caspase-3 cleavage in HUVECs over-expressing N-terminal FLAG-tagged 

MEOX fusion proteins by western blot (data not shown) and flow cytometry.  There was 

no change in the amount of cleaved caspase-3 in cells transduced with the LacZ 

adenoviral control, as compared to untransduced cells (Figure 3-16).  In contrast, 

compared to the LacZ control, over-expression of MEOX1 significantly increased the 

amount of cleaved caspase-3 in HUVECs (Figure 3-16).  Wild-type MEOX2 and DNA-

binding domain mutated MEOX2
Q235E

 did not increase the amount of cleaved caspase-3 

in HUVECs (Figure 3-16).  The observation that MEOX2 did not induce significant 

caspase-3 cleavage at 48 hours post-transduction was not entirely surprising given that 

MEOX2 did not increase TUNEL staining until 72 hours post-transduction (Figure 3-15).  

Thus, both MEOX1 and MEOX2 can induce EC apoptosis; as indicated by increased 

DNA fragmentation (MEOX2: Figure 3-15) or caspase-3 cleavage (MEOX1: Figure 

3-16). 

To assess whether MEOX1 and MEOX2 also affect necrotic cell death, we used the 

LIVE/DEAD assay. This assay relies on the integrity of the plasma membrane to 

differentially stain live and dead cells.  Live cells, having intact plasma membranes, 

contain cytosolic esterases that cleave the calcein-AM ester bond and thereby trap the 

fluorescent calcein molecule within the cell.  Dead cells, having ruptured plasma 

membranes, allow ethidium homodimer-1 to enter the cell, bind to DNA and thereby 

become highly fluorescent.  The percent cell death can be calculated by dividing the 

number of ethidium homodimer-1 positive cells by the total number of cells counted 

(Figure 3-17, panel A).  HUVECs were transduced with N-terminal FLAG-tagged 

MEOX constructs for 72 hours prior to performing the LIVE/DEAD assays.  Treatment   
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Figure 3-16:  Over-expression of MEOX1 induces caspase-3 cleavage in HUVECs.  
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Figure 3-16:  Over-expression of MEOX1 induces caspase-3 cleavage in HUVECs.  

(A) Representative flow cytometry plots showing the fluorescence intensity histograms 

for cleaved caspase-3 staining (fluorescence intensity versus number of cells).  HUVECs 

were transduced at 250 MOI for 48 hours, following which cells were fixed and stained 

for cleaved caspase-3.  (B)  Percent cleaved caspase-3 in HUVECs transduced at 250 

MOI for 48 hours, as assessed by flow cytometry.  There is no difference between 

untransduced and cells transduced with LacZ encoding adenovirus.  Compared to the 

LacZ control, over-expression of MEOX1 induces caspase-3 cleavage in HUVECs; 

however, there is no increase in cleaved caspase-3 staining in cells over-expressing 

MEOX2 or DNA-binding domain mutated MEOX2
Q235E

.  Staurosporine was used as a 

positive control for increased caspase-3 cleavage.  # Indicates a statistically significant 

change (p<0.05) between untreated and staurosporine treated untransduced cells.  * 

Indicates a statistically significant change (p<0.05) when compared to the LacZ control.  

Error bars represent the standard error of the mean (n≥4).   
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Figure 3-17:  Prolonged over-expression of MEOX1 or MEOX2 does not induce 

necrotic cell death.  
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Figure 3-17:  Prolonged over-expression of MEOX1 or MEOX2 does not induce 

necrotic cell death. 

(A) The equation used to calculate the percent cell death using the LIVE/DEAD assay.  

Live cells (intact plasma membrane) are stained by the vial dye calcein AM, while dead 

cells (perforated plasma membrane) are stained by ethidium homodimer-1.  (B) Percent 

cell death in HUVECs transduced at 250 MOI with adenovirus for 72 hours, as measured 

using the LIVE/DEAD assay. The percent cell death in untransduced HUVECs and cells 

transduced with the LacZ viral control was the same, indicating that adenoviral 

transduction does not cause cell death.  Compared to the LacZ control, over-expression of 

MEOX1, MEOX2 or the DNA-binding deficient versions of MEOX2 (MEOX2
Q235E

 and 

MEOX2
K195_K245del

) did not result in increased necrotic cell death.  Saponin was used as a 

positive control for death due to loss of plasma membrane integrity.  # Indicates a 

statistically significant change (p<0.05) between untreated and saponin treated 

untransduced cells.  Error bars represent the standard error of the mean (n=4). 
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of cells with saponin, a compound capable of forming pores in the cell membrane [209], 

was used as a positive control for cell death.  There was no difference in the percent cell 

death observed in untransduced cells and those transduced with the LacZ adenoviral 

control (Figure 3-17, panel B), indicating that prolonged exposure to adenovirus does not 

induce necrotic cell death.  Furthermore, prolonged over-expression of MEOX1, 

MEOX2, DNA-binding domain mutated MEOX2
Q235E

 or the homeodomain deleted 

MEOX2
K195_K245del

 did not induce necrotic cell death in HUVECs (Figure 3-17, panel B).  
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3.5. Conclusions and future directions 

We established that prolonged over-expression of MEOX1 or MEOX2 in endothelial 

cells is sufficient to induce apoptotic cell death.  By 48 hours post-transduction, MEOX1 

increased the level of apoptosis by 5.2 fold (Figure 3-16), as assessed by caspase-3 

cleavage.  However, MEOX2 did not cause a significant increase in apoptosis until 72 

hours post-transduction, when a 2.3 fold increase was observed by TUNEL (Figure 3-15).  

These findings suggest that in ECs MEOX1 may be a stronger inducer of apoptotic cell 

death than MEOX2.  In contrast, neither MEOX1 nor MEOX2 was able to induce 

necrotic cell death in HUVECs by 72 hours post-transduction (Figure 3-17).  It was 

shown in vivo that a minimum of 22% endothelial cell death is required to cause 

significant microvascular regression [210].  Maintained over-expression of MEOX1 and 

MEOX2 in ECs during physiological or pathological conditions (e.g. MEOX2 expression 

in HGPS) may result in exacerbated levels of apoptosis that could destabilize blood 

vessels due to vascular cell death. 

We did not observe MEOX1 or MEOX2 (wild-type) induced apoptosis in VSMCs by 

48 hours post-transduction.  However, given the results in ECs, we need to repeat the 

TUNEL experiments at a later timepoint (no sooner than 72 hours post-transduction) in 

order to draw conclusions about the ability of the MEOX proteins to induce apoptosis in 

this cell type.  We hypothesize that if the VSMC experiments were repeated at 72 hours 

post-transduction instead of 48 hours, we would observe a significant increase in 

apoptosis occurring in MEOX over-expressing cells. 

Future directions of this study are to repeat the cleaved caspase-3 and TUNEL 

experiments in HUVECs and primary VSMCs at 72 hours post-transduction with the 
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DNA-binding domain mutated MEOX1
Q219E

 and MEOX2
Q235E

.  These experiments will 

allow us to determine conclusively whether MEOX1 and MEOX2 induced apoptosis is 

dependent upon their ability to bind to DNA.  Furthermore, we will generate adenoviral 

constructs encoding middle domain and histidine/glutamine rich domain deleted versions 

of MEOX2 and assess their ability to induce apoptosis upon over-expression in HUVECs 

and primary VSMCs.  We will use electron microscopy to verify necrotic and apoptotic 

cell death of ECs and VSMCs over-expressing MEOX1 and MEOX2.  As well, we will 

identify the intermediate factors involved in MEOX mediated vascular cell death. 
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CHAPTER 4:   MEOX1 AND MEOX2 ACTIVATE P21
CIP1/WAF1

 AND P16
INK4A

 

EXPRESSION AND INDUCE ENDOTHELIAL CELL SENESCENCE 

 

4.1. Introduction 

Cells of the adult vasculature are typically quiescent, existing in a state of long-

term arrest, only re-entering the cell cycle when there is a need for new blood vessel 

formation [28,211].  Physiological angiogenesis in the adult occurs during wound 

healing, endurance exercise and menstruation in women [18-20].  Vascular injury, due to 

environmental factors (e.g. smoking) or physical damage (e.g. angioplasty) will also 

initiate cell cycle re-entry and proliferation of vascular cells in order to repair the injured 

vessel.  However, aged blood vessels have impaired angiogenic capabilities [212].  It has 

been proposed that the increase in senescent cells in aged blood vessels is the cause of 

this decreased angiogenic potential.  Indeed, populations of senescent ECs were shown to 

have impaired angiogenic capabilities in vitro [36]. 

4.1.1. The cell cycle 

Cellular proliferation is dependent upon cell cycle progression from G0/G1 though 

mitosis. The cell cycle is controlled by the sequential association of cyclin proteins with 

CDKs.  While CDKs are constitutively expressed throughout the cell cycle, specific 

cyclin proteins are only produced during certain phases of the cell cycle [213,214].  

Formation of cyclin/CDK complexes enables CDK phosphorylation and produces active 

kinases that subsequently phosphorylate target proteins [213].  Cyclin/CDK complexes 

thereby act as switches to control which cellular processes occur during the various 

phases of the cell cycle.   
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CDK inhibitors block cellular proliferation and govern cell cycle checkpoints.  

CDK inhibitors bind to CDKs, impeding their association with cyclin proteins and hence, 

prevent active cyclin/CDK complex formation [213].  In the absence of active 

cyclin/CDKs, the subsequent phosphorylation of downstream targets does not occur and 

the cell cycle is halted. 

The CDK inhibitors p21
CIP1/WAF1

 and p16
INK4a

 are encoded by the CDKN1A and 

CDKN2A genes, respectively.  While p21
CIP1/WAF1

 prevents Cyclin E/CDK2 association, 

p16
INK4a

 inhibits Cyclin D/CDK4 interaction [213,214].  Both of these cyclin/CDK 

complexes phosphorylate the retinoblastoma protein (pRb) [214].  Phosphorylation of 

pRb is required for cell cycle progression from G1 to S phase [214].  Thus, both 

p21
CIP1/WAF1

 and p16
INK4a

 inhibit cell cycle progression at the G1/S cell cycle checkpoint 

by preventing phosphorylation of pRb.  Interestingly, the CDKN2A gene also encodes 

p14
ARF

, another protein involved in cell cycle regulation [215].  By preventing the p53 E3 

ubiquitin protein ligase homolog of transformed mouse 3T3 cell double minute 2 

(MDM2) inhibition of p53, p14
ARF

 causes the activation of p53, up-regulation of 

p21
CIP1/WAF1

 and cell cycle inhibition [215]. 

The G1/S cell cycle checkpoint is critical for determining whether a cell will enter 

into S phase and replicate its genome, or enter into an arrested state [213].  This state of 

G1 arrest can be either temporary (quiescence) or it can be permanent (senescence) [213]. 

4.1.2. Senescence 

Cellular senescence was first described in the 1960s by Leonard Hayflick to 

explain the limited proliferation capacity of normal diploid human fibroblasts in culture 

[216,217].  Senescence can be induced by many different stimuli that can be divided into 
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two broad categories; replicative senescence and stress-induced premature senescence 

[218].  Replicative senescence is associated with telomere shortening [219,220], whereas 

stress-induced premature senescence is independent of telomere shortening.  Examples of 

cellular stress that can induce premature senescence include DNA damage, oxidative 

stress and oncogene activation (e.g. Harvey rat sarcoma viral oncogene homolog (HRAS) 

over-expression) [221-223].  There are only a few well accepted markers of cellular 

senescence including increased p21
CIP1/WAF1

 expression, p16
INK4a

 expression [224], 

heterochromatic foci formation [225], nuclear promyelocytic leukemia (PML) protein 

aggregation [226] and senescence-associated β-galactosidase (SA-β-gal) expression 

[227].  However, none of these markers are entirely specific to senescence and none are a 

feature of all forms of senescence [223].  EC senescence causes endothelial cell 

dysfunction and is thought to promote atherosclerotic vascular disease [218]. 

 

4.2. Rationale, hypothesis and aims 

MEOX2, is also known as the growth arrest specific homeobox (GAX) [94] due 

to its ability to prevent cell cycle progression via transcriptional up-regulation of the 

CDK inhibitor p21
CIP1/WAF1

 [89,156].  MEOX2 over-expression has been shown to induce 

p21
CIP1/WAF1

 expression and inhibits cell proliferation in VSMCs [156], fibroblasts 

[87,168], keratinocytes [146] as well as in ECs [89,150] (Figure 4-1).  Furthermore, 

MEOX2 over-expression has also been shown to induce the expression of the CDK 

inhibitor p16
INK4a

 in fibroblasts [87,168] (Figure 4-1).  Consistent with increased levels of 

p21
CIP1/WAF1

 and p16
INK4a

 protein, MEOX2 over-expression in primary human fibroblasts 

arrested cells in the G1 phase and induced premature senescence [87].  
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Figure 4-1:  The cell cycle and the role of MEOX2.  
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Currently, p21
CIP1/WAF1

 and p16
INK4a

 are the only confirmed transcriptional targets 

of MEOX2 [87,89] and it is unknown whether MEOX1 is also able to transactivate these 

targets.  MEOX gene knockout studies in mice have suggested that MEOX1 and MEOX2 

have partially redundant functions during development [126].  This suggests that the 

MEOX transcription factors may regulate the expression of similar sets of target genes.  

In support of this hypothesis, the amino acid composition of the MEOX1 and MEOX2 

homeodomains is nearly identical [84].  Canonically, control of target gene transcription 

by homeodomain proteins is achieved through direct binding of DNA via the 

homeodomain.  However, the homeodomain has also been shown to act as a protein-

protein interaction module in several homeodomain proteins, including MEOX1 and 

MEOX2 [85,86], thereby permitting homeodomain transcription factors to modify target 

gene transcription without binding DNA directly. 

We hypothesised that MEOX1 would be capable of up-regulating the MEOX2 

target genes p21
CIP1/WAF1

 and p16
INK4a

 in ECs.  Furthermore, we theorised that increased 

p21
CIP1/WAF1

 and p16
INK4a

 expression by MEOX proteins in ECs would be correlated with 

permanent cell cycle arrest and EC senescence. 

To address these hypotheses our aims were to: 

i) Assess the ability of MEOX1 to induce p21
CIP1/WAF1

 and p16
INK4a

 expression 

in ECs. 

ii) Test if DNA-binding by the MEOX proteins is required for p21
CIP1/WAF1

 and 

p16
INK4a

 transactivation. 

iii) Determine if the MEOX proteins are required for p21
CIP1/WAF1

 and p16
INK4a

 

expression in ECs. 

iv) Determine if MEOX1 and MEOX2 over-expression induces EC senescence.  
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4.3. Materials and methods 

4.3.1. Cell culture 

All cells were maintained in a standard cell culture incubator at 37°C with 5% 

CO2.  HEK293 cells and HUVECs were cultured as described in sections 3.3.1.1 and 

3.3.1.4, respectively.  Neonatal human dermal lymphatic microvascular endothelial cells 

(LECs) (Clonetics) were cultured in Microvascular Endothelial Cell Growth Medium 

(EGM-2-MV) (Clonetics) which contains 5% FBS, rhEGF, rhFGF-B, R
3
-IGF-1, VEGF, 

hydrocortisone, ascorbic acid and GA-1000. 

4.3.2. MEOX expression vectors (plasmid and adenovirus) 

Cloning of all MEOX1 and MEOX2 constructs is described in Appendix B, while 

adenovirus production and titering is described in section 3.3.3. 

4.3.3. Immunofluorescence (confocal microscopy) 

HUVECs (1×10
5
 cells/well) were transduced at a MOI of 250 with adenovirus 

and then plated onto collagen I (BD Biosciences) coated glass coverslips in 6-well tissue 

culture plates.  At 48 hours post-transduction, cells were washed with PBS, fixed with 

4% paraformaldehyde (EMD Chemicals) and then blocked with 5% goat serum in PBS at 

room temperature for 30 minutes. 

Cells on coverslips were then incubated with primary mouse anti-FLAG [M2] 

(Sigma) antibody followed by Alexa Fluor 488 conjugated goat anti-mouse IgG 

(Invitrogen) secondary antibody as described in section 3.3.4.2.  Subsequently, coverslips 

were washed three times with PBS-T.  Cells on coverslips were incubated for 3 hours at 

room temperature with 1 mg/mL propidium iodide (Invitrogen) diluted 1:100 in blocking 
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buffer prior to being mounted onto slides.  Coverslips were washed three times with PBS-

T, once with PBS and then mounted onto slides using FluorSave Reagent (CalBiochem). 

Alternatively, after blocking, cells on coverslips were incubated overnight at 4°C 

with primary mouse anti-Lamin A+C antibody [JOL2] (Millipore) diluted 1:50 in 

blocking buffer.  Subsequently, coverslips were washed three times with PBS-T and then 

incubated at room temperature for 1 hour with Texas Red conjugated goat anti-mouse 

IgG (Invitrogen) secondary antibody diluted 1:200 in blocking buffer.  Coverslips were 

washed three times with PBS-T.  Cells on coverslips were then incubated with primary 

mouse anti-FLAG [M2] (Sigma) antibody followed by Alexa Fluor 488 conjugated goat 

anti-mouse IgG (Invitrogen) secondary antibody as described in section 3.3.4.2.  

Coverslips were washed three times with PBS-T, once with PBS and then mounted onto 

slides using SlowFade Gold antifade reagent with DAPI (Invitrogen). 

All images were acquired with an Olympus IX70 confocal laser microscope using 

FluoView 2.0 software. 

4.3.4. Luciferase promoter constructs and LacZ expression vector 

The WWP-LUC vector containing the p21
CIP1/WAF1

 upstream promoter region, a 

gift from Dr. B. Vogelstein (Johns Hopkins University) [228], was digested with 

SstI/HindIII and the resulting 2272 bp human p21
CIP1/WAF1

 promoter was cloned into the 

pGL3-basic vector (Promega).  The 232 bp p21
CIP1/WAF1

 promoter was amplified by 

polymerase chain reaction (PCR) from the 2272 bp p21
CIP1/WAF1

 promoter, digested with 

XhoI/HindIII and then ligated into the pGL3-basic vector.  The 232 bp p21
CIP1/WAF1

 

promoter was then verified by DNA sequencing at the University of Calgary.  The pGL3 

vector containing the 564 bp p16
INK4A

 upstream promoter region (pGL3-INK4a) was a 
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gift from Dr. S. Chanda (Burnham Institute for Medical Research) [87].  The pGL3-basic 

and pcDNA3-LacZ vectors were a gift from Dr. N. Mesaeli (Weill Cornell Medical 

College in Qatar). 

4.3.5. Luciferase assays 

HEK293 cells and HUVECs (1.5×10
5
 cells/well) were plated into 6-well tissue 

culture plates (for HUVECs, plates were coated with collagen I (BD Biosciences)) 

containing growth media.  Media was changed to Opti-MEM I (Gibco) containing 10% 

Calf Serum (Gibco) 48 hours after plating.  Each well of HEK293 cells was transfected 

using 15 µL Lipofectamine 2000 Reagent (Invitrogen), 3 µg transcription factor vector 

DNA, 2 µg promoter vector DNA and 1 µg β-galactosidase vector DNA.  For the 

p21
CIP1/WAF1

 promoter luciferase assays in HUVECs, cells were transfected with a total of 

1 µg transcription factor vector DNA, 1 µg promoter vector DNA and 0.5 µg β-

galactosidase vector DNA using 6.25 µL Lipofectamine LTX and 2.5 µL Plus Reagent 

(Invitrogen).  For p16
INK4a

 promoter luciferase assays in HUVECs, cells were transfected 

with a total of 1 µg transcription factor vector DNA, 0.5 µg promoter vector DNA and 

0.5 µg β-galactosidase vector DNA using 5 µL Lipofectamine 2000 (Invitrogen).  In all 

experiments, media was changed back to growth medium 4 hours post-transfection.  

Mithramycin A (200 ng/mL final concentration [229,230]), or the same volume of 

methanol (vehicle), was diluted in growth medium and added to the cells 4 hours post-

transfection. 

Luciferase assays were performed 24 hours after transfection or mithramycin A 

treatment using a Lumat LB 9507 luminometer and luciferase buffer containing 20 mM 

Tricine, 1.07 mM MgCO3, 2.67 mM MgSO4, 0.1 mM EDTA, 33.3 mM DTT, 270 µM 
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coenzyme A, 470 µM luciferin, and 530 µM ATP.  β-galactosidase assays were 

performed using a solution containing 0.8 µg/µL ONPG and a MRX-TC revelation 

spectrophotometer (Dynex Technologies) set to 415 nm.  To control for transfection 

efficiency, luciferase assay values were normalized to the β-galactosidase assay values 

for each sample.  Empty expression vectors were used to control for basal promoter 

activity.  Fold activation was calculated by dividing the relative luciferase unit value of 

each sample by the value obtained for the empty vector control. 

4.3.6. Quantitative real-time PCR 

HUVECs (2.5×10
5
 cells/plate) were transduced with adenovirus and then plated 

onto 6 cm tissue culture plates.  RNA was isolated using the RNeasy Plus kit (Qiagen) 

following the manufacturer’s instructions. One step real-time PCR was performed using 

an iQ5 thermocycler (BioRad) and the iScript One-Step PCR kit with SybrGreen 

(BioRad) or the BR 1-Step SYBR Green qRT-PCR Kit (Quanta). Relative gene 

quantification (2
-ΔΔCT

 method) was performed where the mRNA expression of 

p21
CIP1/WAF1

, p16
INK4a

 or p14
ARF

 were compared to the mRNA expression of the β-actin 

control. PCR products were resolved on 2% agarose gels and cloned using the TOPO TA 

cloning kit (Invitrogen). The resulting constructs were verified by sequencing.  Primer 

sequences are listed in Table 4-1. 
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Table 4-1:  List of primers used for quantitative real-time PCR.  



112 

 

4.3.7. Western blotting and quantification 

HUVECs (2.5×10
5
 cells/plate) were transduced with adenovirus and then plated 

onto 6 cm tissue culture plates.  Cells were harvested and protein samples were prepared, 

then separated by SDS-PAGE as described in section 3.3.4.4.  For p16
INK4a

/α-tubulin 

blots, proteins were transferred from the acrylamide gels to nitrocellulose membranes 

with a pore size of 0.2 μm (Bio-Rad) by electrophoretic semi-dry transfer.  For all other 

western blots, proteins were transferred from acrylamide gels to nitrocellulose 

membranes with a 0.45 μm pore size (Bio-Rad) using electrophoretic tank transfer.  

Primary antibodies used for western blotting were: mouse anti-p21
CIP1/WAF1

 [CP74] 

(Sigma), mouse anti-p16
INK4a

 [DCS-50] (Santa Cruz), rabbit anti-p53 [FL-393] (Santa 

Cruz), mouse anti-FLAG [M2] (Sigma), rabbit anti-actin (pan) (Sigma), mouse anti-α-

tubulin [DMA1] (AbCam) and mouse anti-Lamin A+C [JOL2] (Millipore).  Primary 

antibody dilutions and incubation conditions are listed in Table 3-1.  Horseradish 

peroxidase conjugated secondary antibodies were incubated and detected as described in 

section 3.3.4.4.  Protein band intensities were quantified using the adjusted volume 

measurement (Adj.Vol.; CNT*mm
2
) in the Quantity One software (Bio-Rad). 

4.3.8. Recombinant MEOX-GST fusion protein production 

Cloning of MEOX1 and MEOX2 glutathione S-transferase (GST) constructs is 

described in Appendix B.  Briefly, pET-41a(+)-MEOX constructs were transformed into 

Rosetta-gami 2(DE3)pLysS competent cells (Novagen) for the production of recombinant 

C-terminal GST-tagged proteins.  Proteins were isolated using the BugBuster GST Bind 

Purification Kit (Novagen) as per the manufacturer’s recommendations with the addition 

of 0.5 mM PMSF and protease inhibitor cocktail (0.1 mg/mL aprotinin, 0.1 mg/mL 
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phosphramidone, 0.1 mg/mL TLCK, 0.2 mg/mL TPCK, 0.1 mg/mL APMSF, 0.1 mg/mL 

E-64, 0.05 mg/mL leupeptin, 0.01 mg/mL I pepstatin) to all buffers. 

4.3.9. Electrophoretic mobility shift assays 

Two hundred nanograms of recombinant GST-fusion protein was used per EMSA 

binding reaction.  Alternatively, HUVECs (7.5×10
5
 cells/plate) were transduced at a MOI 

of 50 with adenovirus then plated onto 10 cm tissue culture plates.  Nuclear proteins were 

isolated using the NE-PER nuclear and cytoplasmic extraction kit (Pierce) at 72 hours 

post-transduction and 5 µL nuclear extract was used per binding reaction. 

EMSAs were carried out using the LightShift Chemiluminescent EMSA Kit 

(Pierce).  The sequence of all EMSA probes are listed in the Table 4-2.  Binding reactions 

(20 µL) were incubated for 30 minutes at room temperature in a buffer containing 10 mM 

Tris pH 7.5, 50 mM KCl, 1 mM DTT, 50 ng/μL Poly(dI•dC), 5% glycerol, 0.05% NP-40, 

3.5mM MgCl2, 0.5 mM EDTA, 0.25 mg/ml BSA and 30 – 90 fmol biotin end-labelled 

probe.  For cold competition reactions, 8 – 18 pmol unlabelled probe was added (200 

molar excess) and then incubated for 15 minutes at room temperature prior to the addition 

of the biotin labelled probe.  Super-shift reactions containing 1 – 1.5 µg normal mouse 

IgG (Millipore), anti-FLAG [M2] antibody (Sigma) or anti-MEOX2 [6A5] antibody 

(Millipore) were incubated overnight at 4°C, prior to the addition of biotin labelled probe.  

Luminescence was detected using CL-Xposure blue X-ray film (Thermo Scientific). 
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Table 4-2:  List of EMSA probes.  
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4.3.10. Chromatin immunoprecipitation 

ChIP was carried out using the solutions from the EZ-ChIP kit (Millipore), except 

where stated otherwise.  HUVECs (7.5×10
5
 cells/plate) were transduced with adenovirus 

at 25 MOI and then plated onto 10 cm tissue culture plates containing 10 mL growth 

media (one 10 cm plate per ChIP).  Forty-eight hours post-transduction, cells were cross-

linked using 37% formaldehyde solution (VWR) added to the growth medium at a final 

concentration of 1% v/v formaldehyde.  Cells were incubated at room temperature for 10 

minutes, after which 10X glycine solution was added to a final concentration of 1X and 

then incubated at room temperature for 5 minutes to quench the cross-linking reaction.  

