
The Role of MicroRNAs in Endothelial Progenitor Cell Function 

 

 

 

 

 

 

 

 

John Behbahani 

 

 

 

 

 

 
Thesis submitted to the Faculty of Graduate and Postdoctoral Studies 

in partial fulfillment of the requirements for a degree of Doctor of Philosophy 

in Cellular and Molecular Medicine 
 

 

 

Department of Cellular and Molecular Medicine 

Faculty of Medicine, 

University of Ottawa 

 

 

 

 

 

 

 

© John Behbahani, Ottawa, Canada 2016 

 

 

 

 

 



ii 

 

ABSTRACT 

 

     Cultures of peripheral blood mononuclear cells (MNCs) give rise to at least two different variants of endothelial 

progenitor cells (EPCs), early and late outgrowth EPCs.  We investigated whether microRNAs in early and late 

EPCs could serve as markers of internal processes that can be exploited to distinguish cell identity and functional 

capacity. We hypothesized that as MNCs give rise to early and late EPCs, there is a gradual change in total 

microRNA profile, reflecting a total change in processes within the predominant cell population. Using a candidate 

microRNA array, early and late EPCs showed vastly different microRNA expression profiles.  MiR-146a expression 

increased progressively as early EPCs emerged around 5-7 days (p<0.05). Through targeting TRAF6 and IRAK1, 

miR-146a conferred inflammatory tolerance in early EPCs, likely contributing to their purported ability to suppress 

inflammation. MiR-146a knock down (KD) in endotoxin-stimulated early EPCs reduced anti-inflammatory cytokine 

IL-1RA (p<0.001), and increased expression of pro-inflammatory cytokines IL-1 (p<0.001) and IL-8 (p<0.01).   

Interestingly, the microRNA expression profile of late EPCs was highly congruent to mature endothelial cells, with 

100-fold greater miR-126 expression than monocytes and early EPCs (p<0.01).  MiR-126KD in late EPCs abolished 

matrigel-network formation (p<0.05); while overexpression (OE) in early EPC augmented network formation 

(p<0.05) and chemotactic migration (p<0.001). We also found that the melanoma cell adhesion molecule or MCAM 

(CD146) identified late EPC precursors. Only MCAM+MNCs from adult blood (<5% of total MNCs) yielded late 

EPC-like colonies. Robust miR-126 expression in these cells predicted the generation of late EPCs. Overall, our 

results suggest that miR-146a in early EPCs likely contributes to repair by suppressing inflammation during 

cardiovascular injury; while in late EPCs, miR-126 directly promotes angiogenesis and vascular repair.  Finally, we 

highlight a unique method for the efficient generation of late EPCs by using MCAM selection and screening for 

miR-126. 
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ABBREVIATIONS AND DEFINITIONS 

 

AcLDL Acetylated low-density lipoprotein 

BrdU Bromodeoxyuridine, 5-bromo-2'-deoxyuridine 

Cardiac patient Patient with/recovering cardiovascular complications; ie: Myocardial infarct 

CCASP3 Cleaved caspase-3 

CD206 Mannose receptor 

CD209 Dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin 

DAPI 4',6-diamidino-2-phenylindole 

DC Dendritic cell 

DMSO Dimethyl sulfoxide 

Early EPC or simply “EPC” Early outgrowth endothelial progenitor cell, circulating angiogenic cell (CAC) 

EBM Endothelial basal media 

ECFC Endothelial colony forming cell, aka late EPC 

EGM Endothelial growth media 

ELCC Endothelial-like colony forming cells (and all similar cells like CFU-Hills and late EPCs) 

eNOS Endothelial nitric oxide synthase 

EPC Endothelial progenitor cell 

ERK Extracellular signal-regulated kinase 

FAM- Fluorescein fluorophore 

FGL2 Fibrinogen-like protein 2 

HEK Human Embryonic Kidney 293T Cells 
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HELA HeLa adenocarcinoma cell line 

HPF High power field 

HUVEC Human umbilical vascular endothelial cells 

IGF1 Insulin-like growth factor 1 

IL-1/IL1-RA Interleukin-1/Interleukin 1 receptor antagonist 

IL-8 Interleukin 8 

IL4 Interleukin 4  

IRAK1 Interleukin-1 receptor-associated kinase 1 

KD/OE Knockdown (via microRNA inhibitor)/Overexpress (via mimic)  

KDR Kinase insert domain 

Late EPC Late outgrowth endothelial progenitor cell 

LPS Lipopolysaccharide, an endotoxin 

MACs Magnetic-activated cell sorting 

MCAM Melanoma cell adhesion molecule 

MNC Mononuclear Cell(s) 

MRE MicroRNA response element 

NFKB Nuclear factor kappa-light-chain-enhancer of activated B cells 

NFKB/p50 Nuclear factor NF-kappa-B p105 subunit 

NFKB/p65 Nuclear factor NF-kappa-B p65 subunit/ Transcription factor p65 

NO Nitric oxide 

O.D. Optical density, absorbance 

PBS Phosphate buffered saline 
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PI3KR2/p85b PI3K regulatory subunit 2/p85 beta subunit 

RasGAP p120-Ras GTPase activating protein 

SDF1 Stromal cell-derived factor 1 

SPRED-1 Sprouty-related, EVH1 domain-containing protein 1  

TLR Toll-like receptor 

TRAF6 TNF receptor-associated factor 6 

VEGF Vascular endothelial growth factor 

VEGFR2 Vascular endothelial growth factor receptor 2 
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1.1 The Endothelium 

The arterial wall is layered into three sections: the tunica intima, tunica media and the tunica adventitia.  

These layers refer to the innermost layer (which is exposed to circulation), the middle and the outermost layers, 

respectively.  The tunica intima consists of the endothelium and the internal elastic lamina.  The internal elastic 

lamina plays a major role in determining vessel elasticity.  For instance, in conditions such as atherosclerosis, 

calcification of the internal elastic lamina contributes to the hardening of the arteries (1). The tunica media 

consists of a smooth muscle layer which functions to moderate arterial tone.  Relaxation and constriction of the 

smooth muscle layer is influenced by crosstalk between the endothelial layer and local factors.  Adjacent to the 

smooth muscle layer there is an external layering of elastic lamina (the external elastic lamina).  Similar to the 

internal elastic lamina, the external elastic lamina also contributes to the elastic properties of the artery.  Finally, 

the tunic adventitia consists primarily of the connective tissues (including collagen, fibronectin and cells like 

fibroblasts, for example), which are involved in vessel insulation, tissue repair and physical support. 

The endothelium is a monolayer of endothelial cells, which line the innermost layer of blood vessels in the 

circulatory system and the lymphatic system.  As such, the endothelium directly interacts with blood and lymph, 

as well as the cells, which circulate within these systems. The endothelium serves a key role in vascular tone, 

blood fluidity and platelet aggregation (2). Additionally, the endothelium is a major actor in the regulation of 

immunology, angiogenesis, and inflammation.  The endothelial cells which constitute the endothelium control 

blood flow by regulating vascular tone through the synthesis and release of both relaxing (vasodilating) and 

contracting (vasoconstricting) factors such as nitric oxide, lipoxygenases, endothelin, adenosine, purines etc. (2).  
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Of these factors, nitric oxide (NO), which is produced nitric oxide synthase (NOS) enzymes, is a very well-known 

chemical compound that serves many important biological functions from maintaining vascular integrity by 

inhibiting platelet aggregation (2-4) to leukocyte-endothelium adhesion and vascular smooth muscle cell 

proliferation (5-7). Dysfunction of the endothelium that can disturb the release (or absorption) of such vasoactive 

components could result in cardiovascular pathology or the perpetuation of cardiovascular disease.  Therapeutic 

approaches to remedy endothelial dysfunction at this level include applications of cell therapy, which can 

facilitates vasodilation while supressing inflammation (in cases of cardiovascular injury, for instance).   This, in 

turn, promotes circulation (and distribution of reparative factors) into sites of injury or ischemia, thereby 

improving recovery and health. 