The cells were then washed twice with ice cold PBS containing protease inhibitors 

(Roche).  Cells were collected and then pelleted by centrifugation at 1000 × g for 5 

minutes at 4°C. 

Cell pellets were resuspended in SDS Lysis Buffer containing Protease Inhibitor 

Cocktail II and then incubated on ice for 10 minutes, after which the cell suspension was 

passed through a 27 ½ gauge syringe 3 times to break up the cells.  The cell solution was 

then sonicated on ice 10 times for 10 seconds (with 30 seconds of rest in between) using 

a Misonix XL-2000 series sonicator (Qsonica) set to “2” (optimization of sonication 

conditions is discussed in Appendix D).  The sonicated cell lysate was centrifuged at 

15,000 × g for 10 minutes at 4°C to remove insoluble material. 

At this point, an aliquot of sonicated cell lysate was removed and the crosslinking 

was reversed by the addition of 8% v/v 5M NaCl solution and incubation overnight at 

65°C.  The DNA fragments were subsequently purified by phenol:chloroform extraction 

followed by ethanol precipitation and then analyzed by agarose gel electrophoresis. 
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The remaining sonicated cell lysate was diluted 1:9 with ChIP Dilution Buffer 

containing Protease Inhibitor Cocktail II and pre-cleared for 3 hours at 4°C by rotating 

incubation with Protein A/G Ultralink Resin (Pierce) (the choice of beads used for pre-

clearing and chromatin/antibody collection is discussed in Appendix D).  The resin was 

pelleted by centrifugation at 4000 × g for 1 minute at 4°C and the pre-cleared sonicated 

cell lysate was moved to a new tube.  At this point, 1% was removed as Input and stored 

at 4°C and the remaining pre-cleared sonicated cell lysate was used for ChIP.  To each 

ChIP, 2.5% v/v 2% BSA, 2% v/v 25 mg/mL yeast tRNA (Invitrogen) and 10 μg antibody 

was added.  Antibodies used for ChIP were normal mouse IgG (Millipore), anti-RNA 

polymerase II [CTD4H8] (phospho- and non-phospho-RNAP) (Millipore) and anti-

FLAG [M2] (Sigma).  ChIPs were incubated overnight at 4°C with rotation. 

Chromatin/antibody complexes were collected by rotating incubation with Protein 

G Agarose for 2 hours at 4°C.  The agarose was pelleted by centrifugation at 5000 × g for 

1 minute at 4°C.  The supernatant was removed and the agarose was washed by rotating 

incubation with ice cold buffers at 4°C as follows: one 10 minute wash with Low Salt 

Immune Complex Wash Buffer, one 30 minute wash with High Salt Immune Complex 

Wash Buffer, one 30 minute wash with LiCl Immune Complex Wash Buffer and two 10 

minute washes with TE Buffer.  The immunoprecipitated chromatin was eluted from the 

agarose by incubation with freshly prepared Elution buffer (5% v/v 20% SDS, 10% v/v 1 

M NaHCO3) for 15 minutes at room temperature.  Elution buffer was also added to the 

Input samples.  Crosslinking was reversed by the addition of 8% v/v 5M NaCl solution 

and incubation overnight at 65°C.RNA and protein were degraded by sequential RNase A 

(10 mg/mL) and Proteinase K (10 mg/mL) digestion.  The chromatin was then purified 
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using the QIAquick PCR purification Kit (Qiagen) as per the manufacturer’s 

recommendations.  Subsequently, the purified chromatin in nuclease-free water was 

analyzed by standard PCR.  Chromatin from the p16
INK4a

 upstream promoter region was 

detected using the p16 forward 5’- TACGACTAGAAAGTGTCCCCCTAC-3’ and p16 

reverse 5’-TAGAACACTGAGCACTTTTTCTGG-3’ primers [87].  Chromatin from the 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) core promoter was detected using 

the control primers from the EZ-ChIP kit (Millipore). 

4.3.11. Senescence-associated β-galactosidase staining 

HUVECs (1×10
5
 cells/well) were transduced with adenovirus at 250 MOI and 

then plated onto collagen I (BD Biosciences) coated glass coverslips in 6-well tissue 

culture plates. Forty-eight hours post-transduction, cells were washed twice with PBS and 

then fixed for 5 minutes at room temperature with 2% paraformaldehyde (EMD 

Chemicals) diluted in PBS. Coverslips were washed twice with PBS and then freshly 

prepared SA-β-gal staining solution (40 mM citric acid/sodium phosphate, pH 6.0, 150 

mM NaCl, 2 mM MgCl2, 5mM potassium ferricyanide, 5 mM potassium ferrocyanide, 1 

mg/mL X-gal) was added and incubated overnight at 37°C [227]. The following day, 

coverslips were rinsed three times with double distilled water. Nuclei were stained with 

Mayer’s hematoxylin solution (Sigma) at room temperature for 2 minutes and then rinsed 

three times with double distilled water. Coverslips were mounted onto glass slides using 

FluorSave Reagent (CalBiochem). Phase contrast images of 16 random fields (20×) per 

coverslip were acquired using a Zeiss Axioskop 2 mot plus microscope equipped with an 

AxioCam digital camera and AxioVision 4.6 software (Zeiss). The number of SA-β-gal 
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positive cells was counted by an observer that was blinded to the identity of the slides and 

then expressed as a percentage of the total number of counted cells. 

4.3.12. Flow cytometry (cell cycle analysis) 

For all experiments, HUVECs (3×10
5
 cells/plate) were transduced with 

adenovirus at 100 MOI and then plated onto 10 cm tissue culture plates containing 

growth media.  Centrifugation steps were carried out at 350 × g for 5 minutes at room 

temperature.  1x10
4
 gated cells per sample were counted using a BD FACSCalibur flow 

cytometer.  The results were analyzed using FlowJo software (Tree Star, Inc.). 

4.3.12.1. Propidium iodide 

Forty eight hours post-transduction, the media was collected and the cells were 

washed once with PBS, lifted using 0.5% Trypsin-EDTA (Gibco) and then collected 

using the initial media and PBS wash.  Cells were pelleted by centrifugation, following 

which the media was discarded and the cells were resuspended in 0.5 mL PBS.  Cells 

were fixed by adding 4 mL 70% ethanol and incubating the cells for 2 hours at 4°C.  The 

fixed cells were pelleted by centrifugation, washed once with PBS, and then resuspended 

in freshly prepared propidium iodide staining solution (PBS containing 0.5 mg/mL 

RNaseA (Invitrogen), 0.02 mg/mL propidium iodide (Invitrogen) and 0.1% Triton-X-100 

(Sigma)).  Cells were incubated at room temperature for 30 minutes prior to analysis by 

flow cytometry. 

4.3.12.2. BrdU / 7-AAD 

Forty-eight hours post-transduction cells were treated with 5′-bromo-2′-

deoxyuridine (BrdU) (Fisher) at a final concentration of 10 µM for 1 hour at 37°C with 

5% CO2.  Cells were washed three times with PBS, trypsinized and then pelleted by 
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centrifugation.  The cell pellets were resuspended in 0.5 mL PBS, following which 2 mL 

cold 70% ethanol was added and the cells were fixed overnight at 4°C.  Cells were 

pelleted by centrifugation and then resuspended in 1 mL freshly prepared 2N HCl and 

incubated at room temperature for 25 minutes.  Subsequently, 2 mL PBS containing 3% 

FBS (PBS/FBS) was added to the cells, which were then pelleted by centrifugation.  The 

cell pellet was resuspended in 1 mL 0.1 M sodium borate pH 8.5 and incubated at room 

temperature for 2 minutes.  PBS/FBS (2 mL) was added to the cells, which were then 

pelleted by centrifugation.  This step was repeated, following which cells were 

resuspended in 0.1 mL PBS/FBS containing 5 μL Alexa Fluor 488 conjugated mouse 

anti-BrdU [MoBU-1] antibody and then incubated for 2 hours at room temperature.  

Subsequently, 2 mL PBS/FBS was added to the cells, which were then pelleted by 

centrifugation.  Lastly, the cell pellet was then resuspended in 0.5 mL PBS/FBS 

containing 10 μL 0.2 mg/mL 7-aminoactinomycin D (7-AAD) (Invitrogen) and incubated 

for 15 minutes at room temperature prior to analysis by flow cytometry. 

4.3.13. Gene expression knockdown using siRNA 

HUVECs and LECs (2×10
5
 cells/plate) were plated onto 3.5 cm tissue culture 

plates containing growth media.  Media was changed to fresh growth media 24 hours 

after the cells were plated.  Subsequently, each plate of cells was transfected using 4 µL 

DharmaFECT1 (Dharmacon) and 0.2 picomoles ON-TARGETplus siRNA (Dharmacon) 

or siGLO green transfection indicator siRNA (Dharmacon).  Media was changed to fresh 

growth media 24 hours after transfection.  The human MEOX2 ON-TARGETplus 

SMARTpool (Dharmacon), that contains 4 siRNA specific to MEOX2 mRNA, was used 
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to knockdown MEOX2 expression.  The ON-TARGETplus non-targeting pool 

(Dharmacon) was used as a negative control. 

4.3.14. Statistical analysis 

For luciferase assay data, ANOVA followed by Tukey post-hoc tests were used to 

evaluate the changes between MEOX proteins and the empty vector control, MEOX1 and 

MEOX2, as well as wild-type and mutant MEOX proteins.  For all other experiments, 

ANOVA followed by Tukey post-hoc tests were used to evaluate the changes between 

MEOX proteins and the EGFP control, MEOX1 and MEOX2, as well as wild-type versus 

mutant MEOX proteins.  Changes were considered significant if the p-value was less than 

0.05. Statistical analysis was performed using Origin 8.5 software. 
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4.4. Results and discussion 

4.4.1. Expression of MEOX proteins in HUVECs 

To study the effects of MEOX1 and MEOX2 expression in endothelial cells we 

generated MEOX1 and MEOX2 expression constructs (Figure 4-2) that contain a FLAG 

epitope at either the N-terminus or the C-terminus of the protein.  In addition to wild-type 

MEOX1 and MEOX2, we created full length constructs in which their homeodomains 

were mutated so that we could study the DNA-binding requirement of MEOX protein 

function.   The MEOX1
Q219E

 and the MEOX2
Q235E

 constructs contain the entire MEOX 

homeodomain, but include a glutamine to glutamate substitution at position 50 of the 

homeodomain (Figure 4-2).  This mutation has previously been shown to result in DNA-

binding defective homeodomain proteins [231,232].  As well, two homeodomain deletion 

versions of MEOX2 were generated; MEOX2
K195_K245del

 which lacks the entire 

homeodomain except for the flexible amino-terminal arm, and MEOX2
K188_K245del

 in 

which the entire homeodomain has been removed (Figure 4-2).  Furthermore, we created 

MEOX2 mutant constructs, MEOX2
H68_Q85del

 and MEOX2
T89_V182del

, in which the 

histidine/glutamine rich domain or the middle domain was deleted, respectively. 

The level of expression and subcellular localization of the various FLAG-tagged 

MEOX proteins were first verified by western blot in HEK293 cells, due to their ease of 

transfection.  As the transfection of primary endothelial cells is very inefficient, we used 

adenoviral transduction to over-express the various MEOX proteins in HUVECs.  To 

achieve close to 100% transduction of HUVECs, we delivered an adenoviral dose greater 

than 100 MOI (data not shown).  As shown in Chapter 3, these doses of adenovirus were 

not cytotoxic.  Subsequently, we evaluated the level of expression and subcellular   
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Figure 4-2:  Schematic representation of the MEOX1 and MEOX2 protein 

constructs used in this thesis.  
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Figure 4-2:  Schematic representation of the MEOX1 and MEOX2 protein 

constructs used in this thesis. 

Three mouse MEOX1 constructs were generated: wild-type, homeodomain mutated 

(Q219E) and homeodomain deleted (K179_K229del).  Five human MEOX2 constructs 

were generated: wild-type, homeodomain mutated (Q235E), homeodomain deleted 

(K195_K245del and K188_K245del), middle domain deleted (T89_V182del) and 

histidine/glutamine rich domain deleted (H68_Q85del).  N: N-terminal domain, HQ: 

histidine/glutamine rich domain, MID: middle domain, HD: homeodomain, C: C-terminal 

domain. 
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localization of the FLAG-tagged MEOX proteins in HUVECs using fluorescent 

immunocytochemistry. 

Comparable levels of protein expression were observed for all MEOX constructs 

in HEK293 cells by western blot (Figure 4-3, panel A; Figure C-1), however the 

subcellular localization of the MEOX proteins was quite different (Figure 4-3, panel B).  

Similar subcellular localization of MEOX proteins was observed in HEK293 cells 

(Figure 4-3, panel B) and HUVECs (Figure 4-4).  MEOX1 and MEOX2 differed slightly 

in subcellular localization.  Although both MEOX1 and MEOX2 were localized 

predominantly to the nucleus, MEOX1 was also consistently detected in the cytoplasm 

(Figure 4-3, panel B; Figure 4-4).  Although the reason for this difference in localization 

is not known, we speculate that unique protein binding partners may explain the cytosolic 

localization of MEOX1.  DNA-binding domain mutated MEOX1
Q219E

 and MEOX2
Q235E

 

were both localized to the nucleus; however, an increased amount of cytosolic protein 

was detected for both mutants as compared to their wild-type counterparts (Figure 4-3, 

panel B).  In contrast, homeodomain deleted MEOX2
K195_K245del

 differed dramatically in 

localization from that of either the wild-type MEOX2 or the DNA-binding domain 

mutated MEOX2
Q235E

 proteins, as it was detected predominantly in both the cytoplasm 

and as punctate nuclear aggregates (Figure 4-3, panel B; Figure 4-4).  The cytoplasmic 

localization of the MEOX2
K195_K245del

 protein occurred despite the predicted nuclear 

localization signal being left intact.  Furthermore, homeodomain deleted 

MEOX2
K188_K245del

, which lacks the predicted nuclear localization signal, was identical to 

MEOX2
K195_K245del

 with respect to both the level of expression and cytosolic localization 

(data not shown).  The punctate nuclear aggregates of homeodomain deleted   
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Figure 4-3:  Expression and subcellular localization of MEOX1 and MEOX2 

proteins in HEK293 cells.  
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Figure 4-3:  Expression and subcellular localization of MEOX1 and MEOX2 

proteins in HEK293 cells. 

Representative western blots showing the relative level of expression (A) and subcellular 

localization (B) of MEOX proteins in HEK293 cells 48 hours after transfection.  (A) All 

constructs were expressed at approximately the same level.  (B) Wild-type MEOX1 

(MX1) and DNA-binding domain mutated MEOX1
Q219E

 (Q219E) was expressed in both 

the nucleus and the cytosol.  The expression of wild-type MEOX2 (MX2), DNA-binding 

domain mutated MEOX2
Q235E

 (Q235E) and histidine/glutamine rich domain deleted 

MEOX2
H68_Q85del

 (H68_Q85del) was primarily nuclear, while the expression of 

homeodomain deleted MEOX2
K195_K245del

 (K195_K245del) was exclusively cytosolic.  

Notably, there was an increased amount of MEOX1
Q219E

, MEOX2
Q235E

 and 

MEOX2
H68_Q85del

 located in the cytosol, as compared to their wild-type counterpart.  The 

N-terminally tagged MEOX proteins were detected using an anti-FLAG antibody.  The 

empty expression vector was used as a negative control (Ctrl).  Lamin A+C was used as 

nuclear (Nuc) marker and α-tubulin was used as a cytoplasmic (Cyt) marker. 

  



127 

 

 

Figure 4-4:  Expression and subcellular localization of MEOX1 and MEOX2 

proteins in HUVECs.  
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Figure 4-4:  Expression and subcellular localization of MEOX1 and MEOX2 

proteins in HUVECs. 

Representative fluorescent immunocytochemistry showing the localization and level of 

expression of the MEOX proteins in HUVECs 48 hours after adenoviral transduction at a 

multiplicity of infection of 250.  The N-terminally tagged MEOX proteins (MEOX1, 

MEOX2, DNA-binding domain mutated MEOX2
Q235E

 and homeodomain deleted 

MEOX2
K195_K245del

) (panels C-F) were detected using an anti-FLAG antibody (green) and 

nuclei were stained with propidium iodide (red).  Untransduced HUVECs were used as a 

negative control (panel A) and enhanced green fluorescent protein (EGFP) was used as a 

control for adenoviral transduction (panel B).  Arrows indicate cytoplasmic staining and 

arrowheads indicate punctate nuclear aggregates. Scale bar represents 20 µm. 
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MEOX2
K195_K245del

 have been shown to co-localize with splicing factor SC35, a 

component of the nuclear speckles [233].  Thus, deletion of the MEOX2 homeodomain 

altered its subcellular localization and will also likely affect its function.  For this reason, 

we limited our use of the homeodomain deleted constructs.  Histidine/glutamine rich 

domain deleted MEOX2
H68_Q85del

, which lacks the putative transactivation domain, is 

expressed at a similar level and has the same subcellular localization as wild-type 

MEOX2 in HEK293 cells (Figure 4-3). 

An interesting feature of MEOX1 nuclear localization was that MEOX1 appeared 

to be consistently enriched at the periphery of the nucleus.    This enrichment was also 

noted with MEOX2, but to a much lesser extent.  To better visualize this effect, we 

repeated the fluorescent immunocytochemistry using an anti-Lamin A+C antibody to 

demarcate the nuclear envelope.  Indeed, it appeared that the density of MEOX1 and 

MEOX2 protein expression was increased at the inner nuclear envelope (Figure 4-5).  

Furthermore, this enrichment at the nuclear envelope was not seen with the DNA-binding 

domain mutated MEOX2
Q235E

 (Figure 4-5).  Thus, it is intriguing to speculate that 

transcriptional regulation by MEOX1 and MEOX2 may be directed, via interaction with 

the nuclear lamina or nuclear envelope proteins, to genes that are located at the nuclear 

periphery. 
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Figure 4-5:  Enrichment of MEOX protein expression at the inner nuclear envelope 

in HUVECs.  
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Figure 4-5:  Enrichment of MEOX protein expression at the inner nuclear envelope 

in HUVECs. 

Representative fluorescent immunocytochemistry showing localization of the MEOX 

proteins in HUVECs 48 hours after adenoviral transduction at a multiplicity of infection 

of 250.  N-terminal tagged MEOX proteins (MEOX1, MEOX2, DNA-binding domain 

mutated MEOX2
Q235E

 and homeodomain deleted MEOX2
K195_K245del

) (panels C-F) were 

detected using an anti-FLAG antibody (green) and the nuclear envelope was detected 

using an anti-Lamin A+C antibody (red).  Untransduced HUVECs were used as a 

negative control (panel A) and enhanced green fluorescent protein (EGFP) was used as a 

control for adenoviral transduction (panel B).  Scale bar represents 20 µm. 
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4.4.2. MEOX1 and MEOX2 activate p21
CIP1/WAF1

 expression via a DNA-binding 

independent mechanism 

4.4.2.1. MEOX1 and MEOX2 activate transcription from the endogenous 

p21
CIP1/WAF1

 promoter in endothelial cells.  

The CDK inhibitor, p21
CIP1/WAF1

, was the first direct transcriptional target 

identified for MEOX2 [89,156].  MEOX2 expression in VSMCs is decreased by mitogen 

stimulation, which leads to decreased p21
CIP1/WAF1

 expression and cell cycle progression 

[94,156]. 

We first wanted to determine whether the same phenomenon occurs in primary 

ECs.  HUVECs were cultured in either growth media (which contains 2% FBS and 

defined growth factors) or basal media containing 0.2% FBS for 18 hours, following 

which the media was changed to either fresh growth media, basal media containing 0.2% 

FBS, basal media containing 2.0% FBS or basal media containing 10% FBS for 12 hours.  

Quantitative real-time PCR was used to measure the relative mRNA expression of 

MEOX2 and p21
CIP1/WAF1

.  With the removal of defined growth factors and serum from 

the growth media (Figure 4-6, panel A, compare EGM to EBM + 0.2% FBS) there was a 

trend toward increased MEOX2 expression.  Conversely, increasing the serum content 

from 0.2% to 10% decreased MEOX2 expression (Figure 4-6, panel A).  As anticipated, 

the levels of p21
CIP1/WAF1

 mRNA in response to serum mirrored the trend in MEOX2 

mRNA expression (Figure 4-6, panel B). 

In order to study the dynamics of MEOX2 regulation of p21
CIP1/WAF1

 gene 

transcription in endothelial cells, we over-expressed MEOX2 in HUVECs and measured 

the changes in p21
CIP1/WAF1

 expression.  MEOX2 dose dependently increased p21
CIP1/WAF1

   



133 

 

 

Figure 4-6:  The mRNA expression of MEOX2 and p21
CIP1/WAF1

 in HUVECs is 

affected by serum content.  
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Figure 4-6:  The mRNA expression of MEOX2 and p21
CIP1/WAF1

 in HUVECs is 

affected by serum content. 

HUVECs were cultured in growth media or basal media containing 0.2% FBS for 18 

hours after which the media was changed to one of four treatments (growth media, basal 

media containing 0.2% FBS, basal media containing 2.0% FBS or basal media containing 

10% FBS) for 12 hours prior to RNA isolation.  (A) The mRNA expression of MEOX2 

trends towards an increase with the removal of defined growth factors from the media 

and decreases with increasing serum content.  ° Indicates a statistically significant change 

(p<0.05) from cells cultured in basal media containing 0.2% FBS.  Error bars represent 

the standard error of the mean (n=3).  (B) The mRNA expression of p21
CIP1/WAF1

 mirrors 

the expression of MEOX2.  * Indicates a statistically significant change (p<0.05) from 

cells cultured in growth media.  Error bars represent the standard error of the mean (n=3). 
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protein expression in HUVECs 48 hours after adenoviral transduction (Figure 4-7).  

Based on this experiment, we chose to use a viral dose of 250 MOI for future studies 

because there was clear up-regulation of p21
CIP1/WAF1

 by MEOX2 at this dose and no 

increase in p21
CIP1/WAF1

 expression due to the effects of control adenovirus transduction.  

Subsequently, time course experiments were performed to study the level of p21
CIP1/WAF1

 

induction by MEOX2 at various times post-transduction.  We did not detect MEOX2 

expression until 24 hours post-transduction (Figure 4-8, panel B).  MEOX2 significantly 

increased p21
CIP1/WAF1

 mRNA expression at 48 and 72 hours, while p21
CIP1/WAF1

 protein 

expression was significantly increased at 36, 48 and 72 hours post-transduction (Figure 

4-8).  Furthermore, we saw a modest, but significant increase in p21
CIP1/WAF1

 mRNA 

expression in response to control viral transduction at 72 hours (Figure 4-8, panel A).  

Thus, we chose to continue our experiments using 250 MOI of adenovirus and assessing 

changes in p21
CIP1/WAF1 

expression 48 hours post-transduction. 

To compare the ability of MEOX1, MEOX2 and mutant MEOX2 proteins to 

induce the expression of endogenous p21
CIP1/WAF1

 in endothelial cells, we transduced 

HUVECs using adenoviral vectors, following which we performed quantitative real-time 

PCR and western blot analysis to measure the changes in p21
CIP1/WAF1

 expression at the 

mRNA and protein level, respectively.  Ectopic expression of p53 was used as an 

alternate positive control for the induction of p21
CIP1/WAF1

, since p53 is a well 

characterized transcriptional activator of the p21
CIP1/WAF1

 gene [228,234].  Compared to 

the EGFP control, we observed a three-fold increase in p21
CIP1/WAF1

 mRNA levels and 

more than a two-fold increase in p21
CIP1/WAF1

 protein levels 48 hours after adenoviral 

delivery of p53 (Figure 4-9).  Likewise, expression of MEOX1 or MEOX2 resulted in   
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Figure 4-7:  MEOX2 dose-dependently up-regulates p21
CIP1/WAF1

 protein expression 

in HUVECs.  
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Figure 4-7:  MEOX2 dose-dependently up-regulates p21
CIP1/WAF1

 protein expression 

in HUVECs.  

(A) Representative western blot showing increased p21
CIP1/WAF1

 protein in HUVECs 

transduced with MEOX2 expressing adenovirus.  n.s. denotes a non-specific band.  (B) 

Quantification of the relative amount of p21
CIP1/WAF1

 protein 48 hours after transduction 

with 25, 50, 100 or 250 MOI of adenovirus encoding EGFP or N-terminal FLAG-tagged 

MEOX2.  Untransduced HUVECs (UNTD) were used as the control.  The intensity of the 

p21
CIP1/WAF1

 band was normalized to the α-tubulin loading control. * Indicates a 

statistically significant change (p<0.05) between MEOX2 and EGFP over-expressing 

cells at the same MOI.  Error bars represent the standard error of the mean (n=3). 
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Figure 4-8:  MEOX2 time-dependently up-regulates p21
CIP1/WAF1

 mRNA and protein 

expression in HUVECs.  
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Figure 4-8:  MEOX2 time-dependently up-regulates p21
CIP1/WAF1

 mRNA and protein 

expression in HUVECs.  

(A)  Level of p21
CIP1/WAF1

 mRNA relative to untransduced HUVECs (UNTD).  Total 

RNA was isolated from HUVECs at 12, 24, 36, 48 and 72 hours after adenoviral 

transduction at 250 MOI and the relative amount of mRNA was measured by quantitative 

real-time PCR.  β-actin mRNA expression was used for inter-sample normalisation.  (B) 

Representative western blot showing increased p21
CIP1/WAF1

 protein in HUVECs over-

expressing MEOX2.  N-terminal FLAG-tagged MEOX2 was detected using an anti-

FLAG antibody.  (C) Quantification of the relative amount of p21
CIP1/WAF1

 protein at 12, 

24, 36, 48 and 72 hours after transduction with 250 MOI of adenovirus encoding EGFP 

or N-terminal FLAG-tagged MEOX2.  The intensity of the p21
CIP1/WAF1

 band was 

normalized to the α-tubulin loading control.  # Indicates a statistically significant change 

(p<0.05) from untransduced HUVECs.  * Indicates a statistically significant difference 

(p<0.05) between MEOX2 and EGFP over-expressing cells at the same time point.  Error 

bars represent the standard error of the mean (n≥3 (A), n≥3 (C)). 
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Figure 4-9:  MEOX2 activates p21
CIP1/WAF1

 mRNA and protein expression via a 

DNA-binding independent mechanism in endothelial cells.  
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Figure 4-9:  MEOX2 activates p21
CIP1/WAF1 

mRNA and protein expression via a 

DNA-binding independent mechanism in endothelial cells. 