 

1.2 Angiogenesis 

Angiogenesis is the highly regulated process of the formation of microvascular networks from pre-existing 

vessels.  Both blood and lymphatic vessels undergo angiogenesis to form extensive networks, which are essential 

to normal physiological processes involving the transport of cells, gases, fluids, micro and macromolecules.  As 

such, angiogenesis plays a pivotal role in cardiovascular recovery or tissue repair following injury or chronic 

illness. Inducers of angiogenesis include angiopoietins, stromal cell-derived factor 1, tumor necrosis factor-alpha, 

interleukins, and members of the vascular endothelial growth factor (VEGF) family.  As such, angiogenesis 

continues to be an important putative target for therapy (8).  As a highly regulated process, angiogenesis is 

typically under a tight balance of pro- and antiangiogenic agents; usually turned on only for brief periods and then 

completely inhibited (9). 
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Endothelial cell migration is essential to angiogenesis.  The motility of endothelial cells requires the activation 

of numerous signalling pathways resulting from chemotaxis (cell migration toward a gradient of soluble 

chemoattractants), mechanotaxis (directional migration generated by mechanical forces), or hepatotaxis (migration 

towards a gradient of immobilized ligands), eventually affecting cytoskeletal remodelling (10). The end result is 

endothelial cell motility that is achieved through cell extension and contraction (which resembles a cell pushing its 

rear towards the front and progressing forward).  This process is essential in the formation of new blood vessels 

during vascularization and the extension of existing vessels during angiogenesis; because during this process 

endothelial cells must migrate (under the influence of VEGF) onto a matrix of collagen and hyaluronan to fuse 

with angioblasts in the formation of blood islands which later remodel into tubular structures, vascular plexus and 

ultimately new blood vessels (11). However, in addition to migration, endothelial cell proliferation is also a 

critical feature during these processes.  As a vessel grows, the emerging endothelial cells begin to proliferate into 

emerging tubules, but this process is dependent on their adhesion onto the existing scaffolding matrix. It has been 

demonstrated that proliferation can be co-coordinately affected by both growth factor and integrin signalling 

pathways.  During vessel growth, the release of factors like VEGF has been shown to enhance proliferation and 

the expression of several integrins that are involved in angiogenesis including v3, v5, and 51 integrins (11-

13). The 51 integrin is essential in endothelial cell anchorage onto fibronectin; as noted in section 1.1, 

fibronectin is one of the chief scaffolding glycoproteins in blood vessels.  Conversely, in the absence of VEGF 

endothelial cells have been shown to undergo apoptosis, resulting in the regression of blood vessels (14).  

  

1.3 Endothelial progenitor cells 

Repair of damaged endothelium was previously thought to occur mainly through local mitosis of 
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healthy neighboring endothelial cells (15). However, this view has since been changed to include the repair of 

endothelium by circulating endothelial progenitor cells (EPCs) in addition to local endothelial cells (16, 17). 

Since their discovery in 1997 by Asahara et al., EPCs have emerged as a “hot topic” among both clinicians and 

researchers because of their therapeutic potential (17). EPCs have been shown to be effective in facilitating 

neoangiogenesis and vascular repair in numerous studies on cardiovascular injury, including atherosclerosis, 

post-myocardial infarction and even re-endothelialization of vascular grafts (18-23). It has been shown that in 

vivo, these circulating progenitor cells originate in the bone marrow and are mobilized in response to 

cardiovascular injury, growth factors or in response to stimuli such as ceramide-1-phosphate and NADPH 

oxidase Nox2 (24, 25). EPCs circulate within the mononuclear cell (MNC) fraction of peripheral blood and 

home to injured sites where some cells are incorporated into new blood vessels in situ and thereby facilitate the 

formation of new blood vessels; or they facilitate the extension of existing vessels (Figure 1), forming structural 

components of growing vasculature (26, 27). Circulating EPCs have been defined by surface markers, such as 

CD34, CD133 and KDR (17, 18); however, as yet there is no consensus concerning what markers define a 

subset of “true” endothelial cell precursors. 