(A) Relative level of p21
CIP1/WAF1

 mRNA compared to EGFP transduced HUVECs.  Total 

RNA was isolated from HUVECs 48 hours after adenoviral transduction at 250 MOI and 

the amount mRNA was measured by quantitative real-time PCR.  β-actin mRNA 

expression was used for inter-sample normalisation.  (B) A representative western blot 

showing increased p21
CIP1/WAF1

 protein in HUVECs expressing ectopic MEOX2 (MX2) 

or DNA-binding domain mutated MEOX2
Q235E

 (Q235E) but not MEOX1 (MX1) or 

homeodomain deleted MEOX2
K195_K245del

 (K195_K245del).  (C) Quantification of the 

relative amount of p21
CIP1/WAF1

 protein compared to EGFP transduced HUVECs.  Total 

protein was isolated from HUVECs 48 hours after adenoviral transduction at 250 MOI.  

The intensity of the p21
CIP1/WAF1

 band was normalized to the actin loading control.  * 

Indicates a statistically significant change (p<0.05) from EGFP over-expressing cells.  

Error bars represent the standard error of the mean (n≥3 (A), n≥3 (C)). 
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significantly increased p21
CIP1/WAF1

 mRNA expression.  Interestingly, although MEOX1 

was as effective as MEOX2 at inducing p21
CIP1/WAF1

 mRNA expression (Figure 4-9, 

panel A), this potency did not correlate with a similar induction of p21
CIP1/WAF1

 protein 

expression (Figure 4-9, panels B and C).  MEOX2 increased p21
CIP1/WAF1

 protein 

expression comparable to p53 (Figure 4-9, panels B and C).  In contrast, MEOX1 did not 

significantly induce p21
CIP1/WAF1

 protein expression (Figure 4-9, panels B and C).  We 

observed similar changes in the level of p21
CIP1/WAF1

 protein expression after C-terminal 

FLAG-tagged MEOX protein over-expression (Appendix C).  Thus, it appears that 

p21
CIP1/WAF1

 is a transcriptional target of MEOX1, however the disconnect between the 

levels of mRNA and protein suggest that the p21
CIP1/WAF1

 protein stability or translation 

efficiency of the p21
CIP1/WAF1

 mRNA is decreased in the presence of MEOX1. 

Notably, the DNA-binding domain mutated MEOX2
Q235E

 was able to activate 

endogenous p21
CIP1/WAF1

 expression at the mRNA and protein levels equivalent to wild-

type MEOX2 (Figure 4-9).  This result suggests that activation of the p21
CIP1/WAF1

 gene 

by MEOX2 is DNA-binding independent.  In contrast to DNA-binding domain mutated 

MEOX2
Q235E

, the homeodomain deleted MEOX2
K195_K245del

 was not able to activate 

transcription of p21
CIP1/WAF1

.  MEOX2 activation of the p21
CIP1/WAF1

 gene was previously 

reported to be dependent upon DNA-binding, as a similar homeodomain deleted version 

of MEOX2 (MEOX2
K188_245del

) could not activate transcription from a 2.4 kb p21
CIP1/WAF1

 

upstream promoter region [89,156].  However, we hypothesize that homeodomain 

deleted MEOX2
K195_K245del

 and MEOX2
K188_K245del

 are unable to activate transcription 

from the p21
CIP1/WAF1

 promoter because of aberrant subcellular localization 

(predominantly cytoplasmic; Figure 4-3, panel B; Figure 4-4; Figure 4-5 and data not 
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shown).  This altered localization may prevent their association with either the 

p21
CIP1/WAF1

 upstream promoter region or requisite transcriptional co-factors. 

Transcriptional activation of p21
CIP1/WAF1

 by MEOX2 was shown to be 

independent from p53, as MEOX2 was able to induce p21
CIP1/WAF1

 expression in p53 

deficient cells [156].  Therefore, we wanted to confirm that p53 was not contributing to 

the activation of p21
CIP1/WAF1

 by the MEOX proteins in HUVECs.  To our surprise, both 

MEOX1 and MEOX2, increased p53 protein levels in HUVECs, as compared to the 

EGFP control (Figure 4-10).  Augmented p53 protein may not be due to MEOX induced 

transcription of p53 mRNA, as we did not detect any changes in the amount of p53 

transcript by microarray (data not shown).  Thus, MEOX1 and MEOX2, via an unknown 

mechanism, increase p53 protein synthesis or decrease p53 protein degradation.  

Although there is increased p53 protein in MEOX1 and MEOX2 over-expressing 

HUVECs, it is unclear whether p53 is contributing to MEOX induced p21
CIP1/WAF1

 

expression for the following reason: DNA-binding domain mutated MEOX2
Q235E

 does 

not increase p53 expression to the same level as wild-type MEOX2 (Figure 4-10), but the 

induction of p21
CIP1/WAF1

 in response to MEOX2
Q235E

 or wild-type MEOX2 is comparable 

(Figure 4-10, panel A).  Furthermore, it should be noted that the stability and 

transcriptional capability of p53 are regulated by a number of post-transcriptional 

modifications [235] and the antibody that we have used for western blot analysis detects 

p53 irrespective of the post-translational modification status of the protein.  Thus, 

although the total levels of p53 are increased by MEOX1 and MEOX2, we have yet to 

assess whether there is an increase in transcriptionally active p53 protein. 
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Figure 4-10:  MEOX1 and MEOX2 increase total p53 protein expression in 

HUVECs.  
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Figure 4-10:  MEOX1 and MEOX2 increase total p53 protein expression in 

HUVECs. 

(A) Representative western blot showing increased p53 and p21
CIP1/WAF1

 protein in 

HUVECs over-expressing MEOX2.  MEOX1 increases p53 expression, but not 

p21
CIP1/WAF1

 protein expression.  DNA-binding domain mutated MEOX2
Q235E

 (Q235E) 

increases p21
CIP1/WAF1

 protein expression to the same level as wild-type MEOX2, but 

does not significantly increase p53 protein expression.  (B) Quantification of the relative 

amount of p53 protein compared to EGFP transduced HUVECs.  Total protein was 

isolated from HUVECs 48 hours after adenoviral transduction at 250 MOI.  

Untransduced HUVECs (UNTD) were used as a control.  The intensity of the p53 band 

was normalized to the actin loading control.  * Indicates a statistically significant change 

(p<0.05) from EGFP over-expressing cells.  Δ Indicates a statistically significant 

difference (p<0.05) between wild-type MEOX2 and DNA-binding domain mutated 

MEOX2
Q235E

.  Error bars represent the standard error of the mean (n≥4). 
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4.4.2.2. Sequence specific binding of MEOX1 and MEOX2
 
to DNA is abolished 

by mutation or deletion of the homeodomain. 

In order to verify that wild-type MEOX1 and MEOX2 are capable of sequence 

specific binding to DNA and that DNA-binding domain mutated MEOX1
Q219E

, 

MEOX2
Q235E

 and homeodomain deleted MEOX2
K195_K245del

 are unable to bind to DNA, 

we performed EMSAs.  We used two different probe sequences previously shown to 

contain MEOX DNA-binding sites; the first sequence originated from the Nkx3-2 

upstream promoter region [128] and the other from the p21
CIP1/WAF1

 upstream promoter 

region [89].  These sequences are located approximately 0.8 kb and 9.5 kb upstream of 

the transcription start sites of these genes, respectively.  As demonstrated using 

recombinant GST-tagged proteins, both MEOX1 and MEOX2 were able to bind these 

probes (Figure 4-11, panels A and B).  Unlike wild-type MEOX proteins, no shift was 

observed with DNA-binding domain mutated MEOX2
Q235E

 or homeodomain deleted 

MEOX2
K195_K245del

 fusion proteins (Figure 4-11, panels A and B), indicating that these 

proteins were indeed unable to bind DNA.  The same results were obtained when nuclear 

extracts from HUVECs and HEK293 cells expressing FLAG-tagged MEOX proteins 

were incubated with the p21
CIP1/WAF1

 probe (Figure 4-12, panels A and B).  Wild type 

MEOX1 and MEOX2 were able to bind to the DNA probe, but the DNA-binding domain 

mutated MEOX1
Q219E

 (Figure 4-12, panel B), MEOX2
Q235E

 (Figure 4-12, panels A and 

B) and homeodomain deleted MEOX2
K195_K245del

 could not (Figure 4-12, panel A).  In 

addition, the histidine/glutamine rich domain deleted MEOX2
H68_Q85del

 bound to the 

p21
CIP1/WAF1

 probe, demonstrating that deletion of this domain does not affect the ability 

of MEOX2 to bind DNA (Figure 4-12, panel B).    
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Figure 4-11:  MEOX1 and MEOX2 sequence specifically bind to DNA probes 

containing homeodomain binding sites.  
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Figure 4-11:  MEOX1 and MEOX2 sequence specifically bind to DNA probes 

containing homeodomain binding sites. 

EMSAs were used to assess the DNA-binding capabilities of the various MEOX proteins.  

The DNA probes contained two MEOX2 binding sites originating from the either the 

Nkx3-2 gene upstream promoter region [128] (A) or a sequence -9519 bp to -9489 bp 

upstream of the p21
CIP1/WAF1 

transcription start site [89] (B).  Recombinant GST-tagged 

MEOX1 (MX1) and MEOX2 (MX2) bound to the probes (arrow) whereas the DNA-

binding domain mutated MEOX2
Q235E

 (Q235E), homeodomain deleted 

MEOX2
K195_K245del

 (K195_K245del) and GST alone did not.  (C) Binding of MEOX2 to 

the p21
CIP1/WAF1

 DNA probe (arrow) could be competed with excess wild type 

p21
CIP1/WAF1

 (WT), but not with excess mutant p21
CIP1/WAF1

 (MT) cold probe, in which the 

homeodomain binding sites were mutated.  (D) Neither MEOX2 nor GST bind to a probe 

that contains only SP1 binding sites originating from approximately –80 bp upstream of 

the p21
CIP1/WAF1 

transcription start site.  In all EMSAs, the first lane contains the 

biotinylated probe (P) alone and the unbound probe is indicated by asterisks (*). 
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Figure 4-12:  MEOX1 and MEOX2 in transduced HUVEC and transfected HEK293 

nuclear extracts bind to a region of the p21
CIP1/WAF1

 promoter.  
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Figure 4-12:  MEOX1 and MEOX2 in transduced HUVEC and transfected HEK293 

nuclear extracts bind to a region of the p21
CIP1/WAF1

 promoter. 

A DNA probe containing the sequence from -9519 bp to -9489 bp upstream of the 

p21
CIP1/WAF1 

transcription start site [89] was used to test the DNA-binding ability of wild-

type and mutant MEOX proteins in cell extracts.  (A) Nuclear extracts from HUVECs 

expressing N-terminally FLAG-tagged MEOX1 (MX1) and MEOX2 (MX2) resulted in 

distinct shifted complexes (arrows), that were not seen with the EGFP, DNA-binding 

domain mutated MEOX2
Q235E

 (Q235E) or homeodomain deleted MEOX2
K195_K245del

 

(K195_K245del) nuclear extracts.  Addition of an anti-FLAG antibody to nuclear extracts 

from MEOX1 and MEOX2 infected cells, but not EGFP, MEOX2
Q235E

 or 

MEOX2
K195_K245del

 infected cells, resulted in the formation of a super-shift complex 

(arrowhead).  (B) MEOX1, MEOX2 and histidine/glutamine rich domain deleted 

MEOX2
H68_Q85del

 (H68_Q85del) in HEK293 nuclear extracts bind to the p21
CIP1/WAF1

 

probe (arrows), while DNA-binding domain mutated MEOX1
Q219E

 (Q219E) and 

MEOX2
Q235E

 do not.  Nuclear extracts from HEK293 cells transfected with empty vector 

were used as a negative control (Ctrl).  (C) Binding of the DNA probe by MEOX2 in 

endothelial cell nuclear extracts (arrows) was competed with excess wild type (WT), but 

not mutant (MT) cold probe.  Addition of MEOX2 antibody, but not non-immune IgG, 

caused the formation of a super-shift complex (arrowhead).  In all EMSAs, the first lane 

only contains the biotinylated probe (P) and the unbound probe is indicated by asterisks 

(*). 
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Binding of MEOX2 to the biotinylated p21
CIP1/WAF1

 DNA probe could be 

competed with excess wild type (WT), but not with excess mutant (MT) cold probe, in 

which the homeodomain binding sites were mutated (Figure 4-11, panel C; Figure 4-12, 

panel C).  This demonstrated that MEOX2 binding to this DNA fragment was dependent 

upon the canonical homeodomain binding site sequence ATTA.  Furthermore, we 

showed that the shifted complexes (arrows) that formed when the p21
CIP1/WAF1

 DNA 

probe was incubated with nuclear extracts from HUVECs expressing MEOX1 and 

MEOX2 could be super-shifted (arrowhead) using an antibody specific to the FLAG 

epitope (Figure 4-12, panel A); or in the case of MEOX2, an antibody specific to 

MEOX2 but not a non-immune antibody (Figure 4-12, panel C).  This confirms that the 

MEOX proteins are contained within the shifted complexes that are formed by DNA 

probe-protein interaction. 

In contrast to the Nkx3-2 and p21
CIP1/WAF1

 DNA probes that contain homeodomain 

binding sites, MEOX2 did not bind to a DNA probe whose sequence originated from the 

p21
CIP1/WAF1

 upstream promoter region, located approximately -80 bp upstream of the 

transcription start site, and only contained SP1 binding sites (Figure 4-11, panel D).  GST 

alone (Figure 4-11), nuclear extracts from HEK293 cells transfected with empty vector 

(Figure 4-12, panel B) or nuclear extracts from EGFP expressing HUVECs (Figure 4-12, 

panel A) were used as negative controls for these DNA-binding experiments. 

4.4.2.3. MEOX1 and MEOX2 activate transcription from the p21
CIP1/WAF1

 

promoter via a DNA-binding independent mechanism that requires SP1 

In order to further dissect the mechanism of p21
CIP1/WAF1

 transcription regulation 

by MEOX1 and MEOX2, we subsequently tested the ability of the MEOX proteins to 
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activate transcription of a luciferase reporter gene that was placed under the control of the 

p21
CIP1/WAF1

 upstream promoter region.  A 2.4 kb p21
CIP1/WAF1

 luciferase promoter was 

previously shown to be activated by MEOX2 [156].  In HUVECs, we saw that MEOX2 

could activate transcription from the 2272 bp p21
CIP1/WAF1

 promoter (Figure 4-13, panel 

A).  However, MEOX1 did not significantly activate transcription from the 2272 bp 

p21
CIP1/WAF1

 promoter in HUVECs (Figure 4-13, panel A). 

As the transfection efficiency of HUVECs is very low, we used HEK293 cells for 

our further luciferase experiments.  In HEK293 cells, we observed that both MEOX1 and 

MEOX2 activated the expression of the luciferase reporter from the 2272 bp p21
CIP1/WAF1

 

promoter (Figure 4-13, panel B).  Specifically, the MEOX proteins induced greater than a 

two-fold activation of the luciferase reporter, when compared to the empty vector control 

(Figure 4-13, panel B). Furthermore, both DNA-binding domain mutated MEOX1
Q219E

 

and MEOX2
Q235E

 were able to activate the 2272 bp p21
CIP1/WAF1 

promoter to a level 

comparable to wild-type proteins (Figure 4-13, panel B), indicating their ability to bind 

DNA is not required.  Notably, this finding is consistent with the observation that 

MEOX2
Q235E

 was able to activate endogenous p21
CIP1/WAF1

 expression at the mRNA and 

protein levels to equivalent degrees as observed for wild-type MEOX2 (Figure 4-9). 

The 2272 bp p21
CIP1/WAF1

 promoter contains several transcription factor binding 

sites, including one p53 binding site, seven putative homeodomain binding sites and six 

SP1 binding sites (Figure 4-14, panel A).  Progressive truncation of the 2272 bp 

p21
CIP1/WAF1

 promoter was performed in order to determine the minimal upstream 

promoter region that is sufficient for MEOX induced transcription activation.  Equivalent 

activation of the luciferase reporter by MEOX1 and MEOX2 was still seen with a   
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Figure 4-13:  MEOX1 and MEOX2 activate transcription from the 2272 bp 

p21
CIP1/WAF1

 promoter in HEK293 cells.  
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Figure 4-13:  MEOX1 and MEOX2 activate transcription from the 2272 bp 

p21
CIP1/WAF1

 promoter in HEK293 cells.  

(A) Activation of the 2272 bp p21
CIP1/WAF1

 promoter driven luciferase reporter gene by 

MEOX2 in HUVECs.  (B) Activation of the luciferase reporter gene from the 2272 bp 

p21
CIP1/WAF1

 promoter by wild type MEOX1, MEOX2 and their respective DNA-binding 

mutant versions MEOX1
Q219E

 and MEOX2
Q235E

 in HEK293 cells.  * Indicates a 

statistically significant change (p<0.05) when compared to the empty vector control.  

Error bars represent the standard error of the mean (n=12 (A), n≥9 (B)). 
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Figure 4-14:  MEOX1 and MEOX2 activate transcription from the 232 bp 

p21
CIP1/WAF1

 promoter independent of DNA-binding.  
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Figure 4-14:  MEOX1 and MEOX2 activate transcription from the 232 bp 

p21
CIP1/WAF1

 promoter independent of DNA-binding. 

(A) Schematic diagram of the human 2272 bp and 232 bp p21
CIP1/WAF1 

promoter 

luciferase constructs.  The 5’ termini are indicated relative to the transcriptional start site 

(TSS) (arrow).  Relevant transcription factor binding sites (p53, homeodomain, SP1 and 

TATA) are also shown. (B) Activation of the 232 bp p21
CIP1/WAF1

 promoter driven 

luciferase reporter gene by MEOX1 and MEOX2 in HEK293 cells.  MEOX1
Q219E

 and 

MEOX2
Q235E

 activate transcription from the 232 bp p21
CIP1/WAF1

 promoter, which 

contains no homeodomain binding sites, indicating that MEOX1 and MEOX2 activation 

of p21
CIP1/WAF1

 gene transcription is DNA-binding independent.  * Indicates a statistically 

significant change (p<0.05) when compared to the empty vector control.  Error bars 

represent the standard error of the mean (n≥12). 
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minimal upstream promoter region that contained only the most proximal 232 bp of the 

p21
CIP1/WAF1

 promoter (Figure 4-14, panel B).  It was previously shown that MEOX2 

activation of the p21
CIP1/WAF1

 upstream promoter region is independent of p53 activity 

[156].  Indeed, MEOX2 significantly activated the 232 bp p21
CIP1/WAF1

 promoter, which 

lacks the p53 binding site (Figure 4-14, panel B).  Furthermore, deletion of the putative 

homeodomain binding sites did not affect MEOX2 induced transcription from the 

p21
CIP1/WAF1

 upstream promoter region.  The 232 bp promoter contains multiple SP1 

binding sites, but no homeodomain binding sites.  DNA-binding domain mutated 

MEOX1
Q219E

 and MEOX2
Q235E

 were both able to activate transcription from the 232 bp 

p21
CIP1/WAF1

 promoter (Figure 4-14, panel B), further demonstrating that MEOX1 and 

MEOX2 do not need to bind DNA in order to induce p21
CIP1/WAF1

 transcription. 

DNA-binding independent activation of the p21
CIP1/WAF1

 upstream promoter 

region by MEOX proteins indicates that these transcription factors are acting as 

transcriptional co-activators through protein-protein interactions with other transcription 

factors.  In order to determine whether specific protein domains are involved in MEOX2 

mediated activation of p21
CIP1/WAF1

, we repeated the luciferase experiments with various 

MEOX2 deletion mutant constructs.  The histidine/glutamine rich domain of MEOX2 

was previously shown to be important for the ability of MEOX2 to activate transcription 

from a 2.4 kb p21
CIP1/WAF1

 upstream promoter region, as deletion of this domain 

dramatically decreased MEOX2 induced reporter gene expression [89].  Interestingly, 

MEOX1 does not contain a histidine/glutamine rich domain, but is still able to activate 

transcription of p21
CIP1/WAF1

.  Furthermore, in our hands, histidine/glutamine rich domain 

deleted MEOX2
H68_Q85del

 was able to activate transcription from the 232 bp p21
CIP1/WAF1
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promoter to the same level as wild-type MEOX2 (Figure 4-15, panel A).  Unexpectedly, 

the homeodomain deleted MEOX2
K195_K245del

 and MEOX2
K188_K245del

 mutants were also 

able to activate transcription of the luciferase reporter gene from the 232 bp p21
CIP1/WAF1

 

promoter (Figure 4-15, panel B), albeit to a lesser level than wild-type MEOX2.  This 

finding opposes our observation that homeodomain deleted MEOX2
K195_K245del

 cannot 

activate p21
CIP1/WAF1

 transcription from the endogenous promoter in HUVECs.  This 

discrepancy in the results may be due to the difference in cell type (HEK293 cell line 

versus primary endothelial cells) or the nature of the promoter DNA (plasmid DNA 

versus chromatin).  However, this result demonstrates that DNA-binding is not required 

for MEOX2 activation of p21
CIP1/WAF1

 expression.  Furthermore, MEOX2
T89_V182del

 which 

lacks the middle domain (a putative protein-protein interaction domain sufficient for 

binding to zinc-finger proteins) was also able to activate transcription from the 232 bp 

p21
CIP1/WAF1

 promoter (Figure 4-15, panel C).  Comparable to the homeodomain deleted 

MEOX2 proteins, middle domain deleted MEOX2
T89_V182del

 was significantly less potent 

than wild-type MEOX2 (Figure 4-15, panel C).  The middle domain, along with the 

homeodomain, was shown to be important in the regulation of p16
INK4a

 expression [87].  

Similarly, our luciferase results using mutant MEOX2 proteins suggest that the middle 

domain and homeodomain may play a role in mediating protein-protein interactions with 

other transcription factors to enhance activation of p21
CIP1/WAF1

 by MEOX2. 

Thus, our luciferase data identifies the MEOX responsive segment of the 

p21
WAF1/CIP1

 upstream promoter region as residing within the most proximal 232 bp, 

through which MEOX1 and MEOX2 activate transcription independent of DNA-binding.  

This region does not contain homeodomain binding sites but does contain several SP1   
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Figure 4-15:  Mutant MEOX2 proteins can activate transcription from the 232 bp 

p21
CIP1/WAF1

 promoter.  
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Figure 4-15:  Mutant MEOX2 proteins can activate transcription from the 232 bp 

p21
CIP1/WAF1

 promoter. 

(A) Histidine/glutamine rich domain mutated MEOX2
H68_Q85del

 activates transcription 

from the 232 bp p21
CIP1/WAF1

 promoter in HEK293 cells to the same level as wild-type 

MEOX2.  (B) DNA-binding domain mutated MEOX2
Q235E

, as well as homeodomain 

deleted MEOX2
K195_K245del

 and MEOX2
K188_K245del

 activate transcription from the 232 bp 

p21
CIP1/WAF1

 promoter in HEK293 cells, but are less potent activators than wild-type 

MEOX2.  (C) Middle domain deleted MEOX2
T89_V182del

 can also activate transcription 

from the 232 bp p21
CIP1/WAF1

 promoter in HEK293 cells, but is less potent than wild-type 

MEOX2.  * Indicates a statistically significant change (p<0.05) when compared to the 

empty vector control.  ♦ Indicates a statistically significant difference (p<0.05) between 

MEOX1 and MEOX2.  Δ Indicates a statistically significant difference (p<0.05) between 

wild-type and mutant versions of MEOX2.  Error bars represent the standard error of the 

mean (n=9 (A), n≥9 (B), n=9 (C)). 

  



161 

 

binding sites.  SP1 belongs to the specificity protein/krüppel-like factor (SP/KLF) protein 

family, which consists of triple zinc finger containing transcription factors [236,237].  As 

such, it is conceivable that the SP/KLF family members may be capable of interacting 

with MEOX1 and MEOX2 via the MEOX middle domain, which was shown to be 

sufficient for zinc finger protein interaction (Appendix A).  To interrogate the role of SP1 

in mediating MEOX activation of the p21
CIP1/WAF1

 upstream promoter region, we 

inhibited SP1 binding by treating cells, which were transfected with the 232 bp 

p21
CIP1/WAF1

 promoter and MEOX expression plasmids, with mithramycin A.  

Mithramycin A binds GC-rich regions of DNA and thereby inhibits SP1 interaction with 

its binding sites [229,230].  This treatment drastically attenuated both MEOX1 and 

MEOX2 mediated activation of the 232 bp p21
CIP1/WAF1

 promoter (Figure 4-16).  

Thus, our results demonstrate that the p21
CIP1/WAF1

 gene is a transcriptional target 

of both MEOX1 and MEOX2 and that activation of p21
CIP1/WAF1

 expression by the 

MEOX proteins occurs via a DNA-binding independent mechanism.  Furthermore, we 

show that the MEOX proteins are transcriptional co-activators of p21
CIP1/WAF1

 gene 

transcription and assert their function via DNA-bound SP1 (potentially though protein-

protein interaction).  Although MEOX2 was shown by chromatin immunoprecipitation 

[89] and EMSA (Figure 4-11, panel B and [89]) to bind to ATTA sequences 

approximately 9.6 kb upstream of the p21
CIP1/WAF1

 transcription start site, our results 

demonstrate that this DNA-binding is not required for MEOX2 activated p21
CIP1/WAF1

 

gene expression.  One possible scenario that could account for the observed binding of 

MEOX2 to the upstream ATTA sequences is that MEOX2 binding to this site may induce 

looping of the DNA, bringing an unknown enhancer element within close proximity to   
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Figure 4-16:  Inhibition of SP1 binding to DNA drastically attenuates MEOX 

activation from the 232 bp p21
CIP1/WAF1

 promoter. 

Treatment of HEK293 cells with mithramyin A but not vehicle (methanol) for 24 hours 

blocked wild-type MEOX1 (MX1), DNA-binding domain mutated MEOX1
Q219E

 

(Q219E), wild-type MEOX2 (MX2) and DNA-binding domain mutated MEOX2
Q235E

 

(Q235E) mediated activation of the luciferase reporter gene from the 232 bp p21
CIP1/WAF1 

promoter.  * Indicates a statistically significant change (p<0.05) when compared to the 

empty vector control.  ○ Indicates a statistically significant difference (p<0.05) between 

vehicle and mithramycin A treatment.  Error bars represent the standard error of the mean 

(n≥9).  
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the basal transcription machinery and ultimately enhancing p21
CIP1/WAF1

 gene 

transcription.  However, there is no evidence to support this model at this time.  Future 

experiments based on the chromatin conformation capture (3C) technique, which allows 

the detection of interactions between selected genomic regions, are required to address 

this question. 