 

 

In vitro, EPCs are generated from mononuclear cells and exist in two distinct varieties. For the first type, 

unselected peripheral blood mononuclear cells (PBMCs or MNCs) are cultured for 5-7 days on an 

appropriate matrix (i.e. fibronectin) in the presence of endothelial growth factors (i.e. VEGF, IGF, EGF, etc.), 

resulting in a population of highly angiogenic cells exhibiting classical “early EPC” rod-like morphology, and 

these are termed early outgrowth EPCs or circulating angiogenic cells (CACs). These early EPCs still express 

monocyte markers, such as CD14 and CD45, but also show some endothelial characteristics by expressing 

CD31, lectin binding and uptake of acetylated low density lipoprotein (LDL) (28). Early EPCs are non-
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proliferating and fade gradually during prolonged culture.   However, after 2 weeks of mononuclear cell 

culture, clusters of highly proliferative cells appear with cobble-stone morphology and these cells are termed 

late-outgrowth EPCs, endothelial colony forming cells (ECFCs) or blood-outgrowth endothelial cells.  These 

cells rapidly overgrow culture and replace early EPCs over time (29). Late EPCs (short for late outgrowth EPCs), 

in addition to having robust endothelial morphology, have high expression of endothelial markers CD31, VE-

cadherin and KDR. These two types of culture-derived “EPCs” contribute to vascular repair and regeneration in 

vitro and in vivo, but appear to do so by very different mechanisms (30). Early EPCs act mainly through 

paracrine mechanisms, such as releasing of pro-angiogenic cytokines; whereas late outgrowth EPCs are believed 

to promote repair of the endothelium through direct integration into damaged vasculature (28, 30). To date, it is 

widely accepted that both cell populations arise from the MNC fraction of peripheral adult blood, but the 

relationship between these two types of EPCs is very unclear. Specifically, it is not known whether late 

outgrowth EPCs arise from mononuclear cell cultures by an infrequent transdifferentiation event or from a very 

rare subset of distinct endothelial precursor cells that exists within the general mononuclear (early EPC) cell 

population that are “pre-programmed” to give rise to endothelial cells. Therefore, we were interested in 

comparing the profiles of a major new class of epigenetic regulators of gene expression (namely microRNAs) in 

mononuclear cell populations at different stages of EPC specification to gain new insights into the mechanisms 

underlying the activity and function of early EPCs and late outgrowth EPCs. 

 

1.4 EPCs in cardiovascular injury and repair 

In vivo studies which have focused on the use of EPCs for treatment of ischemic injury (in small animals) 

have provided considerable evidence of their therapeutic potential. In a rodent model of hind limb ischemia, 
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human circulating EPCs have been shown to improve perfusion and neovascularization (i.e. formation of new 

blood vessels where previously none existed) (31). Numerous models of myocardial ischemia in animals have 

shown that angiogenesis and arteriogenesis (the increase of existing vessel diameters) are significantly improved 

following the mobilization of EPCs from the bone marrow, promoting the recovery of both left ventricular 

ejection fraction and myocardial perfusion (20, 32-35). These effects have also been shown through the direct 

administration of bone marrow-derived MNCs. In the ischemic limb model, intramuscular injection of MNCs 

derived from bone marrow increased exercise tolerance, limb flow and the total increase in the number of 

capillaries as well as augmentation of both small and large vessel formation, including enhancement of collateral 

development (36-38). It is likely that MNCs are particularly responsive to ischemia as it has been demonstrated 

that even the hypoxic culture of MNCs significantly improves the effect of cell delivery to the ischemic limb (36). 

In both rat and pig models of myocardial ischemia, implantation of these cells has also been shown to improve 

myocardial angiogenesis and subsequently, perfusion (39-42). Combined, these findings have formed part of the 

premise for numerous clinical trials for myocardial infarction and ischemia. 

 

1.5 Clinical relevance of EPCs for therapy 

 

Today, there is a large body of preclinical evidence supporting the therapeutic potential of bone marrow-

derived cells in stimulating neovascularization (43). It has been shown that tissue ischemia releases chemokines 

(such as vascular endothelial growth factor and stromal-cell derived factor 1), which correlate with increased 

mobilization of circulating EPCs from the bone marrow and their engraftment into ischemic tissue where they are 

believed to participate in neovascularization (20, 32, 44-51). Additionally, EPCs also secrete stromal-cell derived 
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factor 1 (SDF-1), a factor involved in recruiting CXCR4 positive stem and progenitor cells to injured tissue (49, 

52).  