  



164 

 

4.4.3. MEOX1 and MEOX2 activate p16
INK4a

 expression via a DNA-binding 

dependent mechanism 

The CDK inhibitor p16
INK4a

 has been shown to be a direct transcriptional target of 

MEOX2 [87].  Therefore, we wanted to compare the activation of p21
CIP1/WAF1

 and 

p16
INK4a

 by MEOX2 and also examine whether p16
INK4a

 is also a transcriptional target of 

MEOX1 in endothelial cells. 

4.4.3.1. MEOX1 and MEOX2 activate transcription from the endogenous 

p16
INK4a 

promoter in endothelial cells.  

First, we transduced HUVECs at increasing MOI with EGFP or MEOX2 

encoding adenovirus and then used western blot analysis to compare the effects of viral 

dose and MEOX2 expression on endogenous p16
INK4a

 expression at the protein level.  

Compared to the EGFP control, over-expression of MEOX2 in HUVECs seemingly 

increased p16
INK4a

 protein expression (Figure 4-17).  We observed the greatest effect with 

250 MOI; therefore, we continued our studies using this dose of adenovirus.  

Subsequently, time course experiments were performed to study the level of p16
INK4a

 

induction by MEOX2 at various times post-transduction.  HUVECs were transduced, 

following which we performed quantitative real-time PCR and western blot analysis to 

measure the changes in p16
INK4a

 expression at the mRNA and protein level, respectively.  

We noticed that viral transduction did not significantly induce p16
INK4a

 mRNA and 

protein expression in HUVECs (Figure 4-18).  In addition, MEOX2 did not significantly 

increase p16
INK4a

 mRNA and protein expression until 72 hours post-transduction (Figure 

4-18).  In contrast, MEOX2 significantly increased p21
CIP1/WAF1

 mRNA and protein 

expression by 48 hours (Figure 4-9).  This finding suggests that MEOX2 may not be as   



165 

 

 

 

Figure 4-17:  MEOX2 seemingly up-regulates p16
INK4a

 protein expression in 

HUVECs. 
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Figure 4-17:  MEOX2 seemingly up-regulates p16
INK4a

 protein expression in 

HUVECs.  

(A) Representative western blot showing p16
INK4a

 protein in HUVECs over-expressing 

MEOX2.  (B) Quantification of the relative amount of p16
INK4a

 protein 48 hours after 

transduction with 100, 250 or 500 MOI of adenovirus encoding EGFP or N-terminal 

FLAG-tagged MEOX2.  Untransduced HUVECs (UNTD) were used as a control.  The 

intensity of the p16
INK4a

 band was normalized to the α-tubulin loading control.  Error bars 

represent the standard error of the mean (n=3). 
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Figure 4-18:  Temporal regulation of p16
INK4a

 expression by ectopic MEOX2 in 

HUVECs.  
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Figure 4-18:  Temporal regulation of p16
INK4a

 expression by ectopic MEOX2 in 

HUVECs.  

(A)  Level of p16
INK4a

 mRNA relative to untransduced HUVECs.  Total RNA was 

isolated from HUVECs at 12, 24, 36, 48 and 72 hours after adenoviral transduction at 250 

MOI and the relative amount of mRNA was measured by quantitative real-time PCR.  β-

actin mRNA expression was used for inter-sample normalisation.  (B) Representative 

western blot showing increased p16
INK4a

 protein in HUVECs over-expressing MEOX2.  

(C) Quantification of the relative amount of p16
INK4a

 protein at 12, 24, 36, 48 and 72 

hours after transduction with 250 MOI of adenovirus encoding EGFP or N-terminal 

FLAG-tagged MEOX2.  The intensity of the p16
INK4a

 band was normalized to the α-

tubulin loading control.  # Indicates a statistically significant change (p<0.05) from 

untransduced HUVECs (UNTD).  * Indicates a statistically significant difference 

(p<0.05) between MEOX2 and EGFP over-expressing cells at the same time point.  Error 

bars represent the standard error of the mean (n≥3 (A), n≥3 (C)). 
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potent of an activator of p16
INK4a

 transcription in ECs.  Differential transcriptional co-

factor interaction or competition with other proteins at the upstream promoter region of 

the p21
CIP1/WAF1

 and p16
INK4a

 genes may influence the temporal association of MEOX2 

with these promoters.  Prolonged association of a transcription factor with a gene 

promoter has been shown to augment the levels of mRNA transcription [238,239]. 

To confirm these observations, we chose to continue our experiments using 250 

MOI of adenovirus and measure changes in p16
INK4a 

expression at 48 and 72 hours post-

transduction.  We compared the ability of MEOX1, MEOX2 and DNA-binding domain 

mutated MEOX2
Q235E

 to induce the expression of endogenous p16
INK4a

 in endothelial 

cells.  At 48 hours post-transduction we saw a dramatic increase in p16
INK4a

 expression at 

both the mRNA and protein level in HUVECs over-expressing MEOX1 (Figure 4-19).  In 

contrast, MEOX2 did not induce p16
INK4a

 mRNA or protein expression 48 hours after 

transduction (Figure 4-19).  At 72 hours post-transduction, however, we observed that 

MEOX2 significantly increased p16
INK4a

 mRNA and protein expression (Figure 4-20).  

An even greater induction of p16
INK4a

 mRNA and protein expression was seen at this time 

point when MEOX1 was over-expressed (Figure 4-20).  Specifically, from these results it 

appears that MEOX1 is approximately three-fold more potent than MEOX2 at activating 

p16
INK4a

 expression.  Thus, while p16
INK4a

 was identified as a MEOX2 target gene, 

MEOX1 is a much stronger activator of p16
INK4a

 transcription.  Differences in MEOX1 

versus MEOX2 activation of common target genes, as well as their activation of unique 

target genes, are likely to be due to: i) the presence of unique transactivation motifs 

within these proteins, or ii) the ability of these proteins to interact with distinct 

transcriptional co-factors via protein-protein interaction domains.  
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Figure 4-19:  MEOX1 activates p16
INK4a

 expression in HUVECs 48 hours post-

transduction.  
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Figure 4-19:  MEOX1 activates p16
INK4a

 expression in HUVECs 48 hours post-

transduction. 

(A) Relative level of p16
INK4a

 mRNA compared to EGFP transduced HUVECs.  Total 

RNA was isolated from HUVECs 48 hours after adenoviral transduction at 250 MOI and 

the relative amount of mRNA was measured by quantitative real-time PCR.  β-actin 

mRNA expression was used for inter-sample normalisation.  (B) A representative western 

blot showing increased p16
INK4a

 protein in HUVECs over-expressing MEOX1.  (C) 

Quantification of the relative amount of p16
INK4a

 protein compared to EGFP transduced 

HUVECs.  Total protein was isolated from HUVECs 48 hours after adenoviral 

transduction at 250 MOI with N-terminal FLAG-tagged constructs.  The intensity of the 

p16
INK4a

 band was normalized to the α-tubulin loading control.  UNTD signifies 

untransduced HUVECs.  * Indicates a statistically significant change (p<0.05) between 

MEOX1 and EGFP over-expressing cells.  Error bars represent the standard error of the 

mean (n=4 (A), n=10 (C)). 
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Figure 4-20:  DNA-binding domain mutated MEOX2
Q235E

 does not induce p16
INK4a

 

protein expression.  
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Figure 4-20:  DNA-binding domain mutated MEOX2
Q235E

 does not induce p16
INK4a

 

protein expression. 

(A) Relative level of p16
INK4a

 mRNA compared to EGFP transduced HUVECs.  Total 

RNA was isolated from HUVECs 72 hours after adenoviral transduction at 250 MOI and 

the relative amount of mRNA was measured by quantitative real-time PCR.  β-actin 

mRNA expression was used for inter-sample normalisation.  (B) A representative western 

blot showing increased p16
INK4a

 protein in HUVECs over-expressing MEOX1 and 

MEOX2 but not DNA-binding domain mutated MEOX2
Q235E

.  (C) Quantification of the 

relative amount of p16
INK4a

 protein compared to EGFP transduced HUVECs.  Total 

protein was isolated from HUVECs 72 hours after adenoviral transduction at 250 MOI 

with N-terminal FLAG-tagged constructs.  The intensity of the p16
INK4a

 band was 

normalized to the actin loading control.  UNTD signifies untransduced HUVECs.  * 

Indicates a statistically significant change (p<0.05) between MEOX and EGFP over-

expressing cells.  Error bars represent the standard error of the mean (n=6 (A), n=8 (C)). 

  



174 

 

Although we observed a small but significant increase in p16
INK4a

 mRNA 

expression with DNA-binding domain mutated MEOX2
Q235E

 at 72 hours post-

transduction, this activation did not correlate with increased p16
INK4a

 protein expression 

(Figure 4-20), indicating that the ability of MEOX2 to bind DNA is essential for its 

activation of p16
INK4a

 expression. 

Subsequently, we performed chromatin immunoprecipitation experiments to 

confirm the presence of MEOX2 at the p16
INK4a

 upstream promoter region.  To ensure 

that we achieved the desired shearing of genomic DNA, we reverse cross-linked the 

sonicated chromatin, purified the DNA fragments and separated them by agarose gel 

electrophoresis.  Figure 4-21, panel A shows the sonicated chromatin DNA fragment 

size.  The majority of DNA fragments were between 100 and 700 bp in length, with an 

enrichment of ~300 bp fragments (Figure 4-21, panel A).  Chromatin fragments 

associated with MEOX2 were immunoprecipitated using an anti-FLAG antibody.  Non-

immune IgG, as well as the omission of antibody, were used as controls for non-specific 

immunoprecipitation.  We used PCR to test for the presence of a 349 bp segment of the 

p16
INK4a

 upstream promoter region (from -968 to -620 bp, relative to the translation start 

site; [87]) in the immunoprecipitated chromatin samples.  In HUVECs over-expressing 

MEOX2, but not EGFP, we immunoprecipitated chromatin that contained the p16
INK4a

 

upstream promoter sequence (Figure 4-21, panel B), indicating that MEOX2 is present at 

the p16
INK4a

 promoter in HUVECs.  From the same immunoprecipitated samples, we 

repeated the PCR using primers that amplify a 166 bp DNA segment which encompasses 

the area surrounding the GAPDH transcription start site.  In both EGFP and MEOX2 

over-expressing HUVECs, we showed that chromatin originating from the area   
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Figure 4-21:  MEOX2 is present at the p16
INK4a

 promoter in HUVECs.  
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Figure 4-21:  MEOX2 is present at the p16
INK4a

 promoter in HUVECs. 

(A) DNA fragment sizes of sonicated, reverse cross-linked and RNase treated input 

chromatin from HUVECs over-expressing EGFP or N-terminal FLAG-tagged MEOX2.  

(B) The p16
INK4a

 upstream promoter region can be immunoprecipitated with an anti-

FLAG antibody in HUVECs over-expressing N-terminal FLAG-tagged MEOX2 but not 

EGFP.  Non-immune IgG and no antibody (No Ab) were used as controls for non-

specific immunoprecipitation.  The no template control (NTC) was used to detect PCR 

contamination.  (C) The GAPDH core promoter region was immunoprecipitated with an 

anti-RNA polymerase II antibody (RNAP) in HUVECs over-expressing EGFP or 

MEOX2, while the anti-FLAG antibody only immunoprecipitated the GAPDH promoter 

in HUVECs over-expressing N-terminal FLAG-tagged MEOX2.  Non-immune IgG and 

no antibody (No Ab) were used as controls for non-specific immunoprecipitation.  The no 

template control (NTC) was used to detect PCR contamination. 
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surrounding the GAPDH transcription start site was immunoprecipitated using an anti-

RNA polymerase II antibody (Figure 4-21, panel B).  This finding was expected as 

GAPDH is a constitutively transcribed gene.  Surprisingly, in HUVECs over-expressing 

MEOX2 (but not EGFP), we immunoprecipitated chromatin that contained the area 

surrounding the GAPDH transcription start site when using the anti-FLAG antibody 

(Figure 4-21, panel B).  This finding indicates that MEOX2 is also present at the GAPDH 

promoter in HUVECs.  There are no MEOX binding sites in the region surrounding the 

GAPDH start site.  Furthermore, we did not detect any change in the levels of GAPDH 

mRNA in our microarray analysis of HUVECs over-expressing MEOX2 (data not 

shown).  Hence, it is unlikely that the presence of MEOX2 at the GAPDH promoter 

indicates a functional role for MEOX2 in GAPDH gene transcription.  The functional 

relevance of MEOX2 association with the regulatory region of this gene remains to be 

determined. 

4.4.3.2. MEOX1 and MEOX2 activate transcription from the p16
INK4A

 promoter 

via a DNA-binding dependent mechanism. 

To elucidate the mechanism of p16
INK4a

 transcription regulation by MEOX1 and 

MEOX2, we used a luciferase reporter gene under the control of a 564 bp p16
INK4a

 

upstream promoter region.  This 564 bp p16
INK4a

 promoter construct was previously 

shown to be responsive to MEOX2 in human U2OS osteosarcoma cells [87].  Two 

putative homeodomain binding sites are contained within the 564 bp p16
INK4a

 promoter 

construct (Figure 4-22, panel A).  In luciferase reporter gene assays, both MEOX1 and 

MEOX2 activated transcription from the 564 bp p16
INK4a

 promoter in HUVECs, when 

compared to the empty vector control (Figure 4-22, panel B).  Furthermore, similar to   
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Figure 4-22:  MEOX1 and MEOX2 activate transcription from the 564 bp p16
INK4a

 

promoter.  
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Figure 4-22:  MEOX1 and MEOX2 activate transcription from the 564 bp p16
INK4a

 

promoter. 

(A)  Schematic representation of the human 564 bp p16
INK4a 

promoter luciferase 

construct.  The base pair positions are indicated relative to the transcriptional start site 

(TSS).  The position relative to the translational start site (TLS) is listed in the table.  (B) 

Activation of the luciferase reporter gene from the 564 bp p16
INK4a

 promoter by wild type 

MEOX1 and MEOX2 but not by the DNA-binding domain mutant versions of MEOX1 

(MEOX1
Q219E

) or MEOX2 (MEOX2
Q235E

).  Luciferase assays were performed in 

HUVECs.  (C) MEOX2
H68_Q85del

 activation of the luciferase reporter gene from the 564 

bp p16
INK4a

 promoter is comparable to wild type MEOX2.  * Indicates a statistically 

significant change (p<0.05) when compared to the empty vector control.  ♦ Indicates a 

statistically significant difference (p<0.05) between MEOX1 and MEOX2.  Error bars 

represent the standard error of the mean (n≥9 (B), n=9 (C)). 
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what we observed from the endogenous p16
INK4a

 locus (Figure 4-20), MEOX1 was a 

significantly more potent inducer of transcription from the p16
INK4a

 upstream promoter 

region than MEOX2 (Figure 4-22, panel B).  DNA-binding domain mutated 

MEOX1
Q219E

 and MEOX2
Q235E

 did not activate transcription from this p16
INK4a

 upstream 

promoter region in HUVECs (Figure 4-22, panel B), suggesting that the ability of 

MEOX1 and MEOX2 to bind DNA, via the homeodomain, is required to activate 

p16
INK4a

 expression. 

Analogous to our findings using the p21
CIP1/WAF1

 luciferase promoter construct 

(Figure 4-15, panel A), there was no difference in the ability of wild-type MEOX2 and 

histidine/glutamine rich domain deleted MEOX2
T89_V182del

 to activate transcription from 

the p16
INK4a

 luciferase promoter in HUVECs (Figure 4-22, panel C).  Thus, our results do 

not support the hypothesis that the histidine/glutamine rich domain functions as a 

transactivation domain within MEOX2. 

4.4.3.3. MEOX1 and MEOX2 sequence specifically bind to the proximal 

homeodomain binding site from the p16
INK4a

 promoter. 

We sought to determine which of the two putative homeodomain binding sites 

(proximal or distal) in the 564 bp p16
INK4a

 promoter were bound by MEOX1 and 

MEOX2.  Since MEOX1
Q219E

 and MEOX2
Q235E

 did not activate p16
INK4a

 expression, we 

hypothesized that MEOX activation of p16
INK4a

 requires DNA-binding and therefore the 

MEOX proteins would bind to one, or both, of the homeodomain binding sites within this 

upstream promoter region.  To address this question, we designed EMSA probes that 

contained either the distal or proximal homeodomain binding sites. 
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With recombinant proteins we observed that wild-type MEOX1 and MEOX2 

bound to a DNA probe which contains the proximal, but not the distal homeodomain 

binding site (Figure 4-23, panels A and B).  When the Distal probe was incubated with 

recombinant GST-tagged MEOX proteins, no specific protein-DNA complexes were 

formed (Figure 4-23, panel A).  As predicted, the DNA-binding domain mutated 

MEOX2
Q235E

 did not bind to either of the p16
INK4a

 probes (Figure 4-23, panels A and B).  

To confirm that MEOX1 and MEOX2 protein/Proximal probe interaction was dependent 

upon the homeodomain binding site within the probe, the ATTA motif was mutated to 

AGGA.  Competition reactions show that the wild-type Proximal probe, but not the 

mutant Proximal probe, successfully competed for binding to MEOX1 and MEOX2 

(Figure 4-23, panels C and D). 

Similar results were observed when the EMSAs were repeated using nuclear 

extracts of HUVECs transduced with different adenoviruses.  Incubation of the Distal 

probe with HUVEC nuclear extracts produced three different sized complexes; however, 

none of these complexes were dependent on MEOX protein expression (Figure 4-24, 

panel A).  In contrast, incubation of the Proximal probe with nuclear lysates derived from 

either MEOX1 or MEOX2 transduced cells resulted in the formation of specific protein-

DNA complexes (Figure 4-24, panel B).  Intriguingly, as was seen with recombinant 

GST-tagged proteins, two different sized probe/protein complexes were consistently 

observed in the presence of MEOX1, but only one complex was seen in the presence of 

MEOX2 (arrows) (Figure 4-23, panels B, C and D; Figure 4-24, panel B).  The 

complexes observed when the Proximal probe was incubated with nuclear lysates derived 

from DNA-binding domain mutated MEOX2
Q235E

 transduced cells were not specific, as   
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Figure 4-23:  MEOX1 and MEOX2 bind to the proximal homeodomain binding site 

in the p16
INK4a

 promoter.  
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Figure 4-23:  MEOX1 and MEOX2 bind to the proximal homeodomain binding site 

in the p16
INK4a

 promoter. 

EMSAs were used to assess the ability of the MEOX proteins to bind to the 

homeodomain binding sites within the p16
INK4a

 luciferase promoter.  The DNA probes 

each contained one homeodomain binding site and correspond to -833 to -862 bp (Distal) 

and -538 to -567 bp (Proximal) upstream of the p16
INK4a

 translation start site.  (A) Neither 

recombinant GST-tagged MEOX1 (MX1) nor MEOX2 (MX2) bound to the Distal probe.  

(B) Both MEOX1 and MEOX2 bound to the Proximal probe (arrow), while MEOX2
Q235E

 

(Q235E) and GST alone did not.  (C-D) Binding of MEOX1 (C) and MEOX2 (D) to the 

Proximal probe could be competed with excess wild type (WT), but not mutant (MT) 

cold probe, in which the homeodomain binding site was abolished.  In all EMSAs, the 

first lane only contains the biotinylated probe (P) and the unbound probe is indicated by 

asterisks (*). 
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Figure 4-24:  The proximal homeodomain binding site from the p16
INK4a

 promoter is 

bound by wild-type MEOX proteins in HUVEC nuclear extracts.  
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Figure 4-24:  The proximal homeodomain binding site from the p16
INK4a

 promoter is 

bound by wild-type MEOX proteins in HUVEC nuclear extracts. 

(A) Nuclear extracts from HUVECs expressing N-terminally FLAG-tagged MEOX1 

(MX1) or MEOX2 (MX2) were not able to shift the Distal probe since no unique 

complexes were seen upon their expression or addition of the FLAG antibody.  (B) 

Incubation of nuclear extracts from HUVECs infected with MEOX1 or MEOX2 with the 

Proximal probe resulted in the formation of distinct complexes (arrows), indicating that 

both MEOX proteins can bind to this sequence.  Addition of FLAG antibody caused this 

protein-probe complex to super-shift (arrowhead), confirming that the observed shift is a 

MEOX protein-probe complex.  Incubation of nuclear extracts from HUVECs expressing 

MEOX2
Q235E

 (Q235E) were unable to cause a specific shift of the DNA probes and a 

super-shift was not observed in the presence of FLAG antibody.  The lower exposure was 

carried out for 10 seconds, while the overexposure was carried out for 3.5 minutes.  

Nuclear extracts from HUVECs expressing enhanced green fluorescent protein (EGFP) 

were used as a negative control.  In all EMSAs, the first lane only contains the 

biotinylated probe (P) and the unbound probe is indicated by asterisks (*). 
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the same bands are seen when the Proximal probe was incubated with HUVEC nuclear 

extracts from cells transduced with EGFP (Figure 4-24, panel B).  To ensure that the 

shifts seen when the nuclear extracts from HUVECs expressing FLAG-tagged MEOX1 

or MEOX2 were due to MEOX protein/Proximal probe interaction, we added an anti-

FLAG antibody to the binding reaction mixture.  Binding of the anti-FLAG antibody to 

the specific MEOX protein/Proximal probe complexes caused these complexes to super-

shift (arrowhead), resulting from the formation of a larger complex (Figure 4-24, panel 

B).  Furthermore, a corresponding reduction in the intensity of the smaller complex was 

observed (Figure 4-24, panel B).  This super-shift did not occur when non-immune IgG 

was added in place of the anti-FLAG antibody (data not shown), confirming that it is due 

to its interaction with the MEOX proteins. 

Thus, our findings show that the ability of MEOX1 and MEOX2 to bind DNA is 

necessary for activation of p16
INK4a

 expression and that both MEOX1 and MEOX2 bind 

to the proximal, but not distal, homeodomain binding site from the 546 bp p16
INK4A

 

promoter.  These results suggest that activation of transcription from the p16
INK4a

 

upstream promoter region by MEOX1 and MEOX2 is dependent upon their binding to 

the proximal homeodomain binding site. 

4.4.3.4. MEOX1 activates transcription of both CDKN2A isoforms in endothelial 

cells. 

The CDKN2A gene encodes two mRNA isoforms, p16
INK4a

 and p14
ARF

, and the 

transcription of each isoform is regulated by its own unique promoter [240].  These 

mRNA isoforms have unique first exons, but share common second and third exons [240] 

(Figure 4-25, panel A).  However, the proteins encoded by these isoforms share no   
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Figure 4-25:  MEOX1, but not MEOX2, activates p14
ARF 

mRNA expression in 

HUVECs.  
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Figure 4-25:  MEOX1, but not MEOX2, activates p14
ARF

 mRNA expression in 

HUVECs.  

(A) Schematic diagram of the CDKN2A gene and the alternative mRNA products, p14
ARF

 

and p16
INK4a

.  Transcription start sites are indicated by arrows and splicing events are 

shown as dotted (p14
ARF

) or dashed (p16
INK4a

) lines.  (B) Relative level of p14
ARF

 mRNA 

compared to EGFP transduced HUVECs.  Total RNA was isolated from HUVECs 48 

hours after adenoviral transduction at 250 MOI and the relative amount of mRNA was 

measured by quantitative real-time PCR.  β-actin mRNA expression was used for inter-

sample normalisation.  UNTD signifies untransduced HUVECs.  * Indicates a 

statistically significant change (p<0.05) when compared to the EGFP control.  Error bars 

represent the standard error of the mean (n=6). 

  



189 

 

sequence similarity, since the sequence from the second and third exons is translated in 

alternate reading frames [240].  While p16
INK4a

 directly regulates the cell cycle by 

inhibiting cyclin/CDK interactions, p14
ARF

 inhibits the negative regulation of p53 by 

MDM2 and thereby indirectly promotes the up-regulation of the CDK inhibitor 

p21
CIP1/WAF1

 [240]. 

Given that p21
CIP1/WAF1

 and p16
INK4a

 are transcriptional targets of the MEOX 

proteins and that both MEOX1 and MEOX2 increase the levels of p53 protein in 

HUVECs, we were interested in investigating whether p14
ARF

 is also a transcriptional 

target of the MEOX proteins in endothelial cells.  We transduced HUVECs using 

adenoviral vectors, following which we performed quantitative real-time PCR to measure 

the changes in p14
ARF

 mRNA expression.  Viral transduction significantly increased 

p14
ARF

 mRNA expression (Figure 4-25, panel B).  However, compared to the EGFP 

control, we saw that MEOX1, but not MEOX2 or the DNA-binding domain mutated 

MEOX2
Q235E

, significantly increased p14
ARF

 mRNA expression 48 hours post-

transduction (Figure 4-25, panel B).  Thus, p14
ARF

 may be a transcriptional target gene 

that is unique to MEOX1.  Increased p14
ARF

 expression could explain the augmented 

levels of p53 protein seen in MEOX1 over-expressing cells; however, p53 protein levels 

were equally augmented in MEOX2 over-expressing cells in which there is no induction 

of p14
ARF

 expression.  Additional experiments are needed to elucidate the potential cross-

talk that may occur between the MEOX proteins and p53 mediated regulation of the cell 

cycle. 
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4.4.4. MEOX2 is sufficient, but may not be required for p21
CIP1/WAF1

 and p16
INK4a

 

expression in ECs 

Over-expression of MEOX1 and MEOX2 activates transcription of p21
CIP1/WAF1

 

and p16
INK4A

 in endothelial cells.  To test whether MEOX2 is essential for the expression 

of these targets, we attempted to knockdown MEOX2 in endothelial cells using small 

interfering RNA (siRNA).  First using siGLO, a nuclear localized fluorescently labelled 

non-targeting siRNA, we verified that HUVECs could be efficiently transfected with 

siRNA.  We detected the internalization of siGLO by HUVECs, which resulted in green 

fluorescence within the nucleus, 24 hours after transfection (Figure 4-26, panel A).  

Quantitative real-time PCR was used to measure the level of MEOX2, p21
CIP1/WAF1

 and 

p16
INK4A

 mRNA expression in HUVECs that were either mock transfected (no siRNA) or 

transfected with a pool of four non-targeting control siRNAs or MEOX2-targeting 

siRNAs.  At 48 hours post-transfection, we surprisingly saw a reduction in MEOX2 

mRNA expression in cells treated with both the non-targeting siRNAs and the MEOX2-

targeting siRNAs (Figure 4-26, panel B).  As compared to mock transfected HUVECs, 

the down-regulation of MEOX2 mRNA expression by the non-targeting siRNAs was half 

that of the knockdown by the MEOX2-targeting siRNAs (Figure 4-26, panel B).  In 

contrast, there was no apparent reduction in p21
CIP1/WAF1

 or p16
INK4a

 mRNA expression 

by either siRNA treatment (Figure 4-26, panel B). 

Due to the reduction in MEOX2 mRNA expression by the non-targeting control 

siRNA pool, we repeated the siRNA knockdown experiment using a different type of 

endothelial cell: neonatal human dermal lymphatic microvascular endothelial cells 

(LECs).  Compared to HUVECs, LECs have approximately 2.5-fold higher expression of   
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Figure 4-26:  Control non-targeting siRNA pool decreased MEOX2 mRNA 

expression in HUVECs.  
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Figure 4-26:  Control non-targeting siRNA pool decreased MEOX2 mRNA 

expression in HUVECs. 

(A)  HUVECs 24 hours after transfection with siGLO, a nuclear localized fluorescently 

labelled non-targeting siRNA.  Scale bar is equal to 100 µm.  (B) MEOX2 specific siRNA 

pool decreased MEOX2 mRNA expression in HUVECs by 74.6% at 48 hours post-

transfection.  A non-targeting siRNA pool decreased MEOX2 mRNA expression by 

38.7%.  (n=1).  
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MEOX2 at the mRNA level, equivalent p21
CIP1/WAF1

 mRNA expression and 15-fold 

greater p16
INK4a

 mRNA expression (Figure 4-27, panel A).  Prior to performing the 

siRNA knockdown experiments, we verified that the MEOX1 and MEOX2 induced 

changes in p21
CIP1/WAF1

 and p16
INK4a

 expression observed in HUVECs also occur in 

LECs.  Similar to HUVECs (Figure 4-9; Figure 4-20.), western blot analysis of whole 

cell lysate from transduced LECs showed increased p21
CIP1/WAF1

 protein expression when 

wild-type MEOX2 or DNA-binding domain mutated MEOX2
Q235E

 were over-expressed 

(Figure 4-27, panel B).  Furthermore, over-expression of MEOX1 in LECs resulted in 

increased p16
INK4a

 protein expression (Figure 4-27, panel B).  Thus, the regulation of 

p21
CIP1/WAF1

 and p16
INK4a

 by MEOX1 and MEOX2 is common to endothelial cells from 

both the lymphatic and blood vasculature lineages. 

Transfection of LECs with siGLO resulted in green fluorescence within the 

nucleus (arrows) (Figure 4-28, panel A), indicating that LECs are efficiently transfected 

with siRNA.  LECs transfected with MEOX2-targeting siRNAs apparently decreased 

MEOX2 mRNA expression by 74.4% at 24 hours and 82.1% at 48 hours post-transfection 

(Figure 4-28, panel B).  Non-targeting siRNAs did not seemingly affect MEOX2 mRNA 

expression 24 hours after transfection, but apparently decreased MEOX2 mRNA 

expression by 16.4% after 48 hours (Figure 4-28, panel B).  The expression of 

p21
CIP1/WAF1

 and p16
INK4a

 mRNA was seemingly unchanged in response to knockdown of 

MEOX2 at 24 hours (Figure 4-28, panels C and D).  Furthermore, their expression was 

apparently decreased to the same extent by both non-targeting and MEOX2-targeting 

siRNAs 48 hours after transfection (Figure 4-28, panels C and D). 
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Figure 4-27:  MEOX1 and MEOX2 increase p21
CIP1/WAF1

 and p16
INK4a

 expression in 

LECs.  
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Figure 4-27:  MEOX1 and MEOX2 increase p21
CIP1/WAF1

 and p16
INK4a

 expression in 

LECs. 

(A) Relative MEOX2, p21
CIP1/WAF1

 and p16
INK4a

 mRNA expression in LECs compared to 

HUVECs.  * Indicates a statistically significant change (p<0.05) between LECs and 

HUVECs.  Error bars represent the standard error of the mean (n=4).  (B) A 

representative western blot showing increased p16
INK4a

 protein in LECs over-expressing 

MEOX1 and increased p21
CIP1/WAF1

 expression in LECs over-expressing MEOX2 and 

DNA-binding domain mutated MEOX2
Q235E

.  Proteins were isolated from LECs 48 hours 

after adenoviral transduction at 250 MOI.  α-tubulin was used as a loading control. 

UNTD signifies untransduced LECs. 
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Figure 4-28:  Knockdown of MEOX2 does not decrease p21
CIP1/WAF1

 or p16
INK4a

 

mRNA expression in LECs. 
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Figure 4-28:  Knockdown of MEOX2 does not decrease p21
CIP1/WAF1

 or p16
INK4a

 

mRNA expression in LECs. 

(A) LECs 24 hours after transfection with siGLO, a nuclear localized fluorescently 

labelled non-targeting siRNA.  Scale bar is equal to 100 µm.  (B) MEOX2 targeted 

siRNA pool apparently decreased MEOX2 mRNA expression in LECs by 74.4% and 

82.1% at 24 and 48 hours post-transfection, respectively.  A non-targeting siRNA pool 

only modestly decreased MEOX2 mRNA expression by 16.4% after 48 hours, but did not 

seemingly decrease MEOX2 expression at 24 hours post-transfection.  (C) Knockdown of 

MEOX2 in LECs did not seemingly affect p21
CIP1/WAF1

 mRNA expression.  (D) 

Knockdown of MEOX2 in LECs did not seemingly affect p16
INK4a

 mRNA expression.  

Error bars represent the standard error of the mean (n=1 (24 hours), n=2 (48 hours)). 
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This suggests that although MEOX2 is sufficient to increase the level of 

expression of p21
CIP1/WAF1

 and p16
INK4a

, MEOX2 may not be required for their basal 

transcription in endothelial cells.  It is possible that the loss of MEOX2 may be 

compensated by MEOX1 or the many other transcription factors that activate the 

expression of these target genes [164,241,242].  In addition, as the half-life of the 

MEOX2 protein is not known and we do not possess an antibody to recognize 

endogenous MEOX2, we cannot be certain that the knockdown of MEOX2 mRNA 

expression resulted in a comparable decrease in MEOX2 protein levels at the time points 

examined.  We did not repeat the experiment at later time points due to the effects of the 

non-targeting control siRNA pool on MEOX2 levels. 

In contrast to our findings in endothelial cells, knockdown of MEOX2 in 

adventitial fibroblasts resulted in decreased p21
CIP1/WAF1

 and p16
INK4a

 expression at both 

the mRNA and protein level [168].  Thus, the transcription factors responsible for basal 

transcriptional regulation of these genes may vary between different cell types.  MEOX2 

plays a central role in the regulation of p21
CIP1/WAF1

 and p16
INK4a

 expression in adventitial 

fibroblasts, but our findings indicate that this is not the case in endothelial cells. 
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4.4.5. MEOX1 and MEOX2 prevent cellular proliferation and induce senescence 

As p21
CIP1/WAF1

 and p16
INK4a

 regulate the cell-cycle, we tested whether MEOX1 

and MEOX2 could induce changes in cellular proliferation.  Using flow cytometry, we 

measured the incorporation of the thymidine analog 5-bromo-2-deoxyuridine (BrdU) into 

the DNA of cycling HUVECs.  Differences in the amount of BrdU incorporation are 

representative of changes in the percentage of cells in the S phase of the cell cycle.  As 

expected, expression of p53 in HUVECs (positive control) resulted in a significant 

decrease in the percentage of S phase cells as compared to the EGFP control (Figure 

4-29).  Likewise, we observed a decrease in the proportion of S phase cells when 

MEOX1 or MEOX2 were expressed in HUVECs (Figure 4-29).  MEOX1 had the 

seemingly greatest effect on cellular proliferation and the DNA-binding domain mutated 

MEOX2
Q235E

 decreased the proportion of S phase cells to the same extent as wild-type 

MEOX2 (Figure 4-29).  Furthermore, we saw that viral transduction significantly 

decreased the number of BrdU positive cells, indicating that viral transduction itself 

inhibits cell cycle progression in ECs.  This was not unexpected as we saw that viral 

transduction trended towards inducing p21
CIP1/WAF1

 expression (Figure 4-9). 

Next, propidium iodide staining was used to quantify the proportion of cells in all 

of the various stages of the cell cycle.  Propidium iodide is a fluorescent dye that 

intercalates into DNA; thus within a cell, the fluorescent intensity of propidium iodide is 

proportional to the DNA content (Figure 4-30, panel A).  We used flow cytometry to 

measure the fluorescence intensity of propidium iodide in HUVECs over-expressing 

MEOX proteins.  Consistent with our findings using BrdU incorporation, we observed a 

decrease in the number of cells in S phase when p53, MEOX1, MEOX2 and DNA-  
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Figure 4-29:  Regulation of HUVEC proliferation by MEOX1 and MEOX2.  
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Figure 4-29:  Regulation of HUVEC proliferation by MEOX1 and MEOX2. 

(A) Representative flow cytometry showing the density of BrdU
+
 endothelial cells (upper 

left and right quadrants).  HUVECs were transduced at 100 MOI; 48 hours later, cells 

were labeled with BrdU for one hour prior to fixation.  DNA was stained with 7-

aminoactinomycin D (7-AAD).  Untransduced cells (UNTD) that were not treated with 

BrdU (UNTD - BrdU) were used as a negative control.  (B) Quantification of the flow 

cytometry data. As assessed by BrdU incorporation into cycling cells, over-expression of 

MEOX1, MEOX2 and DNA-binding domain mutated MEOX2
Q235E

 decreased cellular 

proliferation comparable to p53 (positive control).  * Indicates a statistically significant 

change (p<0.05) compared to EGFP.  Error bars represent the standard error of the mean 

(n=5). 
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Figure 4-30:  MEOX1 and MEOX2 increase the proportion of HUVECs in the 

G0/G1 phase of the cell cycle.  
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Figure 4-30:  MEOX1 and MEOX2 increase the proportion of HUVECs in the 

G0/G1 phase of the cell cycle. 

(A) Representative flow cytometry showing propidium iodide fluorescence intensity (a 

measure of DNA content) and its relation to the cell cycle phase.  (B-D) Quantification of 

the flow cytometry data measuring the proportion of HUVECs in the various cell cycle 

phases 48 hours after adenoviral transduction at 100 MOI.  MEOX1and MEOX2 increase 

the proportion of G0G1 phase (B) cells and decreased the proportion of S phase (C) and 

G2/M phase (D) cells.  DNA-binding domain mutated MEOX2
Q235E

 decreases the 

proportion of S phase cells comparable to wild-type MEOX2.  Over-expression of p53 

was used as a positive control.  * Indicates a statistically significant change (p<0.05) 

compared to EGFP.  Error bars represent the standard error of the mean (n=5). 
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binding domain mutated MEOX2
Q235E

 were over-expressed in HUVECs (Figure 4-30, 

panel C).  We also observed a decreased proportion of cells with G2/M DNA content 

when MEOX1 or MEOX2 was over-expressed (Figure 4-30, panel D).  Accordingly, in 

HUVECs over-expressing p53, MEOX1 or MEOX2, the number of cells in G0/G1 phase 

was significantly increased (Figure 4-30, panel B).  These changes in cell cycle profile 

were expected since both p21
CIP1/WAF1

 and p16
INK4a

 inhibit CDKs that are active during 

the G1 phase of the cell cycle.  Interestingly, MEOX1 was seemingly the most potent cell 

cycle inhibitor (Figure 4-30).  Presumably, this is due to its strong induction of p16
INK4a

 

(Figure 4-20), and also perhaps due to its induction of p14
ARF

 (Figure 4-25, panel B), 

expression in HUVECs. 

Unlike quiescence (reversible cell cycle arrest), senescence is a state of permanent 

cell cycle arrest and is associated with an increase in both p21
CIP1/WAF1

 and p16
INK4a

 

protein expression.  Thus, we ascertained whether the increased p21
CIP1/WAF1

 and p16
INK4a

 

expression induced by MEOX1 and MEOX2 results in increased endothelial cell 

senescence.  However, we first assessed replicative senescence as it occurs in our 

HUVEC culture system. 

Examination of the change in proliferation rate of HUVECs over serial passage 

showed that the number of cell divisions per day that occur in passage 4 cells was 

decreased by half in passage 14 cell populations (Figure 4-31).  This lower rate of cell 

division with increasing passage correlated with increased p21
CIP1/WAF1

 and p16
INK4a

 

mRNA and protein expression (Figure 4-32).  As assessed by SA-β-gal staining, the 

percentage of senescent cells also rose with increased passage (Figure 4-33).  It is 

interesting to note that the expression of p21
CIP1/WAF1

 does not continue to rise with   
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Figure 4-31:  The proliferation rate of HUVECs decreases with increasing passage.  
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Figure 4-31:  The proliferation rate of HUVECs decreases with increasing passage. 

Cells at each passage were re-plated at 50% confluence (6.25×10
5
 per 10 cm tissue 

culture plate) and then cultured to 95% confluence before the next passage.  The number 

of passage 4 HUVECs which undergo mitosis within a 24 hour period is approximately 

double the number of passage 14 HUVECs that complete mitosis during the same period 

of time.  The dashed blue line represents the line of best fit.  The number of cell divisions 

per day was calculated using the equation: ([1.4427 × LN(T)] - 19.253) / D, where T 

represents the total number of cells and D represents the number of days since the last 

passage.  The function ([1.4427 × LN(X)]-19.253) is the slope of the exponential growth 

curve of 625,000 cells.  * Indicates a statistically significant change (p<0.05) compared to 

P4-P5 cells.  Error bars represent the standard error of the mean (n=5).   
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Figure 4-32:  The mRNA and protein expression of p21
CIP1/WAF1

 and p16
INK4a

 

increases with passage number in HUVECs.  
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Figure 4-32:  The mRNA and protein expression of p21
CIP1/WAF1

 and p16
INK4a

 

increases with passage number in HUVECs. 

(A and D) Total RNA was isolated from passage 5 and passage 15 HUVECs 24 hours 

after being plated.  The relative amount of p21
CIP1/WAF1

 (A) and p16
INKa

 (D) mRNA was 

measured by quantitative real-time PCR.  β-actin mRNA expression was used for inter-

sample normalisation.  (B and E) Representative western blots showing increased 

p21
CIP1/WAF1

 (B) and p16
INK4a

 (E) protein expression in HUVECs with increasing passage 

number.  (C and F) Quantification of the relative amount of p21
CIP1/WAF1

 (C) and p16
INK4a

 

(F) protein in HUVECs at passage 5, 7, 9, 11, 13 and 15.  The intensity of the 

p21
CIP1/WAF1

 and p16
INK4a

 bands were normalized to the α-tubulin loading control.  * 

Indicates a statistically significant change (p<0.05) compared to P5 cells.  Error bars 

represent the standard error of the mean (n=4 (A), n=3 (C), n=4 (D), n=3 (F)). 
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Figure 4-33:  Senescence of HUVECs increases with passage number.  
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Figure 4-33:  Senescence of HUVECs increases with passage number. 

(A-B) Representative cytochemistry showing that the proportion of HUVECs that are 

positive for SA-β-gal staining (blue) increases with the age of the cell population. Nuclei 

were stained with hematoxylin (brown).  Scale bars represent 100 μm.  (C) Quantification 

of the percent senescence in passage 5, 7, 9, 11, 13 and 15 HUVECs.  The percent 

senescence was calculated by dividing the number of SA-β-gal positive cells by the total 

number of cells.  * Indicates a statistically significant change (p<0.05) compared to P5 

cells.  Error bars represent the standard error of the mean (n=6). 
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increasing passage (Figure 4-32).  This may indicate that p21
CIP1/WAF1

 is necessary for 

senescence induction, but not required for the maintenance of senescence.  As the levels 

of p21
CIP1/WAF1

, p16
INK4a

 and senescence were lowest at passage 5, we performed all 

future senescence experiments using passage 5 cells. 

Compared to EGFP, over-expression of MEOX2 in HUVECs resulted in 

increased senescence, as assessed by SA-β-gal staining (Figure 4-34).  When MEOX1 

was over-expressed in HUVECs, analogous to MEOX2, we observed a significant 

increase in the number of senescent cells (approximately 2-fold), as assessed by SA-β-gal 

staining (Figure 4-35).  Specifically, this corresponded to an increase from 4.5% 

senescence to 9.8% and 10.9% senescence, when comparing untransduced cells to cells 

ectopically expressing MEOX1 and MEOX2, respectively.  To our knowledge, the 

MEOX proteins are the second instance of homeodomain transcription factors capable of 

inducing senescence.  Ectopic expression of VentX, a transactivator of p16
INK4a

 and p53, 

has recently been shown to cause senescence in cancer cells [164].  Corresponding to our 

results, these authors show that both p21
CIP1/WAF1

 and p16
INK4a

 are involved in permanent 

cell cycle arrest. 

Interestingly, expression of DNA-binding domain mutated MEOX2
Q235E

 in 

HUVECs did not result in increased endothelial senescence (Figure 4-35).  Thus, DNA-

binding domain mutated MEOX2
Q235E

 over-expression decreased the proportion of S 

phase cells to the same extent as wild-type MEOX2 (Figure 4-29; Figure 4-30), but did 

not lead to increased endothelial senescence (Figure 4-35).  This finding suggests that 

p21
CIP1/WAF1

 is the main inhibitor of cell cycle progression in response to MEOX2 

expression; however both p21
CIP1/WAF1

 and p16
INK4a

 are required for the induction of the   
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Figure 4-34:  MEOX2 induces endothelial cell senescence. 

Quantification of the percent senescence in HUVECs 48 hours after transduction with 

100, 250 or 500 MOI of adenovirus encoding EGFP or N-terminal FLAG-tagged 

MEOX2.  The number of SA-β-gal positive cells was divided by the total number of cells 

to obtain the percent senescence.  * Indicates a statistically significant change (p<0.05) 

between MEOX2 and EGFP over-expressing cells at the same viral dose.  Error bars 

represent the standard error of the mean (n≥4). 
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Figure 4-35:  DNA-binding dependency of MEOX2 induced endothelial cell 

senescence.  



214 

 

Figure 4-35:  DNA-binding dependency of MEOX2 induced endothelial cell 

senescence.  

(A-E) Representative images showing SA‐β‐gal
+
 cells (blue). Nuclei were stained with 

hematoxylin (brown).  Scale bars represent 50 μm.  (F) Quantification of SA-β-gal
+
 cells 

shows that both MEOX1 and MEOX2 expression increased the number of senescent 

HUVECs.  In contrast, MEOX2
Q235E

 expression did not alter the level of endothelial cell 

senescence. HUVECs were transduced with N‐terminal FLAG-tagged MEOX1 and 

MEOX2 adenoviral constructs at a MOI of 250; 48 hours later cells were fixed and 

stained.  UNTD signifies untransduced HUVECs.  * Indicates a statistically significant 

change (p<0.05) when compared to the EGFP control.  Error bars represent the standard 

error of the mean (n≥4). 
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cellular senescence program in HUVECs.  Alternatively, MEOX2 may activate other 

genes that are required for senescence, in a DNA-binding dependent manner. 

Since MEOX2 is sufficient to induce senescence, we hypothesized that its 

expression would also increase with cellular passage.  When we compared the mRNA 

expression of MEOX2 in passage 5 and passage 15 cells, surprisingly we observed a 

significant (ten-fold) reduction in MEOX2 mRNA expression (Figure 4-36).  This finding 

differs from a previous report that showed MEOX2 mRNA expression is increased in 

primary human keratinocytes that have undergone numerous population doublings [87].  

However, MEOX2 may not be required to maintain senescence; rather it is possible that 

MEOX2 expression is increased at some point between passage 5 and passage 15 when it 

induces senescence but that its expression is not maintained.  Alternatively, MEOX2 may 

not play a role in replicative senescence in endothelial cells.  Due to the quick induction 

of senescence (48 hours post-transduction), we hypothesize that the MEOX proteins, 

similar to RAS over-expression, may induce premature senescence.  However, we have 

not assessed changed in telomere length and thus, cannot exclude the possibility that 

MEOX induced senescence is related to telomere attrition. 
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Figure 4-36:  MEOX2 mRNA expression is decreased in aged HUVECs. 

Total RNA was isolated from passage 5 and passage 15 HUVECs 24 hours after being 

plated.  The relative amount of MEOX2 mRNA was measured by quantitative real-time 

PCR.  β-actin mRNA expression was used for inter-sample normalisation.  * Indicates a 

statistically significant change (p<0.05) compared to P5 cells.  Error bars represent the 

standard error of the mean (n=4). 
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4.5. Conclusions and future directions 

In summary, we demonstrate for the first time that MEOX1 activates p21
CIP1/WAF1

 

and p16
INK4a

 in primary endothelial cells.  Our results revealed that the mechanism of 

transcriptional activation of these CDK inhibitor genes by MEOX1 and MEOX2 is 

distinct.  The MEOX proteins activate p16
INK4a

 in a DNA-binding dependent manner, 

whereas they induce p21
CIP1/WAF1

 in a DNA-binding independent manner, which requires 

the SP1 transcription factor.  In addition, we discovered that the regulation of the 

endothelial cell cycle by MEOX1 and MEOX2 may not be limited to transcriptional 

activation of p21
CIP1/WAF1

 and p16
INK4a

.  MEOX1 activates transcription of p14
ARF

.  In 

addition, both MEOX1 and MEOX2 over-expression results in increased levels of p53 

protein (Figure 4-37).  Finally, we demonstrate that increased expression of the MEOX 

homeodomain transcription factors leads to cell cycle arrest in G1 and endothelial cell 

senescence. 

Future studies will focus on identifying the mechanism of MEOX1 induced 

p14
ARF

 transcriptional activation in EC.  In addition, we will determine the mechanism by 

which MEOX over-expression results in increased p53 expression (e.g. increased 

translation or protein stability) as well as the transcriptional status of the p53 protein (e.g. 

active or inactive).  Furthermore, we will use Meox gene knockout mice (compared to 

wild-type mice) to study the effects of complete and partial loss of MEOX1 and MEOX2 

expression on the angiogenic potential of the vasculature in response to ischemia and 

growth factor stimulation. 
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Figure 4-37:  Regulation of the endothelial cell cycle by MEOX1 and MEOX2.  
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Figure 4-37:  Regulation of the endothelial cell cycle by MEOX1 and MEOX2. 

MEOX1 and MEOX2 increase the transcription of the CDK inhibitors p21
CIP1/WAF1

 and 

p16
INK4a

 and thereby inhibit cell cycle progression from G1 to S phase.  Activation of 

p21
CIP1/WAF1

 transcription by MEOX1 and MEOX2 was previously shown to be 

independent of p53 [156].  However, MEOX1 and MEOX2 increase p53 protein 

expression.  MEOX1 also increases p14
ARF

 transcription, which may potentially increase 

p53 expression through inhibition of MDM2.  Black dashed lines represent 

transcriptional up-regulation.  Blue dotted lines represent post-translational up-regulation. 
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CHAPTER 5:   IDENTIFICATION OF NOVEL MEOX TARGET GENES IN 

ENDOTHELIAL CELLS 

 

5.1. Introduction 

Identifying downstream target genes of the MEOX homeodomain proteins is key 

to understanding how these transcription factors elicit changes in the phenotype of 

vascular endothelial cells.  The expression of several genes has been shown to be affected 

by MEOX protein over-expression or knockdown/knockout (Table 5-1).  An 

understanding of how the MEOX homeodomain proteins regulate vascular EC functions 

has the potential to identify new treatment strategies for diseases that result from vascular 

dysfunction, such as atherosclerosis and AD. Two different approaches can be used to 

identify novel direct target genes: the candidate gene approach, which relies on previous 

observations of differential gene regulation in response to a factor of interest, or the de 

novo unbiased approach, which uses microarrays or direct sequencing to measure 

differential gene expression in response to a factor of interest. 
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Table 5-1:  Genes that have altered expression levels in response to MEOX over-

expression or knockout/knockdown.  
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5.2. Rationale, hypothesis and aims 

Wu et al. [171] demonstrated that MEOX2 expression is inversely proportional to the 

expression of the pro-apoptotic gene FOXO4 in brain ECs.  Increased FOXO4 expression 

at the mRNA level was observed in brain ECs from individuals with AD (a pathological 

condition where MEOX2 expression is reduced) and at the protein level in Meox2
+/-

 mice 

[171].  Knockdown of MEOX2 expression in normal human brain ECs leads to increased 

FOXO4 mRNA and protein expression [171].  Conversely, ectopic expression of 

MEOX2 in brain ECs from individuals with AD suppressed FOXO4 expression at both 

the mRNA and protein level [171].  This finding suggests that the FOXO4 gene is a direct 

target of MEOX2 in ECs and that MEOX2 represses FOXO4 gene transcription. 

FOXO4 is one of only a few genes that have been identified as potential direct 

transcriptional targets of MEOX2 (Table 5-1).  Microarray analysis by Patel et al. [170] 

measured gene expression changes in HUVECs transduced with MEOX2 adenovirus 

(100 MOI) for 24 hours and identified 242 genes whose expression was changed by 

greater than two-fold (up- or down-regulated).  However, just a subset of these genes (77) 

was listed and the differential expression of only three genes was verified at the mRNA 

and protein level by quantitative real-time PCR, western blot and flow cytometry [170].  

To our knowledge, the effects of MEOX1 over-expression on gene expression in ECs 

have not yet been evaluated. 

Due to the functional redundancy between MEOX1 and MEOX2 during 

development, we hypothesized that the majority of genes differentially expressed in ECs 

over-expressing MEOX1 or MEOX2 would be common to both MEOX transcription 

factors (e.g. the FOXO4 gene).  Furthermore, since MEOX1 and MEOX2 induce EC 
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senescence, we postulated that over-expression of the MEOX proteins would regulate 

genes that promote EC dysfunction. 