Though the preclinical evidence pointing to the neovascularization ability of EPCs is robust, the 

interpretation of all the relevant studies on the effects of these cells is complicated by the use of various cell 

types, doses and disease models (32, 46, 51, 53). Nonetheless, both culture-derived early and late EPCs have 

shown considerable ability to promote neovascularization (32, 46, 54). Crucially, a number of studies have 

confirmed that fully differentiated mature endothelial cells, though phenotypically similar to late EPCs, lack the 

ability to induce neovascularization to the same therapeutic effect (32, 46, 55). These findings suggest that 

although late EPCs strongly resemble mature endothelial cells, they must retain critical progenitor cell properties 

that are essential for their regenerative activities.  However, their relationship to the monocyte-like early EPCs is 

unclear, and at present there is no consensus on markers that can be used for the selection of the exact MNCs, 

which are destined to become therapeutic early or late EPCs (from the initial population of circulating MNCs).   

The homing of EPCs to the sites of ischemic injury has been largely attributed to the SDF-1/CXCR4 agonist-

receptor system, which is intimately involved in governing the trafficking of circulating EPCs from the bone 

marrow to ischemic tissue (50, 56, 57). In vitro and in vivo studies have shown that SDF-1 (a factor released 

during ischemic injury) stimulates EPC chemotaxis (58, 59) through the activation of the CXCR4 receptor (60). 

Protease-activated receptor-1 (PAR-1) agonists have been shown to increase the angiogenic capabilities of EPCs 

by upregulating SDF-1 and CXCR4 (52); and conversely, impairment of CXCR4 signalling with neutralizing 

antibodies against CXCR4 in healthy human EPCs and heterozygous knockout mice has negated this effect (61). 

NO and caveolin have also been shown to regulate CXCR4 expression and activity. Both are also involved in 

angiogenesis through the enzyme endothelial nitric oxide synthase, or eNOS (62, 63). ENOS is produced by 
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vascular endothelial cells and is critical in regulating vascular tone; and in cardiovascular repair, by promoting 

leukocyte adhesion and endothelial cell proliferation (64). Given that eNOS plays a pivotal role in angiogenesis 

and endothelial health, this system is likely involved in the reparative activity of EPCs.  At least one study has 

shown that treatments such as Wortmannin, which target inhibitors of the VEGF-PI3K/Akt-eNOS pathway, 

promote EPC-mediated recovery following coronary artery ligation in mice (65).  Other naturally occurring 

biological factors have also been identified, such as microRNAs, which may similarly promote the VEGF/eNOS 

pathway by also targeting pathway inhibitors like PI3K (66). 

 

1.6 Indirect mechanism of action of EPCs 

The proangiogenic activity of EPCs is achieved, in part, through paracrine mechanisms that involve the 

secretion of growth factors such as insulin-like growth factor-1 (IGF-1), hepatocyte growth factor (HGF), VEGF, 

NO and SDF-1 (49, 67). It is likely that these factors facilitate repair of damaged tissue by stimulating adjacent 

cells, but these alone are unlikely to explain all the regenerative actions of EPCs. It is also possible that other 

mechanisms such as engraftment and differentiation in new endothelial cells or immune modulatory interactions 

with inflammatory cells play an important role as well (67-69). At the very least, our lab has demonstrated that the 

mechanism of action of early EPCs in preventing the establishment of pulmonary arterial hypertension in a rat 

model was in part mediated through an immune-regulatory mechanism (70).   It is also possible that other factors 

are released by EPCs such as microRNAs, which are responsible for what guides/generates late EPCs (in vitro) 

from an unknown and rare circulating cell and this could play a role in their ability to stimulate neovascularization 

and endothelial repair in vivo. In recent years, both microparticles and the much smaller exosomes have been 
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implicated in mediating the biological transfer of cell excretions (71). Where exosome are known primarily for 

transport of smaller components like microRNAs, microparticles harbor a broader spectrum of potentially useful 

bioactive substances including cytokines, signaling proteins, mRNAs and importantly, microRNAs (71, 72).  A 

key difference in the transfer of microRNAs in exosomes versus microparticles is that within microparticles, 

microRNAs are encased and protected within the RNA-induced silencing complex (RISC); whereas in the latter, 

they are not  (71). 