To address these hypotheses, our aims were to: 

i) Compare the ability of MEOX1 and MEOX2 to repress FOXO4 gene 

expression in ECs. 

ii) Identify novel candidate target genes of the MEOX transcription factors using 

expression microarrays. 

iii) Determine the cellular processes that are affected by MEOX protein over-

expression in ECs using gene set enrichment analysis. 

iv) Validate the changes in gene expression observed by microarray. 
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5.3. Materials and methods 

5.3.1. Cloning the FOXO4 upstream promoter region 

The putative FOXO4 upstream promoter region was amplified by PCR from 

human genomic DNA that was isolated from HUVECs using the QIAamp DNA Mini Kit 

(Qiagen) according to the manufacturer’s instructions.  The primer sequences used were: 

forward (MX105) 5’-GCGGTACCCACACCTAAGGGAGACAGGGAAGGCTG-3’ and 

reverse (MX106) 5’-GCGAGCTCGGATCCATACGTGGAGTTGGACCTCCC-3’.  The 

FOXO4 PCR product was digested with the SacI restriction enzyme and the pBluescript 

II SK + vector was digested with the SmaI and SacI restriction enzymes, following which 

they were ligated together.  The putative FOXO4 upstream promoter sequence was then 

verified by DNA sequencing at the University of Calgary.  Subsequently, the FOXO4 

upstream promoter region was removed from the pBluescript II SK + vector by digestion 

with EcoRI, followed by filling of the 5’ DNA overhang using the DNA Polymerase I, 

Large (Klenow) Fragment, and subsequent digestion with SacI and BglI.  The 

pGL4.10[luc2] vector was digested with KpnI, followed by removal of the 3’ DNA 

overhang using the DNA Polymerase I, Large (Klenow) Fragment, and then subsequently 

digested with SacI.  The FOXO4 upstream promoter region was ligated with the 

pGL4.10[luc2] vector to create a luciferase reporter construct that is driven by the 

FOXO4 upstream promoter region. 

5.3.2. Luciferase assays 

Luciferase assays were performed as described in Chapter 4, section 4.3.5.  The 

1622 bp human eNOS upstream promoter region, pGL2 enhancer- F1 LUC [243], was 

obtained from Addgene (Plasmid # 22426). 
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5.3.3. Quantitative real-time PCR 

Quantitative real-time PCR was performed as described in Chapter 4, section 

4.3.6.  Primer sequences are listed in Table 4-1. 

5.3.4. Affymetrix expression arrays 

HUVECs (7.5×10
5
/plate) were plated (untransduced) or transduced at 100 MOI 

with adenovirus encoding EGFP, MEOX1, MEOX2 or DNA-binding domain mutated 

MEOX2
Q235

 and then plated onto 10 cm tissue culture plates.  RNA was isolated from the 

cells 48 hours after transduction using the RNeasy Plus kit (Qiagen), following the 

manufacturer’s instructions.  The RNA concentration, purity and integrity were analyzed 

using an Agilent 2100 Bioanalyzer.  RNA from triplicate transductions/isolations were 

pooled and then the sample was labelled using the GeneChip 3' IVT Express Kit 

(Affymetrix).  Samples were hybridized to GeneChip Human Genome U133 Plus 2.0 

Arrays (Affymetrix) and scanned using a GeneChip Scanner 3000 (Affymetrix).  

HUVECs from three different lots were used; each array represents a sample of triplicate 

pooled RNA from the same lot of cells. 

5.3.5. Data pre-processing and gene set enrichment analysis 

Background-adjustment and inter-array normalization were performed using 

robust multi-array averaging (RMA) [244].  RMA and all other subsequent quality 

control and exploratory analyses (MAS5 present calls, hierarchical clustering and 

principal component analysis) were performed using the statistical software R.  Gene set 

enrichment analysis (GSEA) [245,246] was performed using the following parameters: 

gene-set database = human gene ontology (GO) annotations, number of permutations = 

2000, metric for ranking genes = t-test, maximum gene-set size = 500 and minimum 
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gene-set size = 10.  These max/min gene-set size thresholds were chosen to omit large 

gene-sets with vague biological meanings and small gene-sets prone to false enrichment 

due to biological noise [247].  GSEA results were visualized in Cytoscape using the 

Enrichment Map plugin [247] with the following thresholds applied: p-value = 0.001, 

false discovery rate (FDR) = 0.2 and overlap coefficient = 0.5. 

5.3.6. Western blot 

HUVECs (2.5×10
5
 cells/plate) were transduced with adenovirus and then plated 

onto 6 cm tissue culture plates.  Cells were harvested and protein samples were prepared, 

separated by SDS-PAGE and transferred to nitrocellulose membranes as described in 

section 3.3.4.4.  Primary antibodies used for western blot were: rabbit anti-Dyskerin [H-

300] (Santa Cruz), rabbit anti-eNOS (Cell Signaling), rabbit anti-phospho eNOS 

(Thr495) (Cell Signaling), rabbit anti-actin (pan) (Sigma) and mouse anti-α-tubulin 

[DM1A] (AbCam).  Primary antibody dilutions and incubation conditions are listed in 

Table 3-1.  Horseradish peroxidase conjugated secondary antibodies were incubated and 

detected as described in section 3.3.4.4.  Protein band intensities were quantified using 

the adjusted volume measurement (Adj.Vol.; CNT*mm2) in the Quantity One software 

(Bio-Rad). 

5.3.7. Statistical analysis 

Statistical analysis was performed as described in Chapter 4, section 4.3.14. 
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5.4. Results and discussion 

5.4.1. MEOX2 does not regulate FOXO4 gene expression in HUVECs 

Wu et al. [171] identified the FOXO4 gene as being transcriptionally repressed by 

MEOX2 in brain ECs.  In order to determine whether MEOX2 regulates FOXO4 

transcription in ECs, we created a luciferase reporter construct that is controlled by a 

putative FOXO4 promoter.  This 2928 bp upstream promoter region contains the genomic 

DNA sequence between -2920 bp and +8 bp, relative to the translation start site of the 

FOXO4 gene (Figure 5-1).  We tested the ability of MEOX2 to regulate transcription 

from this upstream promoter region in HUVECs and found that transcription from this 

promoter was unchanged in the presence of MEOX2 (Figure 5-2, panel A).  As the 

transfection efficiency of HUVECs is low, we decided to repeat these luciferase assays in 

HEK293 cells.  Surprisingly, we demonstrated that MEOX2 activated instead of 

repressed transcription from the putative FOXO4 promoter in HEK293 cells (Figure 5-2, 

panel A).  This finding is contrary to our hypothesis (that MEOX2 would repress FOXO4 

transcription, rather than activate it), and thus we speculated that the regulation of 

FOXO4 gene expression by MEOX2 may be cell type specific, or that this putative 

upstream promoter region is not involved in MEOX2 regulation of FOXO4 expression in 

ECs. 

To test the latter theory, we used quantitative real-time PCR to measure the level 

of endogenous FOXO4 mRNA in HUVECs.  We did not observe any changes in FOXO4 

mRNA expression when MEOX2 was over-expressed via adenoviral transduction of 

HUVECs (Figure 5-2, panel B).  Therefore, we concluded that MEOX2 does not regulate 

FOXO4 gene transcription in HUVECs.  The difference between our results and the   
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Figure 5-1:  DNA sequence of the putative 2928 bp human FOXO4 promoter. 

Potential transcription factor binding sites are shown; homeodomain binding sites (red) 

and SP1 binding sites (green).  The transcriptional start site (arrow) is indicated in orange 

and the translational start site (TLS) is indicated in blue. 
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Figure 5-2:  MEOX2 does not regulate FOXO4 transcription in HUVECs.  
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Figure 5 2:  MEOX2 does not regulate FOXO4 transcription in HUVECs. 

(A) MEOX2 did not alter transcription from the 2928 bp FOXO4 upstream promoter 

region in HUVECs.  However, MEOX2 modestly activated transcription from the 2928 

bp FOXO4 upstream promoter region in HEK293 cells.  * Indicates a statistically 

significant change (p<0.05) compared to the empty vector control.  Error bars represent 

the standard error of the mean (n=9 (HUVEC), n=3 (HEK293)).  (B) Over-expression of 

MEOX2 in HUVECs had no effect on the level of FOXO4 mRNA expression.  HUVECs 

were transduced at 250 MOI for 48 hours, following which total RNA was isolated and 

the relative amount of FOXO4 mRNA was measured by quantitative real-time PCR.  β-

actin mRNA expression was used for inter-sample normalisation. (n≥1). 
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previous study by Wu et al. [171] may be due to the type of ECs used: microvascular 

brain ECs versus macrovascular umbilical vein ECs.  EC gene expression differs 

depending on the type (vein, artery or lymphatic), size (macrovascular or microvascular) 

and tissue origin of the vessel in which they reside [1,3].  It is possible that MEOX2 

requires a transcriptional co-repressor in order to inhibit FOXO4 gene expression and that 

this co-repressor is expressed in brain ECs but not in HUVECs. 
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5.4.2. Identification of novel endothelial MEOX target genes 

Identification of MEOX target genes is key to determining the function of the 

MEOX proteins within the vasculature.  Our microarray experiment was designed to 

answer the following question: what are the global gene expression changes in human 

ECs in response to MEOX protein over-expression?  By using mRNA expression 

microarrays to identify genes that were directly and indirectly regulated by MEOX 

homeodomain protein over-expression in HUVECs, we would be able to discover cellular 

pathways, processes and functions that are regulated by the MEOX proteins in ECs.  

Over-expression of MEOX proteins in HUVECs was achieved using adenoviral 

transduction.  As such, adenovirus encoding EGFP was used as a control for the effects 

of viral transduction.  Furthermore, RNA from untransduced HUVECs was used as a 

baseline control.  An overview of the microarray experiment is depicted in Figure 5-3. 
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Figure 5-3:  Diagrammatic overview of the microarray experiment.  
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Figure 5-3:  Diagrammatic overview of the microarray experiment. 

Expression microarrays were used to identify genes that are (directly or indirectly) 

affected by MEOX homeodomain protein over-expression in HUVECs.  Gene-set 

enrichment analysis was used to identify cellular pathways, processes and functions that 

are influenced by the MEOX proteins in ECs.  Candidate genes were validated by 

quantitative real-time PCR, western blot and luciferase analysis. 
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5.4.2.1. Preliminary microarray data analysis; quality control and exploratory 

analysis 

The quality of the microarray data were analyzed by comparing the similarity of the 

robust multi-array average (RMA) signal distribution (Figure 5-4, panel A) and MAS5 

present call ratios (Figure 5-4, panel B) for each sample.  Disproportions in these 

parameters are an indicator of sample preparation or hybridization problems.  The 

distribution of the RMA signals was nearly identical between all samples (Figure 5-4, 

panel A).  This was not unexpected as RMA processing of the raw hybridization intensity 

values incorporates a normalization step to correct for signal distribution differences 

among samples.  The percentage of MAS5 present calls was similar between all samples 

(Figure 5-4, panel B), indicating that approximately the same number of genes were 

expressed in the various samples.  These measures indicated that the data were not biased 

by technical issues and that instead the gene expression differences are reflective of 

biological changes. 

The samples were then analyzed using hierarchical clustering (Figure 5-4, panel C) 

and principal component analysis (PCA) (Figure 5-5).  These explorative analyses were 

used to assess whether the obtained data reflected the experimental design.  Hierarchical 

clustering of microarray samples (Figure 5-4, panel C) showed that the samples were not 

well separated according to class (Table 5-2 lists the experimental design classes).  The 

dendrogram illustrates that the expression profiles of the transduced cells from the first 

microarray were more similar to the untransduced HUVECs than to the transduced cells 

from the second and third arrays.  However, with the exception of the samples from the 

first microarray, the biological replicates clustered together, separated from the replicate   
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Figure 5-4:  Microarray quality control.  
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Figure 5-4:  Microarray quality control. 

(A) Per-sample distribution of the RMA signals in log2 scale. The distributions of the 

RMA signals were nearly identical between all samples.  (B) The percentage of MAS5 

detection present call (P) probe-sets is similar between all samples.  (C) Hierarchical 

clustering of microarray samples.  The dendrogram illustrates that the expression profiles 

of the transduced cells from the first microarray set (EGFP-1, MX1-1, MX2-1 and DBD-

1) are more similar to the untransduced cells (UN) than to the transduced cells from the 

second and third set of arrays. 
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Figure 5-5:  Principal component analysis of microarray samples.  
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Figure 5-5:  Principal component analysis of microarray samples. 

(A) Comparison of Eigenvalues from transduced HUVEC and randomized data as a 

means of identifying significant principal components.  The Eigenvalue diagram, 

demonstrates that three principal components (PC) explain an amount of variability 

within the HUVEC samples that is larger than the randomized control.  (B) PC 1 versus 

PC 2.  (C) PC 1 versus PC 3.  (D) PC 2 versus PC 3.  PC 2 explains the variability caused 

by lot specific differences in HUVECs, while PC 1 and PC 3 explain the variability 

caused by adenoviral transduction and specific protein over-expression, although it is not 

clear which PC represents each factor. 
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Table 5-2:  Overview of the experimental design classes.  
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samples in the other classes.  It is interesting to note that the expression profiles of 

HUVECs over-expressing DNA-binding domain mutated MEOX2
Q235E

 were more 

similar to the EGFP transduced control cells than to HUVECs over-expressing wild-type 

MEOX2.  Furthermore, the expression profile of samples from HUVECs over-expressing 

MEOX1 or MEOX2 were segregated from the EGFP expressing cells. 

PCA revealed similar findings to the hierarchical clustering dendrogram, where 

sample classes were loosely formed into groups and biological replicates were not always 

clustered.  As demonstrated by the Eigenvalue diagram (Figure 5-5, panel A), three 

principal components (PC) explained an amount of variability within the HUVEC 

samples that was larger than the variability within the randomized control.  By plotting 

these PCs versus each other, we clearly saw that PC 2 explained the variability caused by 

the different lot of HUVECs used for each biological replicate (Figure 5-5, panels B and 

D).  Specifically, the lot of HUVECs used for the first set of microarrays was intrinsically 

very different from the two lots of HUVECs used for the second and third sets of arrays.  

When PC1 and PC3 were plotted versus each other (Figure 5-5, panel C), the transduced 

samples clustered together, segregated from the untransduced samples.  Furthermore, the 

triplicate samples from each of the transduced sample classes were grouped together, 

with MEOX1 and MEOX2 transduced HUVEC samples showing little inter-class 

variability.  Thus, PC 1 and PC 3 explain the variability caused by adenoviral 

transduction and specific protein over-expression, although it is not clear which PC 

represents each factor.  Taken together, it can be inferred that the lot of cells, viral 

transduction and protein over-expression were all experimental factors that exerted a 

major influence on gene expression.  The results of PCA did not fit well with the design 
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expectations as multiple factors influenced the observed gene expression changes in our 

experiment.  Consequently, we anticipated difficulty in distinguishing which genes are 

truly affected by MEOX protein over-expression and which are due to other factors such 

as viral transduction.  Furthermore, as multiple factors can influence the expression of the 

same gene, we surmise that some effects of MEOX protein over-expression may have 

been masked. 

As a further measure of microarray reliability, we compared the relative expression 

of the known target genes CDKN1A (encodes p21
CIP1/WAF1

) and CDKN2A (encodes 

p16
INK4a

 and p14
ARF

) by both microarray hybridization and quantitative real-time PCR 

from the same triplicate pooled RNA samples.  Both methods yielded similar results 

(Figure 5-6), supporting the accuracy of the microarray sample preparation and 

hybridization.  Relative to the EGFP control, we observed a trend for MEOX1, MEOX2 

and DNA-binding domain mutated MEOX2
Q235E

 to induce p21
CIP1/WAF1

 expression 

(Figure 5-6, panels A and C).  However, with the exception of MEOX2 induced 

p21
CIP1/WAF1

 expression as assessed by microarray hybridization, these apparent increases 

were not statistically significant, (Figure 5-6, panels A and C).  This lower activation of 

p21
CIP1/WAF1

 transcription is likely due to the smaller viral dose used for the microarray 

experiments (100 MOI versus 250 MOI used in Chapter 4, section 2).  We chose to use 

100 MOI for the microarray experiments to minimize the effects of viral transduction on 

EC gene expression.  Nevertheless, viral transduction had a significant effect on the 

expression of p21
CIP1/WAF1

 (Figure 5-6, panels A and C).  The expression of p16
INK4a

 was 

only affected by MEOX1 over-expression in HUVECs (Figure 5-6, panels B and D).  It 

should be noted that the 207039_at probe set detects both the p14
ARF

 and p16
INK4a
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Figure 5-6:  Relative expression of p21
CIP1/WAF1

 and p16
INK4a

 mRNA as measured by 

microarray hybridization and quantitative real-time PCR. 
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Figure 5-6:  Relative expression of p21
CIP1/WAF1

 and p16
INK4a

 mRNA as measured by 

microarray hybridization and quantitative real-time PCR. 

The same RNA samples were used for quantitative real-time PCR and microarray 

hybridization.  (A and B) The relative level of CDKN1A/p21
CIP1/WAF1

 (A) and 

CDKN2A/p16
INK4a

/p14
ARF

 (B) mRNA expression as measured by microarray.  The linear 

expression values were normalized to EGFP for each array.  Data are representative of 

the fluorescence values for the Affymetrix probe sets 202284_s_at 

(CDKN1A/p21
CIP1/WAF1

) and 207039_at (CDKN2a/p16
INK4a

/p14
ARF

).  (C and D)  The 

relative p21
CIP1/WAF1

 (C) and p16
INK4a

 (D) mRNA expression was measured by 

quantitative real-time PCR.  β-actin mRNA expression was used for inter-sample 

normalisation.  * Indicates a statistically significant change (p<0.05) from the EGFP 

control.  Error bars represent the standard error of the mean (n=3 (A), n=3 (B), n=3 (C), 

n=3 (D)). 
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transcripts, while the quantitative real-time PCR primers are specific to the p16
INK4a

 

transcript.  Regardless, we obtained similar results, likely owing to the fact that MEOX1 

activates transcription of both transcripts at 48 hours post-transduction (Figure 4-19; 

Figure 4-25, panel B), while MEOX2 does not.  Furthermore, unlike 

CDKN1A/p21
CIP1/WAF1

, we did not detect an effect of viral transduction on 

CDKN2A/p16
INK4a

/p14
ARF

 expression (Figure 5-6). 
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5.4.2.2. Discovery of a MEOX2 negative feedback loop 

As viral transduction alone significantly impacted gene expression and 

endogenous MEOX2 expression was decreased in response to cellular stress (such as 

siRNA transfection; Figure 4-26, panel B), we assessed whether adenoviral transduction 

of HUVECs affected endogenous MEOX2 expression.  Accordingly, we measured the 

levels of endogenous MEOX2 mRNA expression in the different virally transduced 

HUVECs using PCR primers specific to the 5’ UTR of MEOX2 mRNA.  Since the 

MEOX2 adenoviral construct does not contain the 5’ UTR, exogenous MEOX2 mRNA 

expression is not detected using these primers. 

As we surmised, viral transduction trended toward decreased endogenous MEOX2 

expression in HUVECs (Figure 5-7, panel A).  However, surprisingly, we also saw that 

compared to EGFP over-expressing cells, MEOX2 over-expression resulted in 

significantly decreased endogenous MEOX2 mRNA expression (Figure 5-7, panel A).  

This negative feedback was dependent upon the ability of MEOX2 to bind DNA, as over-

expression of DNA-binding domain mutated MEOX2
Q235E

 did not alter endogenous 

MEOX2 expression (Figure 5-7, panel A).  When we compared the quantitative real-time 

PCR results to the microarrays, we observed a similar outcome (data not shown).  We 

also determined from the microarrays that unlike MEOX2, the expression of MEOX1 was 

unaffected by either viral transduction or by MEOX protein over-expression (Figure 5-7, 

panel B). 

To confirm our results, we repeated the quantitative real-time PCR analysis with 

RNA isolated from transduced HUVECs.  The expression of endogenous MEOX2 was 

significantly decreased in MEOX2 transduced HUVECs, as compared to EGFP, MEOX1   
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Figure 5-7:  Endogenous MEOX2 expression in HUVECs is decreased by ectopic 

MEOX2 protein over-expression.  
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Figure 5-7:  Endogenous MEOX2 expression in HUVECs is decreased by ectopic 

MEOX2 protein over-expression. 

(A) Relative MEOX2 mRNA expression was measured by quantitative real-time PCR.  β-

actin mRNA expression was used for inter-sample normalisation.  The same RNA 

samples were used for quantitative real-time PCR and microarray analysis.  (B) The 

relative level of endogenous MEOX1 mRNA expression in transduced HUVECs, as 

measured by microarray.  Endogenous MEOX1 expression is unaffected MEOX protein 

over-expression.  In contrast, endogenous MEOX2 expression is affected by wild-type 

MEOX2 protein over-expression.  The microarray linear expression values were 

normalized to EGFP.  Data are representative of the fluorescence values for the 

Affymetrix probe set 205619_s_at (MEOX1).  * Indicates a statistically significant 

change (p<0.05) from the EGFP control.  Error bars represent the standard error of the 

mean (n=3 (A), n=3 (B)). 
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and DNA-binding domain mutated MEOX2
Q235E

 over-expressing cells (Figure 5-8, panel 

A).  Furthermore, ectopic MEOX2 repressed endogenous MEOX2 transcription in 

HUVECs in a time dependent manner (Figure 5-8, panel B).  These findings suggest that 

the MEOX2 gene is a transcriptional target of MEOX2 homeodomain protein repression 

and that this occurs via a DNA-binding dependent mechanism.  ChIP experiments will be 

required to determine whether the MEOX2 gene is a direct transcriptional target of its 

own gene product, or whether there are intermediate factors involved in this negative 

feedback loop. 

It is interesting that MEOX1 does not affect its own transcription in ECs and that 

there may not be any reciprocal gene regulation between MEOX1 and MEOX2.  Similarly 

during development [127], the loss of one MEOX family member does not result in 

compensation though the increased transcription of the other family member in ECs.  

Furthermore, the discovery of a MEOX2 negative feedback loop suggests that 

maintaining the correct level of MEOX2 expression in vascular ECs is critical to the 

proper function of the vasculature.  Indeed, there are diseases that are associated with 

increased (HGPS) or decreased (AD, hepatic portal hypertension) MEOX2 expression 

and are also characterized by impaired vascular function [171,181,185].  Positive and 

negative homeodomain transcription factor feedback loops have been described; 

however, positive autoregulation appears to be a much more common mechanism.  

Nevertheless, the CDX2 homeodomain protein (ANTP class) was shown to cell type 

specifically repress its own expression via a TAAT motif within the proximal upstream 

promoter region of the CDX2 gene [248].  
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Figure 5-8:  MEOX2 time-dependently down-regulates its own mRNA expression in 

HUVECs.  
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Figure 5-8:  MEOX2 time-dependently down-regulates its own mRNA expression in 

HUVECs. 

(A) Relative level of endogenous MEOX2 mRNA compared to EGFP transduced 

HUVECs.  Total RNA was isolated from HUVECs 48 hours after adenoviral transduction 

at 250 MOI and the amount of  mRNA was measured by quantitative real-time PCR.  β-

actin mRNA expression was used for inter-sample normalisation.  (B) Level of MEOX2 

mRNA relative to untransduced HUVECs.  Total RNA was isolated from HUVECs at 12, 

24, 36, 48 and 72 hours after adenoviral transduction at 250 MOI and the relative amount 

of mRNA was measured by quantitative real-time PCR.  β-actin mRNA expression was 

used for inter-sample normalisation.  # Indicates a statistically significant change 

(p<0.05) from untransduced HUVECs.  * Indicates a statistically significant difference 

(p<0.05) between MEOX2 and EGFP over-expressing cells.  Error bars represent the 

standard error of the mean (n=3 (A), n≥3 (B)). 
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5.4.2.3. Gene set enrichment analysis 

For the purpose of identifying novel target genes that are involved in biologically 

relevant EC processes, we performed gene set enrichment analysis (GSEA) on our 

microarray data.  GSEA is a computational method used to identify sets of genes that best 

summarize the changes in gene expression between two biological states.  We compared 

MEOX over-expressing EC gene expression profiles to control ECs over-expressing 

EGFP and ranked the genes according to the t-statistic of the differential expression.  

This ranked gene list was then compared to human gene ontology (GO) gene-sets (gene 

products that are grouped based on their biological function, cellular component or 

molecular function) using GSEA. 

GSEA identified many GO gene-sets whose constituent genes were over or under 

represented in MEOX over-expressing ECs (Figure 5-9); that is to say that these GO 

gene-sets contained more genes whose expression was either increased or decreased than 

would be expected by random chance.  Amongst these GO gene-sets, we saw that there 

was an increase in genes involved in lysosomal function (Figure 5-9).  This result may be 

related to the induction of senescence by MEOX1 and MEOX2, as increased lysosomal 

content was shown to result in increased β-galactosidase activity in senescent HUVECs 

[249].  In addition, we observed that the expression of genes involved in angiogenesis, 

pseudouridine synthesis and regulation of the cell cycle were greatly decreased in 

response to both MEOX1 and MEOX2 over-expression in ECs (Figure 5-9; Figure 5-10).  

We chose to subsequently validate the expression of a few selected candidate genes from 

these GO gene-sets (shown in bold in Figure 5-9, coloured arrows in Figure 5-10).  
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Figure 5-9:  MEOX1 and MEOX2 decrease the expression of genes involved in 

angiogenesis, pseudouridine synthesis and cell cycle regulation.  
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Figure 5-9:  MEOX1 and MEOX2 decrease the expression of genes involved in 

angiogenesis, pseudouridine synthesis and cell cycle regulation. 

Enrichment map showing the gene ontology gene-sets whose constituent genes are over 

(red) and under (blue) represented in HUVECs over-expressing MEOX proteins, when 

compared to EGFP expressing control cells.  Over-expression of MEOX1 and MEOX2 

resulted in decreased expression of genes involved in angiogenesis (GO:0001525), 

pseudouridine synthesis (GO:0001522) and positive regulation of cell cycle 

(GO:0045787).  The outer and inner node colours represent the enrichment value in 

MEOX2 or MEOX1 over-expressing cells compared to EGFP, respectively.  The node 

size reflects the number of genes contained in each gene-set. 
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Figure 5-10:  Heatmap demonstrating selected probe-set expression values from 

HUVECs over-expressing EGFP, MEOX1, MEOX2 or DNA-binding domain 

mutated MEOX2
Q235E

.  
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Figure 5-10:  Heatmap demonstrating selected probe-set expression values from 

HUVECs over-expressing EGFP, MEOX1, MEOX2 or DNA-binding domain 

mutated MEOX2
Q235E

. 

The expression values for each probe-set have been normalized by row.  The expression 

of genes whose representative probe-set(s) are identified by an arrow were subsequently 

validated by quantitative real-time PCR.  These include NOP10/NOLA3 (green), 

DKC1/Dyskerin (red), NOS3/eNOS (blue) and ICAM1 (pink). 
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5.4.2.4. Validation of putative target genes 

We first chose to validate the expression of the pseudouridine synthase genes 

dyskerin (DKC1) and NOP10 ribonucleoprotein homolog (NOP10).  Pseudouridine 

synthases catalyze the modification of uridine in RNA to pseudouridine [250].  This 

modification is required for the proper folding, stability, and ability of non-protein coding 

RNAs (such as rRNAs, tRNAs, snRNAs and snoRNAs) to efficiently interact with their 

protein binding partners [250].  Inhibition of RNA pseudouridylation can decrease 

ribosome biogenesis, mRNA splicing and telomerase activity, leading to cell cycle arrest 

and premature senescence [251].  Dyskerin is the pseudouridine synthase component of 

the H/ACA small nucleolar ribonucleoprotein (snoRNP) RNA modification complex 

[252].  NOP10 is another component of this complex and is essential for the 

pseudouridine synthase activity of the H/ACA snoRNP complex [252].  The H/ACA 

snoRNPs are required for rRNA modification and are a component of the telomerase 

complex [253,254].  Mutations in DKC1, NOP10, telomerase reverse transcriptase 

(TERT) and telomerase RNA component (TERC) cause Dyskeratosis Congenita, a rare 

disorder with features of premature aging such as reticulate skin pigmentation, nail 

dystrophy and bone marrow failure [255].  Individuals with Dyskeratosis Congenita or 

HGPS have both been shown to have shorter telomeres than controls [256,257]. 

In HUVECs over-expressing MEOX1 and MEOX2, we observed a trend towards 

decreased NOP10 mRNA expression compared to the EGFP control (Figure 5-11, panel 

A).  Interestingly, it appears as though NOP10 mRNA expression was increased by 

adenoviral transduction and that MEOX over-expression has a repressive effect on 

NOP10 gene expression.  In support of this notion, the level of NOP10 mRNA expression   
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Figure 5-11:  MEOX protein over-expression does not significantly affect the 

expression of pseudouridine synthase complex components.  
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Figure 5-11:  MEOX protein over-expression does not significantly affect the 

expression of pseudouridine synthase complex components. 

(A-B) Levels of NOP10 (A) and DKC1 (B) mRNA relative to EGFP over-expressing 

HUVECs.  Total RNA was isolated from HUVECs 48 hours post-transduction with 250 

MOI of the indicated adenoviral constructs.  The relative amounts of mRNA were 

measured by quantitative real-time PCR.  β-actin mRNA expression was used for inter-

sample normalisation.  (C) Representative western blot showing the levels of Dyskerin 

protein in HUVECs over-expressing MEOX proteins.  (D) Quantification of the relative 

amount of Dyskerin protein 48 hours after transduction with 250 MOI of adenovirus 

encoding EGFP or N-terminal FLAG-tagged MEOX proteins.  The intensity of the 

Dyskerin band was normalized to the actin loading control.  Error bars represent the 

standard error of the mean (n=3 (A), n=3 (B), n≥3 (D)). 
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in HUVECs over-expressing DNA-binding domain mutated MEOX
Q235E

 was comparable 

to the EGFP control (Figure 5-11, panel A).  This suggests that the effect of MEOX2 on 

NOP10 gene expression is dependent upon DNA-binding.  However, as none of the 

observed differences reached statistical significance, more biological replicate 

experiments will have to be conducted in order to validate NOP10 as a target of MEOX 

protein regulation.  In contrast, we did not detect any consistent changes in the levels of 

DKC1 mRNA or Dyskerin protein expression when any of the MEOX proteins were 

over-expressed in HUVECs (Figure 5-11, panels B-D).  We therefore conclude that the 

DKC1 gene is not a target of MEOX protein regulation. 

ICAM-1 on the EC surface promotes inflammation by enabling leukocyte 

adhesion to the endothelium and thereby facilitates trans-endothelial migration from the 

blood into the surrounding tissue.  Expression of ICAM-1 has been shown to be increased 

in senescent EC [31,258].  Concordant with this observation, we detected significantly 

increased ICAM-1 mRNA expression in HUVECs over-expressing MEOX1 and MEOX2 

by microarray.  The microarray analysis by Patel et al. [170] also identified ICAM-1 as a 

candidate of MEOX2 protein regulation.  However, in contrast to our microarray results 

these authors showed that MEOX2 decreased the expression of ICAM-1 in ECs [170].  

Thus, we wanted to validate the changes in ICAM-1 mRNA expression which we 

observed by microarray. 

Using quantitative real-time PCR we show that both MEOX1 and MEOX2 

significantly increased the expression of ICAM-1 mRNA in HUVECs (Figure 5-12).  

Surprisingly, we observed an even greater increase in ICAM-1 mRNA expression in ECs 

over-expressing DNA-binding domain mutated MEOX2
Q235E

 (data not shown).  In   
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Figure 5-12:  MEOX1 and MEOX2 up-regulate ICAM-1 mRNA expression in 

HUVECs. 

Level of ICAM-1 mRNA relative to EGFP over-expressing HUVECs.  Total RNA was 

isolated from HUVECs 48 hours post-transduction with 250 MOI of adenovirus.  The 

relative amounts of mRNA were measured by quantitative real-time PCR.  β-actin 

mRNA expression was used for inter-sample normalisation.  * Indicates a statistically 

significant change (p<0.05) when compared to the EGFP control.  Error bars represent 

the standard error of the mean (n=6). 
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contrast to the study by Patel et al. [170], our data support a pro-inflammatory role for 

MEOX proteins in ECs.  Of the 77 genes listed in their publication, we observed 

approximately 52% concordance with their findings (40 of the 77 genes were 

significantly changed in the same direction in our dataset).  Thus, in future we will check 

for increased ICAM-1 protein expression in MEOX expressing HUVECs. 

Constitutive production of NO by the endothelium is essential for mediating 

vasorelaxation (prevents VSMC contraction) and controlling blood coagulation (inhibits 

platelet aggregation).  NO in the endothelium is produced by the eNOS enzyme [2,26].  

Furthermore, decreased NO production by ECs is a key feature of EC dysfunction, which 

is characteristic of EC senescence [218]. 

The eNOS enzyme is encoded by the NOS3 gene.  Real-time PCR confirmed our 

microarray results that showed that MEOX1 and MEOX2 over-expression in HUVECs 

significantly decreased eNOS mRNA expression compared to the EGFP control (Figure 

5-10; Figure 5-13, panel A).  Correspondingly, we observed a decrease in total eNOS 

protein expression (Figure 5-13, panels B and C).  As the enzymatic activity of eNOS is 

regulated by phosphorylation, we used phosphorylation site-specific antibodies to detect 

different phosphorylated forms of eNOS in HUVEC lysates.  Consistent with the levels 

of total eNOS, we observed decreased Thr495 phosphorylated eNOS in response to 

MEOX1 and MEOX2 over-expression in HUVECs (Figure 5-13, panel B).  Decreased 

Thr495 phosphorylated eNOS likely reflects the overall reduction in total eNOS protein.  

We did not however, detect any change in Ser1177 phosphorylated eNOS (data not 

shown).  As Thr495 marks inactive eNOS and Ser1177 marks active eNOS, we speculate 

that in order to maintain NO production, proportionately more eNOS is being   
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Figure 5-13:  MEOX1 and MEOX2 reduce eNOS mRNA and protein expression in 

HUVECs.  
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Figure 5-13:  MEOX1 and MEOX2 reduce eNOS mRNA and protein expression in 

HUVECs. 

(A) Level of eNOS mRNA relative to EGFP over-expressing HUVECs.  Total RNA was 

isolated from HUVECs 48 hours post-transduction with 250 MOI of adenovirus.  The 

relative amounts of mRNA were measured by quantitative real-time PCR.  β-actin 

mRNA expression was used for inter-sample normalisation.  (B) Representative western 

blot showing the levels of total and Thr495 phosphorylated eNOS protein in HUVECs 

over-expressing MEOX proteins.  (C) Quantification of the relative amount of total 

eNOS protein 48 hours after transduction with 250 MOI of adenovirus encoding EGFP or 

N-terminal FLAG-tagged MEOX proteins.  The intensity of the eNOS band was 

normalized to the α-tubulin loading control.  * Indicates a statistically significant change 

(p<0.05) when compared to the EGFP control.  Error bars represent the standard error of 

the mean (n=6 (A), n=9 (C)). 
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phosphorylated at Ser1177 in MEOX1 and MEOX2 over-expressing cells in an attempt 

to compensate for the reduction in the total eNOS protein. 

Unlike wild-type MEOX2, over-expression of DNA-binding domain mutated 

MEOX2
Q235E

 did not decrease eNOS mRNA or protein expression in HUVECs (Figure 

5-13), indicating that MEOX2 must bind to DNA in order to repress eNOS expression.  

This suggests that eNOS may be a direct transcriptional target of MEOX protein 

regulation.  To test this hypothesis, we assessed the ability of MEOX1 and MEOX2 to 

decrease transcription from a 1622 bp human eNOS upstream promoter region (-1600 to 

+22 bp relative to the TSS) [243], which contains three putative homeodomain binding 

sites (Figure 5-14, panel A).  Luciferase assay results show that both MEOX1 and 

MEOX2 decreased reporter gene transcription from the 1622 bp human eNOS promoter 

in HEK293 cells (Figure 5-14, panel B).  This finding is exciting, as it suggests for the 

first time that MEOX1 and MEOX2 may be capable of repressing gene transcription.  

Alternatively, it is possible that the MEOX proteins activate a repressor of eNOS 

transcription. 
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Figure 5-14:  MEOX1 and MEOX2 repress transcription from the human eNOS 

promoter.  
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Figure 5-14:  MEOX1 and MEOX2 repress transcription from the human eNOS 

promoter. 

(A) Schematic diagram of the human 1622 bp eNOS
 
upstream promoter region luciferase 

construct.  The 5’ terminus is indicated relative to the transcriptional start site (TSS) 

(arrow).  Putative homeodomain binding sites are also shown.  (B) Activation of the 1622 

bp eNOS promoter driven luciferase reporter gene by MEOX1 and MEOX2 in HEK293 

cells.  * Indicates a statistically significant change (p<0.05) when compared to the empty 

vector.  Error bars represent the standard error of the mean (n=6). 
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5.5. Conclusions and future directions 

Our findings indicate that the transcriptional roles of MEOX1 and MEOX2 are 

potentially largely redundant in ECs as the majority of genes which are modulated by 

MEOX2 are similarly regulated by MEOX1.  Upon over-expression of MEOX1 or 

MEOX2 in HUVECs, we observed changes in EC gene expression that promote EC 

dysfunction; decreased eNOS expression and increased ICAM-1 expression (Table 5-3) 

are expected to result in the loss of endothelial-dependent vasorelaxation and increased 

vascular inflammation.  Furthermore, we show that eNOS is a putative transcriptional 

target gene of the MEOX homeodomain transcription factors and that MEOX1 and 

MEOX2 repress eNOS expression. 

Future directions of this work will focus on identifying the molecular mechanism 

by which MEOX proteins regulate the eNOS upstream promoter region.  To do so, we 

will use ChIP to verify MEOX binding to the eNOS upstream promoter region in 

HUVECs and mutate the putative homeodomain binding sites within the eNOS upstream 

promoter region in order to determine if the MEOX proteins regulate eNOS expression 

via homeodomain-DNA-binding.  We will also measure the levels of NO and ROS 

production in MEOX over-expressing HUVECs.  In addition, we will compare wild-type 

to Meox gene knockout mice to evaluate the in vivo effects of complete and partial loss of 

Meox1 and Meox2 expression on endothelial-dependent vasorelaxation. 

Furthermore, we will confirm that increased ICAM-1 mRNA expression in 

response to MEOX protein over-expression results in increased ICAM-1 protein on the 

EC surface and that this correlates with increased leukocyte adhesion to ECs in vitro and 

in vivo.  To test whether decreased MEOX1 and MEOX2 expression prevents the 
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progression of atherosclerosis, we will cross Meox gene knockout mice with mouse 

models of atherosclerosis (apolipoprotein E (ApoE)
-/-

 or low-density lipoprotein receptor 

(LDLR)
-/-

) and then study the time course of vascular disease progression. 
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Table 5-3:  Novel genes that have altered expression levels in response to MEOX 

over-expression.  
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CHAPTER 6: DISCUSSION, CONCLUSIONS AND FUTURE DIRECTIONS 

6.1. Discussion and conclusions 

EC dysfunction is a hallmark of vascular disease and is characterised by 

decreased angiogenic potential and reduced NO bioavailability [218].  In contrast, 

production of ROS and inflammatory mediators is increased in EC dysfunction [218].  

Age is a major risk factor for the development of vascular diseases, such as 

atherosclerosis.  As blood vessels age, they accumulate increasing numbers of senescent 

cells and have impaired angiogenic capabilities [212], which suggests that EC senescence 

causes endothelial dysfunction and promotes vascular disease [28,29].  Indeed, human 

atherosclerotic tissue has been shown to contain a higher proportion of senescent cells 

than disease-free tissue [30-32].  Furthermore, populations of senescent ECs were shown 

to have impaired angiogenic capabilities in vitro [36] and reduced nitric oxide synthase 

expression [33-35].   

The MEOX homeodomain transcription factors, MEOX1 and MEOX2, are 

partially redundant during development [126] and share a highly conserved 

homeodomain (95% amino acid identity between the MEOX paralogs within this domain 

[84]), suggesting that they regulate the transcription of many common target genes.  

Currently, the only confirmed direct transcriptional target genes of MEOX2 are the cell 

cycle inhibitors p21
CIP1/WAF1

 and p16
INK4a

 that together mediate transient (quiescent) and 

permanent (senescent) cell cycle arrest [87,89]. 

Children affected by Hutchinson-Gilford Progeria Syndrome, a disease of 

premature aging, often die from accelerated atherosclerosis [29,181].  Microarray 

analysis has shown that MEOX2 expression is significantly increased in cells from HGPS 



272 

 

patients [181,182].  Taken together, we questioned whether MEOX2 and MEOX1 play 

an active role in promoting endothelial senescence and atherosclerosis via target gene 

transcription. 

In order to address the role of the MEOX transcription factors in ECs, we focused 

on their regulation of known target genes, identification of novel target genes and the 

possible cellular consequences of target gene regulation.  Our results are summarized in 

Figure 6-1.  We demonstrate for the first time that MEOX1 regulates the MEOX2 target 

genes p21
CIP1/WAF1

 and p16
INK4a

 in ECs.  Consistent with this finding, we observed that 

increased expression of the MEOX transcription factors led to both G1 phase cell cycle 

arrest and EC senescence. 

Due to the rapid induction of senescence by the MEOX proteins (within 48 

hours), we believe that MEOX induced senescence is a form of stress-induced premature 

senescence.  However, as we have not assessed changes in telomere length or uncapping, 

we cannot discount the possibility that MEOX induced senescence may be a form of 

replicative senescence.  Furthermore, albeit not statistically significant by quantitative 

real-time PCR, we observed an apparent decrease in NOP10 expression when MEOX 

proteins were over-expressed in HUVECs.  As NOP10 is a component of the telomerase 

holoenzyme and is required for H/ACA snoRNPs activity [252,254], down-regulation of 

NOP10 would support a role for the MEOX proteins in telomere maintenance and 

perhaps replicative senescence. 

Furthermore, we identified ICAM-1 and eNOS as candidate transcriptional target 

genes of MEOX1 and MEOX2 in ECs.  The MEOX proteins increase the expression of 

ICAM-1 in HUVECs, which would result in increased leukocyte adhesion to the   
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Figure 6-1:  Diagrammatic summary of research findings. 
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Figure 6-1:  Diagrammatic summary of research findings.  In endothelial cells, 

activation of p16
INK4a

 (CDKN2A gene) is DNA-binding dependent, while activation of 

p21
CIP1/WAF1

 (CDKN1A gene) is DNA-binding independent and requires SP1.  MEOX1 is 

also capable of activating the mRNA expression of p14
ARF

, the alternative transcript of 

the CDKN2A gene.  Consistent with the finding that the expression of these cell cycle 

inhibitors is augmented, we observed a decrease in endothelial cell proliferation and an 

increase in endothelial cell senescence (permanent cell cycle arrest).  Sustained high 

levels of MEOX1 or MEOX2 expression for prolonged periods of time lead to apoptotic 

cell death.  Interestingly, we observed that exogenous MEOX2 over-expression caused a 

decrease in endogenous MEOX2 expression, suggesting a negative feedback mechanism.  

Novel target genes of MEOX1 and MEOX2 include ICAM-1 and NOS3 (eNOS).  MEOX 

over-expression increased ICAM-1 expression, which could potentially result in greater 

leukocyte adhesion to EC and inflammation.  MEOX over-expression decreased NOS3 

expression, which may result in reduced nitric oxide (NO) production and endothelial 

dysfunction characterized by decreased vasorelaxation.  Green ovals represent the 

MEOX1 and MEOX2 proteins.  White circles represent the basal transcription 

machinery.  Blue minus signs indicate a negative effect on gene expression by MEOX 

proteins.  Red plus signs indicate a positive effect on gene expression by MEOX proteins.  

Cellular outcomes demonstrated in this thesis are written in blue.  Cellular functions to be 

assayed for in future are written in grey. 
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endothelium and promotion of vascular inflammation in vivo.  In contrast, the expression 

of eNOS is repressed by MEOX1 and MEOX2, which is expected to reduce NO 

production and thereby result in vasoconstriction and increased thrombosis.  In addition, 

reduced NO production may result in increased intracellular ROS, since less ROS will be 

converted to peroxynitrite through its reaction with NO.  Increased intracellular ROS can 

also promote EC senescence and inflammation. 

In addition to the induction of EC senescence, we show that both MEOX1 and 

MEOX2 can induce apoptosis of ECs.  Within the vasculature, impaired angiogenesis in 

combination with increased cell death would be expected to result in decreased 

endothelial integrity and/or microvascular regression.  Loss of the endothelium triggers 

VSMC proliferation and vessel stenosis due to loss of NO production. 

Intriguingly, although the expression profile of HUVECs over-expressing DNA-

binding domain mutated MEOX2
Q235E

 was more similar to EGFP than to wild-type 

MEOX2, this DNA-binding deficient version of MEOX2 was still capable of certain 

MEOX2 functions.  MEOX2
Q235E

 activated p21
CIP1/WAF1

 expression and inhibited cell 

proliferation.  Furthermore, MEOX2
Q235E

 increased ICAM-1 mRNA expression to a 

greater extent than wild-type MEOX2 (data not shown).  In contrast, MEOX2
Q235E

 was 

unable to activate p16
INK4a

 and eNOS expression or induce EC senescence.  Thus, it 

appears that MEOX2 functions in ECs can occur via DNA-binding dependent and 

independent mechanisms.  Moreover, these results suggest that inhibition of MEOX2-

DNA interaction may not be sufficient to preclude MEOX-induced EC dysfunction. 

Together, our findings support a role for the MEOX transcription factors in 

enhancing the pathogenesis of atherosclerosis by mediating gene expression changes 
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which result in EC dysfunction.  Thus, increased MEOX2 expression in vascular EC of 

children with HGPS is likely to be playing an active role in promoting the accelerated 

atherosclerosis that occurs in these individuals.  As there are vascular diseases that are 

associated with both increased and decreased MEOX2 expression, we believe that the 

expression of MEOX2 must be tightly regulated for the maintenance of proper EC 

function.  We observed that over-expression of exogenous MEOX2 significantly 

decreases the expression of endogenous MEOX2 expression, suggesting that MEOX2 can 

negatively autoregulate its own expression.  We are confident that this reduction in 

endogenous MEOX2 expression did not affect our results (and therefore the conclusions 

drawn from these results) as adenoviral mediated over-expression of exogenous MEOX2 

is certain to have produced a net gain of MEOX2 protein within transduced ECs. 

Our work had several limitations.  First, we were unable to measure endogenous 

MEOX protein expression due to the lack of specific antibodies.  Thus, we plan to have 

custom antibodies made against MEOX1 and MEOX2 for future experiments.  Secondly, 

the apparent effects of control siRNA transfection on MEOX2 mRNA expression (Figure 

4-26) precluded the utility of this strategy to study MEOX2 loss-of-function.  However, 

we have recently obtained an adenoviral construct that encodes a short hairpin RNA 

(shRNA) that targets MEOX2 mRNA, which will enable us to study the effects of 

MEOX2 knockdown on EC function.  An antibody to MEOX2 will be essential to these 

experiments in order to assure that knockdown of MEOX2 mRNA results in decreased 

MEOX2 protein expression. 

Although adenovirus mediated over-expression is a useful method to study gain-

of-function effects of wild-type and mutant proteins, the major drawbacks of this 
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technique are non-specific effects due to: i) virus induced cellular changes, ii) the absence 

of normal gene regulation, iii) altered protein stoichiometry and iv) abnormal protein-

protein and/or protein-DNA interactions.  Altered subcellular localization or protein 

aggregation of over-expressed proteins can induce cellular stresses that are not specific to 

the normal function of the protein, as exemplified potentially by the apoptosis induced by 

MEOX2
K195_K245del

 over-expression in primary VSMCs (Figure 3-7).  Furthermore, both 

adenoviral transduction and lipid mediated DNA transfection are transient gene delivery 

systems that can result in high inter-cellular heterogeneity of transgene delivery and 

consequently, variable mRNA and protein expression over time.  Moreover, fluctuations 

in transduction and transfection efficiency cause high inter-assay variability.  To 

overcome the limitations of these techniques, we will use genetically manipulated 

models, including stably transduced/transfected cell lines and transgenic mice.  Stably 

transduced/transfected cells are especially advantageous because clones with modest 

levels of transgene expression (dependent upon the site of DNA integration and promoter 

used) can be selected.   Genetic gain and loss of MEOX expression can be achieved via 

knock-in and knock-out strategies in mice, respectively.  These mouse models will be key 

to understanding the in vivo effects of MEOX proteins in the vasculature. 

 

 Taken together, we conclude that: 

 MEOX1 and MEOX2 have redundant functions in ECs due to the regulation of many 

common target genes including p21
CIP1/WAF1

, p16
INK4a

, ICAM-1 and eNOS. 

 MEOX1 and MEOX2 induce EC apoptosis and senescence, thereby promoting 

endothelial dysfunction.  
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6.2. Future directions 

Although expression microarrays are advantageous because they enable the 

identification of overall pathways and functions that are influenced by MEOX proteins in 

ECs, they cannot distinguish between direct and indirect target genes.  Thus, to identify 

direct transcriptional target genes of MEOX1 and MEOX2, we will use the ChIP-seq 

method [259] to isolate DNA fragments that are bound by the MEOX proteins in 

HUVECs.  Comparison of the expression array data to the ChIP-seq results will allow us 

to confirm our findings, since it is expected that the majority of direct transcriptional 

target genes identified by ChIP-seq will also be identified as differentially regulated 

genes in the expression arrays.  While ChIP can confirm the presence of a protein at a 

specific DNA fragment, it cannot discern whether the protein is directly bound to DNA 

or is present due to its interaction with other proteins.  To address this, we will also 

perform ChIP-seq experiments using HUVECs expressing DNA-binding domain mutated 

MEOX1
Q219E

 and MEOX2
Q235E

 which contain point mutations that abolish their ability to 

bind to DNA but are not predicted to affect the protein-protein interaction capabilities of 

MEOX1 and MEOX2, respectively. 

Discovering the identity of MEOX interacting proteins will help to further 

elucidate the mechanism of MEOX regulated target gene transcription.  To date, there are 

only a few confirmed binding partners of MEOX1 and MEOX2 (Table 6-1).  However, it 

is notable that the majority of these known interacting proteins are transcription factors.  

We hypothesize that many of the MEOX interacting proteins will be zinc finger 

transcription factors as our yeast-two-hybrid experiments indicate that the middle domain 

of MEOX2 is sufficient for zinc finger protein binding (Appendix A).  Furthermore, the   
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Table 6-1:  MEOX interacting proteins.  
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middle domain is the second most conserved protein domain when comparing MEOX1 to 

MEOX2 (Figure 1-2).  Knowledge of MEOX interacting proteins will provide insight 

into the molecular pathways that modulate MEOX function in vasculature ECs. 

In order to isolate MEOX interacting proteins from ECs, two approaches will be 

employed: co-immunoprecipitation and tandem affinity purification.  Ultimately, MEOX 

bound proteins will be isolated from ECs, separated using SDS-PAGE for comparison to 

controls and then identified by mass spectrometry.  We have already commenced 

preparations for the tandem affinity purification experiments (described in Appendix E). 
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APPENDICES 

Appendix A: MEOX2 middle region is sufficient for zinc finger binding 

 Referred to in Chapter 1 (section 1.3.1.2), Chapter 3 (section 3.2), Chapter 4 (section 

4.4.2.3) and Chapter 6 (section 6.2). 

 

We conducted a GAL4 yeast-two-hybrid screen of a mouse 11-day embryo cDNA 

library using human MEOX2 as bait and identified zinc finger protein 672 (ZFP672) as 

being a potential binding partner of MEOX2.  The ability of yeast to grow in the absence 

of essential amino acids indicate an interaction between the bait and prey proteins – 

forming a transcription factor complex that is able to activate amino acid biosynthesis 

genes. 

Drop tests using different versions of MEOX2 show that homeodomain deleted 

MEOX2
ΔHD

 and the middle domain of MEOX2
MID

 interact with the Zfp672 cDNA clone 

#194a (Figure A-1, panel A).  We concluded that the middle domain of MEOX2 was 

sufficient for binding to ZFP672.  As the cDNA clone #194a did not contain the entire 

Zfp672 mRNA sequence, we were able to establish that ZFP672 interacts with the 

MEOX2 middle domain via its zinc finger domains (data not shown). 

In order to verify that the MEOX2 middle domain was required for MEOX2 

interaction with ZFP672, we created a version of MEOX2 in which the middle region 

was deleted.  Drop tests showed that deletion of the middle domain of MEOX2 abolished 

its ability to interact with ZFP672 (Figure A-1, panel B). 

Although the function of ZFP672 is unknown, it is predicted to be a nuclear 

transcription factor, thus making it a potential transcriptional co-factor of MEOX2.  
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Figure A-1:  The middle region of MEOX2 is sufficient for interaction with mouse 

zinc-finger protein 672.  
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Figure A-1:  The middle region of MEOX2 is sufficient for interacting with mouse 

zinc-finger protein 672. 

(A) GAL4 yeast-two-hybrid drop test demonstrating that wild-type MEOX2, 

homeodomain deleted MEOX2 (MEOX2
ΔHD

) and the middle domain of MEOX2 

(MEOX2
MID

) interacted with ZFP672, enabling yeast to grow on media lacking essential 

amino acids.  The image was taken 12 days after plating the yeast.  P represents the 

empty vector control.  (B)  Yeast-two-hybrid drop test demonstrating that in contrast to 

MEOX2
MID

, middle domain deleted MEOX2 (MEOX2
ΔMID

) did not interact with 

ZFP672.  The image was taken 6 days after plating the yeast. 
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Appendix B: Description of MEOX construct generation 

 Referred to in Chapter 3 (sections 3.3.2 and 3.3.3) and Chapter 4 (sections 4.3.2 and 

4.3.8). 