 

 



    11 

 

 

 

 

Figure 1: Mechanism theory of EPC facilitated repair and regeneration 

Repair of cardiovascular injury using EPCs is believed to occur through three chief mechanisms: Immune 

modulation, facilitation of tissue regeneration and neovascularization.  After homing to sites of injury, early 

EPCs stimulate neovascularization through paracrine stimulation or incorporation into neovessels.  Scarring 

from injury could be reduced by the ability of EPCs to modulate immune response to injury.  Obtained with 

permission from Ward et al. (2007).   



    12 

 

1.7 MicroRNAs 

 

 
MicroRNAs (miRNAs or miRs) are short 20-24 nucleotide long ribonucleic acids (RNA) that are 

typically found in eukaryotic cells which post-transcriptionally regulate the expression of a target gene. 

MicroRNAs were first discovered in Caenorhabditis elegans in 1993 as single-stranded regulators of mRNA, 

and are now identified as important controllers of angiogenesis (73-76). As with protein-coding genes, type II 

RNA polymerase generally transcribes microRNAs, subjecting them to both positive and negative regulation at 

the transcriptional level (77). In general, microRNAs are transcribed as separate n o n - coding units, though 

many consist of polycistronic clusters which contain multiple microRNA transcripts that initially emerge as 

primary microRNAs. Endoribonucleases Drosha/DGCR8 processes these primary microRNA transcripts in the 

nucleus prior to export (via exportin-5) to the cytoplasm as a pre-microRNAs. A second endoribonuclease 

Dicer then processes the pre-microRNAs, cleaving the looped end, producing mature single stranded 

microRNAs (77). Some microRNAs are coded in introns and arise from the processing of excised introns of 

protein-coding genes (78). Typically microRNAs emerge as two strands, a guide and a passenger strand. 

MicroRNA passenger strands are labeled with a star (*) indicating the less predominant microRNA strand; but 

if the abundance of both strands is uncertain, each microRNA strand is just denoted with a -5p or -3p as 

specifically indicating the 5’ or 3’ arm of the surviving microRNA duplex (79).  The guide strands of 

microRNAs confer most of the regulatory functions and are protected in an RNA-induced silencing complex, 

while the passengers are not, and are usually degraded quickly, serving minimal regulatory functions (79, 80). In 

plants, microRNAs possess perfect complementarity through classical Watson-Crick base- pairing with the 

target mRNA 3’UTR region, resulting in mRNA cleavage and destruction (81, 82). In animals however, 

microRNAs have imperfect complementarity with target mRNA 3’UTR, causing mRNA blockade and 
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subsequent inhibition of translation (83). This imperfect complementarity allows a single microRNA to have 

multiple targets, increasing potential pathway interactions and their complexity for study.  As such, microRNAs 

are assigned “predicted” targets based on computational algorithms, and then the sequences are confirmed using 

biochemistry techniques for validation such as reporter assays.  In general, the probability of a microRNA-target 

interaction is greatest when the complementarity is evolutionary conserved (meaning there is consistency in 

complementarity across several species); and when the sequence length of the microRNA/mRNA 

complementarity is longer as designated by a #mer number (8 being highest).  Additionally, microRNAs can be 

exported out of the cell to affect neighboring cells or other cells through circulation (74). As such, they can 

be found both in the interstitium and plasma (75). It has been estimated that there are greater than 3000 different 

human microRNAs which regulate the expression of ~60% of all proteins (84), thereby governing a wide variety 

of cell processes including growth, survival, differentiation and senescence (85). In endothelial cells, 

microRNAs play an important role in regulating genes involved in angiogenesis.  A good example is miR-126, 

which promotes angiogenesis by regulating downstream mediators of VEGF signalling, while other microRNAs 

(i.e. miR- 221/222) have shown inhibitory effects on angiogenesis (66, 86). As such, these molecules are of 

great interest for future therapeutics and for understanding gene expression in somatic and stem cells.   

 

1.8 MicroRNAs and immune regulation 

Myeloid-derived cell populations such as monocytes, granulocytes, dendritic cells and macrophages 

recognize unique signaling molecules associated with pathogens and released by damaged/activated tissues (87-

90). These signaling molecules are recognized by surface or intracellular receptors of immune cells such as 
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Table 1: MicroRNAs in innate immunity. 