 

B.1. MEOX-EGFP fusion protein constructs 

The pp53-EGFP (Clontech) vector was a gift from Dr. N. Mesaeli (Weill Cornell 

Medical College in Qatar).  The p53 coding sequence was excised from this vector using 

EcoRI/BamHI restriction enzyme digestion.  Subsequently, full-length mouse Meox1 was 

amplified by PCR from a cDNA clone (IMAGE ID 464899, Invitrogen) using the 

MX003 and MX004 primers, digested with EcoRI/BamHI and then ligated in-frame into 

the EcoRI/BamHI digested EGFP vector, creating a C-terminal EGFP-tagged construct.  

Full-length human MEOX2 was amplified by PCR from a cDNA clone (IMAGE ID 

3917118, Invitrogen) using the MX001 and MX002 primers, digested with EcoRI/BamHI 

and then similarly cloned into the EGFP vector.  The homeodomain deleted 

Meox1
K180_K230del

 and MEOX2
K195_K245del

 constructs were amplified by PCR from the 

pCMV-Tag4A vector using the MX003 and MX004 primers or the MX001 and MX002 

primers, respectively, digested with EcoRI/BamHI and then cloned into the EGFP vector.  

The middle domain deleted MEOX2
T89_V182del

 construct in pCMV-Tag4A was amplified 

by PCR using the MX001 and MX002 primers and then digested with EcoRI/BamHI 

prior to cloning into the EGFP vector. 
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B.2. MEOX-FLAG fusion protein constructs 

Full-length mouse Meox1 was amplified by PCR from a cDNA clone (IMAGE ID 

464899, Invitrogen) using the MX003 and MX008 primers, digested with EcoRI/XhoI 

and then ligated in-frame into the pCMV-Tag4A vector (Stratagene), creating a C-

terminal FLAG-tagged construct.  Subsequently, the C-terminal FLAG-tagged Meox1 

construct was amplified from the pCMV-Tag4A vector using the MX003 and NOTI 

primers, digested with EcoRI/NotI and cloned into the pcDNA3.1(+) vector.  The MX100 

and MX095 primers were used to amplify Meox1 from the pCMV-Tag4A vector for 

cloning into the EcoRI/XhoI digested pCMV-Tag2B vector (Stratagene), to create an N-

terminal FLAG-tagged construct. 

Wild-type Meox1 in the pCMV-Tag4A vector was used as a template to create 

two DNA-binding deficient versions of Meox1.  The DNA-binding domain mutated 

Meox1
Q219E

 construct was created by splice overlap extension PCR [260] using the 

mutagenesis primers MX022 and MX023, which changed CAA (Q) to GAA (E) at amino 

acid position 220.  This mutant construct was then cloned into the pcDNA3.1(+) and 

pCMV-Tag2B vectors as described for wild-type Meox1.  The homeodomain deleted 

construct Meox1
K180_K230del

 was created by using megaprimer PCR [261] using the 

MX033 primer with the MX003 and MX008 primers.  The Meox1
K180_K230del

 construct 

was subsequently cloned into the pCMV-Tag2B vector as described for wild-type Meox1. 

Full-length human MEOX2 was amplified by PCR from a cDNA clone (IMAGE 

ID 3917118, Invitrogen) using the MX001 and MX005 primers, digested with 

EcoRI/XhoI and then ligated into the EcoRI/XhoI digested pCMV-Tag4A vector, thereby 

generating a C-terminal FLAG-tagged MEOX2 construct.  Subsequently, the C-terminal 
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FLAG-tagged MEOX2 construct was amplified from the pCVM-Tag4A vector using the 

MX001 and NOTI primers, digested with EcoRI/NotI and cloned into the pcDNA3.1(+) 

vector.  The MX096 and MX097 primers were used to amplify MEOX2 from the pCMV-

Tag4A vector for cloning into the BamHI/XhoI digested pCMV-Tag2B vector. 

Wild-type MEOX2 in the pCMV-Tag4A vector was used as a template to create 

several mutant versions of MEOX2.  The DNA-binding domain mutated MEOX2
Q235E

 

construct was created by splice overlap extension PCR using the mutagenesis primers 

MX024 and MX025, which changed CAA (Q) to GAA (E) at amino acid position 235.  

This mutant construct was then cloned into the pcDNA3.1(+) and pCMV-Tag2B vectors 

as described for wild-type MEOX2.  The homeodomain deleted constructs 

MEOX2
K195_K245del

 and MEOX2
K188_K245del

 were created by megaprimer PCR using the 

MX032 primer or the MX101 primer with the MX001 and MX005 primers, respectively.  

The MEOX2
K195_K245del

 construct was subsequently cloned into the pCMV-Tag2B vector 

as described for wild-type MEOX2.  The middle domain deleted construct 

MEOX2
T89_V182del

 was created by complete EcoRI and partial HincII digestion of the 

pCMV-Tag4A-MEOX2 construct.  The 5’ end of the MEOX2 cDNA was amplified by 

PCR using the MX001 and MX085 primers and then ligated into the partially digested 

vector. 

The histidine/glutamine rich domain deleted construct MEOX2
H68_Q85del

 in pCMV-

Tag2B was created from the pCMV-Tag2B-MEOX2 vector by splice overlap extension 

PCR using the MX096, MX109, MX108 and MX097 primers, while MEOX2
H68_Q85del

 in 

pcDNA3.1(+) was created from the pcDNA3.1-MEOX2 vector by splice overlap 

extension PCR using the MX001, MX109, MX108 and NOTI primers. 
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The untagged version of MEOX2 in the pCMV-Tag4A vector (pCMV-Tag4A-

MEOX2-STOP) was created from the pCMV-Tag4A-MEOX2 vector by PCR 

amplification using the MX001 and MX097 primers, digestion with EcoRI/XhoI and then 

ligation with the empty EcoRI/XhoI digested pCMV-Tag4A vector.  This construct has 

one stop codon inserted between the MEOX2 coding region and the FLAG-tag, thereby 

preventing fusion of the FLAG-tag to MEOX2. 

Primer sequences are listed in Table B-1.  All of the aforementioned expression 

constructs were sequence verified at the University of Calgary and are listed in Table 

B-2. 

 

B.3. MEOX adenovirus constructs 

Adenovirus encoding C-terminal FLAG-tagged Meox1, MEOX2 and 

MEOX2
K195_K245del

 adenoviral constructs were created by excising the MEOX cDNA from 

the pCMV-Tag4A by restriction enzyme digestion.  The plasmid pCMV-Tag4A 

constructs were digested with EcoRI, following which the 5’ DNA overhangs were filled 

using the Large (Klenow) Fragment of DNA Polymerase I as per the manufacturer’s 

instructions (New England Biolabs).  The construct was then digested using KpnI.  

Subsequently, the MEOX cDNA was ligated to the pShuttle-CMV vector which had been 

digested with BglII, 5’ DNA overhangs filled using Large (Klenow) Fragment of DNA 

Polymerase I, and then digested using KpnI. 

Adenovirus encoding N-terminal FLAG-tagged Meox1, MEOX2, MEOX2
Q235E

 

and MEOX2
K195_K245del

 adenoviral constructs were created by excising the MEOX cDNA 

from the pCMV-Tag2B vector by NotI/XhoI digestion, followed by ligation into the   
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Table B-1:  List of PCR primers used to create MEOX1 and MEOX2 expression 

constructs.  
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Table B-2:  List of expression vectors and the MEOX1 and MEOX2 proteins that 

they encode.  
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NotI/XhoI digested pShuttle-CMV vector.  All adenovirus constructs are listed in Table 

B-3. 

 

B.4. MEOX-GST fusion proteins 

Meox1, MEOX2, MEOX2
Q235E

 and MEOX2
K195_K245del

 coding sequences were 

excised from the pCMV-Tag2B vector with EcoRI/XhoI (Meox1) or BamHI/XhoI 

(MEOX2), and cloned into the pET-41a(+) vector (Novagen), creating C-terminal GST-

tagged constructs. 
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Table B-3:  List of adenoviruses and the MEOX1 and MEOX2 proteins that they 

encode.  
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Appendix C: The location of the FLAG epitope does not affect MEOX expression 

or function 

 Referred to in Chapters 3 (section 3.4) and Chapter 4 (section 4.4.2.1). 

 

To ensure that addition of the FLAG epitope to MEOX1 and MEOX2 did not 

affect the expression, localization or function of the MEOX proteins, we created both N-

terminal and C-terminal FLAG-tagged constructs and performed direct comparative 

studies.  In addition, we created an untagged MEOX2 construct: MEOX2-STOP.  A 

detailed description of the constructs and their generation is discussed in Appendix B. 

Transfection of HEK293 cells with N-terminal and C-terminal FLAG-tagged versions of 

MEOX1 and MEOX2 showed no difference in the expression or localization of the 

MEOX proteins, as assessed by western blot (Figure C-1) and fluorescent 

immunocytochemistry (Figure C-2) using an anti-FLAG antibody.  Similarly, the pattern 

of expression and localization of MEOX1, MEOX2 and homeodomain deleted 

MEOX2
K195_K245del

 was identical between HUVECs transduced with adenovirus encoding 

N-terminal or C-terminal FLAG-tagged proteins (compare Figure 3-8 and Figure 3-12). 

To test for differences in the transcriptional capabilities of differentially FLAG-

tagged MEOX2, we performed luciferase assays with N-terminal, C-terminal and 

untagged versions of MEOX2.  All three versions of MEOX2 were equally capable of 

activating transcription from a 2272 bp p21
CIP1/WAF1

 promoter (Figure C-3), indicating 

that the FLAG epitope does not alter the ability of MEOX2 to induce transcription in this 

system.  Finally, we compared the ability of N-terminal and C-terminal FLAG-tagged 

MEOX1 and MEOX2 to increase endogenous p21
CIP1/WAF1

 protein expression in   
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Figure C-1:  Expression of N-terminal and C-terminal FLAG-tagged MEOX 

proteins in HEK293 cells. 

Western blots showing that the location of the FLAG epitope at the N-terminal (A) or C-

terminal (B) does not alter MEOX protein expression in HEK293 cells.  Whole cell lysate 

was collected for SDS-PAGE 24 hours after transfection.  MEOX proteins were detected 

using an anti-FLAG antibody.  α-tubulin was used as a loading control.  



315 

 

 

Figure C-2:  Nuclear localization of N-terminal and C-terminal FLAG-tagged 

MEOX proteins in HEK293 cells.  
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Figure C-2:  Nuclear localization of N-terminal and C-terminal FLAG-tagged 

MEOX proteins in HEK293 cells. 

Fluorescent immunocytochemistry demonstrating that the location of the FLAG epitope 

does not affect the nuclear localization of MEOX1 or MEOX2 in HEK293 cells.  

Insertion of a stop codon between the MEOX2 and FLAG coding sequences in the 

pCMV-Tag4A vector successfully created an untagged version of MEOX2 (G).  Cells 

were fixed and stained 24 hours post-transfection.  MEOX proteins were detected using 

an anti-FLAG antibody.  Nuclei were stained with DAPI.  Scale bars represent 20 μm. 
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Figure C-3:  The position or inclusion of the FLAG epitope does not affect MEOX2 

transcriptional activation from the 2272 bp p21
CIP1/WAF1

 promoter. 

Luciferase assay demonstrating the ability of C-terminal FLAG-tagged MEOX2 

(MEOX2-C), un-tagged MEOX2 (MEOX2) and N-terminal FLAG-tagged MEOX2 (N-

MEOX2) proteins to activate a 2272 bp p21
CIP1/WAF1

 promoter as compared to their 

respective empty vector controls (Control-C or Control-N).  * Indicates a statistically 

significant change (p<0.05) when compared to the empty vector controls.  n.s. denotes no 

statistically significant difference (p<0.05) in promoter activation is observed between 

the various MEOX2 proteins.  Error bars represent the standard error of the mean (n=6). 
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HUVECs.  We observed equivalent results with both tagged versions of the MEOX 

proteins; Meox1 and homeodomain deleted MEOX2
K195_K245del

 do not significantly 

increase p21
CIP1/WAF1

 protein expression, while MEOX2 increases p21
CIP1/WAF1

 expression 

comparable to p53 (Figure C-4). 

Taken together, we conclude that addition of the FLAG epitope, to either terminus 

of the MEOX proteins, does not measurably affect their localization, expression or 

function in vitro. 
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Figure C-4:  The position of the FLAG-tag does not affect MEOX2 activation of 

p21
CIP1/WAF1 

expression in endothelial cells. 

Representative western blots showing increased p21
CIP1/WAF1

 protein in HUVECs over-

expressing p53, MEOX2 and DNA-binding domain mutated MEOX2
Q235E

 but not Meox1 

or homeodomain deleted MEOX2
K195_K245del

.  Increased p21
CIP1/WAF1

 expression due to 

adenoviral transduction is evident when comparing EGFP and untransduced (UNTD) 

cells.  Total protein was isolated from HUVECs 48 hours after adenoviral transduction at 

250 MOI with C-terminal FLAG-tagged MEOX constructs (A) or N-terminal FLAG-

tagged MEOX constructs (B).  Actin was used as a loading control.  
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Appendix D: Chromatin immunoprecipitation optimization and troubleshooting 

 Referred to in Chapter 4 (section 4.3.10). 

 

The resolution of ChIP is dependent upon the consistent size of the input chromatin 

DNA fragments.  In other words, to be confident that a protein is bound adjacent to the 

PCR amplicon, the DNA fragments must be relatively small.  We tested various 

sonication routines for the purpose of identifying which one would consistently produce 

DNA fragments that are between 200 and 800 bp, predominantly.  Formaldehyde cross-

linked cells were suspended in SDS Lysis Buffer (Millipore) and then sonicated 4, 6, 8, 

and 10 times for 10 seconds each using a Misonix XL-2000 series sonicator (Qsonica) set 

to “2”.  The sonicated cell lysate was reverse cross-linked and the nucleic acids were 

purified by phenol:chloroform extraction followed by ethanol precipitation.  RNA was 

degraded by incubation with 10 μg RNase A (Invitrogen) for 15 minutes at 37ºC.  The 

size of the DNA fragments was visualized by agarose gel electrophoresis (Figure D-1).  

We concluded that 10 seconds of sonication followed by 30 seconds of rest, repeated 10 

times, was the optimal sonication routine as it produced the DNA fragments within the 

desired size range. 

Next, we wanted to verify that we could efficiently immunoprecipitate (IP) 

proteins using antibody and magnetic (Dynabeads Protein G, Invitrogen) or 

polyacrylamide (Protein A/G UltraLink Resin, Pierce) beads.  To this end, we lysed cells 

in RIPA buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 0.5% 

Na-deoxycholate, 1% Triton-X 100 and 0.1% SDS), following which we performed 

overnight IPs at 4ºC.  The following day, beads were added to the IPs and incubated for 1   
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Figure D-1:  Test for optimal DNA fragmentation using sonication. 

(A) Formaldehyde cross-linked cells were sonicated 4, 6, 8, and 10 times for 10 seconds 

each.  Samples were treated with or without RNaseA to degrade RNA.  DNA fragments 

were separated by agarose gel electrophoresis. 
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hour at 4ºC to collect the antibody.  The beads were removed from the supernatant, 

washed, and then the protein was eluted from the beads by boiling them in 1× loading 

buffer (55.5 mM Tris pH 7.4, 11.1% glycerol, 2.2% SDS, 0.1% bromophenol blue and 

33.3 mM DTT) for 5 minutes.  Equal ratios of protein from the supernatant and beads 

were separated by SDS-PAGE and then immunoblotted. 

To begin, we immunoprecipitated the RNA polymerase II enzyme from untreated 

HUVEC lysates using an anti-RNAP antibody (Millipore) and magnetic beads (Figure 

D-2, panel A).  As shown by immunoblot with the anti-RNAP antibody, we were 

successfully able to IP RNA polymerase II using the anti-RNAP antibody, but not the 

anti-MEOX2 antibody (Figure D-2, panel A).  Next, we repeated the experiment using 

anti-FLAG or anti-MEOX2 antibodies and magnetic beads to IP the MEOX2 protein 

from transduced HUVEC lysate (Figure D-2, panel B).  Immunoblotting with the anti-

FLAG antibody revealed that exogenously expressed MEOX2 was bound to the magnetic 

beads, even in the absence of antibody (Figure D-2, panel B).  When polyacrylamide 

beads were used to collect the anti-FLAG antibody from IPs of transduced HUVEC 

lysates, we observed by immunoblot that exogenous MEOX2 was not bound to the beads 

in the absence of antibody (Figure D-2, panel C). 

Thus, we performed all subsequent ChIP assays using polyacrylamide or agarose 

beads, as MEOX2 does not non-specifically bind to these types of beads (Figure D-2, 

panel C and data not shown). 
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Figure D-2:  MEOX2 binds to magnetic beads, but not to polyacrylamide beads. 
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Figure D-2:  MEOX2 binds to magnetic beads, but not to polyacrylamide beads. 

(A) RNA polymerase II was immunoprecipitated from untreated HUVEC lysates using 

anti-RNAP.  Anti-MEOX2 antibodies were used as a negative control.  The antibodies 

were collected using magnetic beads (Dynabeads, Invitrogen).  RNA polymerase II was 

detected by western blot using anti-RNAP antibody.  (B)  N-terminal FLAG-tagged 

MEOX2 was immunoprecipitated from transduced HUVEC lysates (Ad-EGFP or Ad-

MEOX2) using anti-FLAG or anti-MEOX2 antibodies.  The antibodies were collected 

using magnetic beads (Dynabeads, Invitrogen).  Exogenous MEOX2 expression was 

detected by western blot using anti-FLAG antibody.  (C)  N-terminal FLAG-tagged 

MEOX2 was immunoprecipitated from transduced HUVEC lysates (Ad-EGFP or Ad-

MEOX2) using an anti-FLAG antibody.  The antibody was collected using 

polyacrylamide beads (Ultralink resin, Pierce).  Exogenous MEOX2 expression was 

detected by western blot using an anti-FLAG antibody. 
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Appendix E: Identification of MEOX binding partners 

 Referred to in Chapter 6 (section 6.2). 

 

In order to isolate MEOX interacting proteins from ECs, we plan to use the 

tandem affinity purification tag (TAP-TAG) method [262,263].  Ultimately, MEOX 

bound proteins will be isolated from EC nuclear extracts by column purification (Figure 

E-1, panel B), separated using SDS-PAGE and visualized using silver stain for 

comparison to controls.  Proteins will be in gel trypsin digested, and then sent for 

identification by matrix-assisted laser desorption/ionization, time-of-flight (MALDI-

TOF) mass spectrometry. 

To this end, we cloned MEOX1, MEOX2, MEOX2
Q235E

 and MEOX2
K195_K245del

 

into the pBRIT-TAP retroviral vector, creating MEOX proteins that are fused to a C-

terminal 6×HIS-3×FLAG-tag (TAP-tag) (Figure E-1, panel A).  The pBRIT-TAP 

retroviral vector was transfected into the Phoenix-Eco packaging cell line to produce 

ecotropic retrovirus.  Owing to the hazards of creating and using retroviruses which can 

stably transduce human cells via transgene integration into the host genome, we chose to 

create ecotropic retrovirus that can only transduce murine cells. 

To test the ability of the generated virus to transduce murine cells and to produce 

TAP-tagged proteins, we transduced NIH/3T3 cells (mouse fibroblasts) with the 

retrovirus and then used western blot to detect the expression of the TAP-tagged MEOX 

proteins in cell lysates (Figure E-2, panel A).  C-terminal TAP-tagged MEOX proteins 

were robustly expressed in NIH/3T3 cells, indicating that we successfully produced 

ecotropic retrovirus encoding our proteins of interest.  As we want to isolate MEOX   
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Figure E-1:  Summary of MEOX2 bound protein purification using the TAP-TAG 

system.  
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Figure E 1:  Summary of MEOX2 bound protein purification using the TAP-TAG 

system. 

(A) Tandem affinity purification tag (TAP-TAG) amino acid sequence.  (B) TAP-TAG 

MEOX proteins will be used to co-purify interacting proteins from the mouse brain EC 

line (bEnd.3).  The TAP-tag is composed of 6×HIS and 3×FLAG epitopes separated by a 

linker region that contains a Tobacco etch virus (TEV) protease cleavage site.  Isolated 

proteins will be identified by mass spectroscopy and further characterized.  Interacting 

protein purification using this TAP-TAG was previously performed by McKinnell et al. 

[263]. 
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Figure E-2:  Expression of TAP-tagged MEOX proteins in mouse cells transduced 

with ecotropic retrovirus. 

Western blot showing the TAP-tagged MEOX1, MEOX2, DNA-binding domain mutated 

MEOX2
Q235E

 and homeodomain deleted MEOX2
K195_K245del

 are expressed in NIH/3T3 

cells 24 hours post-transduction (A) and following (1 µg/mL) puromycin selection for 

stably transformed bEnd.3 cells (B).   TAP-tagged proteins were detected using an anti-

FLAG antibody.  Actin or α-tubulin was used as loading control.  n.s. denotes a non-

specific band.  
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interacting proteins from ECs, we chose the bEnd.3 mouse brain EC line as a model 

system.  We transduced bEnd.3 cells with the MEOX ecotropic retrovirus and then used 

puromycin treatment (1 µg/mL) to select cells which had stably integrated the retroviral 

DNA.  Western blot and fluorescent immunocytochemistry confirmed the expression of 

stably integrated C-terminal TAP-tagged MEOX proteins in puromycin selected bEnd.3 

whole cell extracts (Figure E-2, panel B and data not shown). 

To ensure that the expression and subcellular localization of the MEOX proteins 

was not affected by the addition of the TAP-tag, we transfected HEK239 cells with the 

retroviral vectors and then performed fluorescent immunocytochemistry (Figure E-3).  

We observed no difference in the localization of the C-terminal TAP-tagged MEOX 

proteins as compared to N-terminal or C-terminal FLAG-tagged MEOX proteins (data 

not shown); expression of MEOX1, MEOX2 and MEOX2
Q235E

 was primarily nuclear and 

MEOX2
K195_K245del

 was expressed throughout the cell (Figure E-3).  Therefore, the TAP-

tag does not affect the localization of the MEOX proteins.  Next, we assessed whether the 

TAP-tag affected the ability of the MEOX proteins to bind to DNA.  When nuclear 

extracts from HEK293 cells transfected with the retroviral vector were used for EMSAs, 

we observed that both the wild-type MEOX1 and MEOX2 bound to the p21
CIP1/WAF1

 

probe, but the DNA-binding domain mutated MEOX2
Q235E

 and homeodomain deleted 

MEOX2
K195_K245del

 could not (Figure E-4).  Hence, the TAP-tag does not interfere with 

the ability of the MEOX proteins to bind DNA.  Finally, to test the function of the TAP-

tagged MEOX proteins, we transfected HEK293 cells with the retroviral vector and then 

performed luciferase assays and quantitative real-time PCR.  We did not observe any 

change in the level of transcription from the p21
CIP1/WAF1

 upstream promoter region in the   
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Figure E-3:  Expression of C-terminal TAP-tagged MEOX proteins in HEK293 

cells.  
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Figure E-3:  Expression of C-terminal TAP-tagged MEOX proteins in HEK293 

cells. 

The localization of TAP-tagged MEOX1, MEOX2, DNA-binding domain mutated 

MEOX2
Q235E

 and homeodomain deleted MEOX2
K195_K245del

 proteins were detected using 

an anti-FLAG antibody (red).  Nuclei were stained with DAPI (blue).  The TAP-tag does 

not appear to alter the normal localization of the MEOX proteins as the localization of 

MEOX1, MEOX2 and DNA-binding domain mutated MEOX2
Q235E

 is nuclear, whereas 

the localization of the homeodomain deleted MEOX2
K195_K245del

 is found throughout the 

cell.  Scale bars represent 100 μm. 
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Figure E-4:  TAP-tagged MEOX proteins bind to a DNA probe containing 

homeodomain binding sites from the p21
CIP1/WAF1

 promoter. 

Nuclear extracts from HEK293 cells transfected with TAP-tagged MEOX proteins were 

used to demonstrate the ability of these proteins to bind DNA.  The DNA probe (P) 

contained a known MEOX2 binding site from the p21
CIP1/WAF1

 upstream promoter region 

[89].  TAP-tagged MEOX1 (MX1) and MEOX2 (MX2) are capable of binding to DNA, 

as demonstrated by shifted biotinylated probe (arrows).  DNA-binding domain mutated 

MEOX2
Q235E

 (Q235E) and homeodomain deleted MEOX2
K195_K245del

 (K195_K249del) 

did not bind DNA.  The biotinylated MEOX1 or MEOX2 bound probe was supershifted 

(arrowhead) when nuclear extracts were pre-incubated with an anti-FLAG antibody.  
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presence of the TAP-tagged MEOX proteins, nor did we detect any change in the amount 

of endogenous p21
CIP1/WAF1

 mRNA expression (Figure E-5).  Thus, although the 

localization and DNA-binding ability of the MEOX proteins is not affected by the C-

terminal TAP-tag, it appears that this tag affects the ability of MEOX1 and MEOX2 to 

activate transcription of the p21
CIP1/WAF1

 target gene.  As MEOX activation of 

p21
CIP1/WAF1

 transcription occurs in a DNA-binding independent manner, this suggests 

that the C-terminal TAP-tag may interfere with some MEOX protein-protein interactions.  

For this reason, we will compare the tandem affinity purification results to co-

immunoprecipitation of MEOX interacting proteins from nuclear extracts of HUVECs 

over-expressing N-terminal FLAG-tagged MEOX proteins (using a FLAG antibody) or 

endogenous protein (using a MEOX2 antibody). 
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Figure E-5:  TAP-tagged MEOX proteins do not induce p21
CIP1/WAF1

 expression.  
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Figure E-5:  TAP-tagged MEOX proteins do not induce p21
CIP1/WAF1

 expression. 

(A) Luciferase assays showing the lack of activation of the p21
CIP1/WAF1

 upstream 

promoter region in HEK293 cells by C-terminal TAP-tagged MEOX proteins.  (B) 

Quantitative real-time PCR showing the relative levels of p21
CIP1/WAF1

 mRNA expression 

in HEK293 cells 24 hours after transfection with C-terminal TAP-tagged MEOX 

proteins. 
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