Select list of microRNAs with immune-mediating targets and noted effects.  Adapted from Liu et al. (2013).   

 
MicroRNA 

 
Targets 

 
Effects 
 

 

miR-9 

 

NF-B1 

 

Negative regulator of TLR4 signaling 

miR-19 TLR2 Decreases TLR2-mediated inflammation 

miR-21 PDCD4, IL-12 p35 Negative regulator of TLR4 signaling 

miR-27b PPAR- Enhances response to LPS 

miR105 TLR2 Decreases TLR2-mediated inflammation 

miR-106a IL-10 Decreases IL-10 

miR125b TNF-; IRF4 Diminishes inflammation; enhances macrophage activation 

miR-145 TIRP Inhibits TLR signaling 

miR-146a TRAF6, IRAK1, IRAK2 Negative regulator of TLR signaling 

miR-155 AID; MyD88; TAB2; 

Pellino-1; IKK; SHIP-1; 

SOCS1; C/EBP- 

Enhances inflammation; negative feedback regulation 

miR-223 IKK; Pknox1 Proinflammatory activation of macrophages 

Let-7i, let-7e TLR4 Downregulate inflammatory signaling 

 

Nod-like or Toll-like receptors (TLR). Once bound, they initiate a cascade of intracellular events leading to the 

production and release of proinflammatory cytokines, reactive oxygen/ nitrogen species, chemokines, 

antimicrobial peptides and promote enhanced phagocytic activity (88-90). Stimulation of these pattern recognition 

receptors is required for efficient activation of T lymphocytes and development of specialized adaptive immunity 

for clearance of infection and cell debris (91). Inappropriate inflammatory activation or chronic activation can lead 

to host tissue damage and pathology (92). Maintenance of homeostasis of the immune system, with an appropriate 

balance of response and resolution of inflammation is therefore essential for host health and survival. As such, 
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inflammatory pathways are subjected to both positive and negative regulatory control that fine-tunes an optimal 

immune response (80, 89, 93).  

One important pathway, which we focused on in this thesis, was the canonical TLR4/NFKB signalling 

pathway.  The TLR4 receptor has a variety of known ligands including polysaccharides, viral proteins, and heat 

shock proteins.  However, the most well known TLR4 ligand is endotoxin or lipopolysaccharide (LPS). The TLR4 

receptor is responsible for activating the innate immune system through two pathways: the MyD88 (myeloid 

differentiation primary-response protein 88)-dependent and MyD88-independent pathways.  Both of these TLR 

signalling pathways culminate in activation the nuclear factor-kappaB (NFKB) transcription factor, which controls 

the gene expression of numerous inflammatory cytokines.  Upon TLR activation, MyD88 interacts with the death 

domains of members of the IL-1 receptor-associated kinase (IRAK) family, causing phosphorylation of IRAK4 

and IRAK1, which dissociate from MyD88, interacting with TRAF6 (a E3 ubiquitin ligase) and causing lys63-

linked polyubiquitation of TRAF6 itself and NEMO (94, 95). The ubiquitinated NEMO and TRAF6 recruit a 

protein complex that activates two distinct pathways involving the IKK complex and the mitogen-activated 

protein kinase (MAPK/ERK/JNK, p38) pathway (96).  Activation of the IKK complex results in the 

phosphorylation of the IKB and its ubiquitination and proteasmal degradation, freeing NFKB/Rel complexes.  

Post-translational modifications such as phosphorylation, acetylation and glycosylation further activate the 

NFKB/Rel complexes, causing translocation to the nucleus where they induce target gene expression (either alone 

or in concert with other transcription factors)(97).  The presence of NFKBp50/NFKBp65 within the nucleus 

thereby indicates the activation of the TLR4/NFKB inflammatory pathway.  Alternatively, in the noncanonical 

NFKB pathway, there are inactive NFKB/Rel complexes in the cell cytoplasm and signalling through other 

receptors like CD40 and BR3 (B-cell activating factor 3) activate the kinase NIK (NFKB-inducing kinase), which 

then activates the IKK complexes that phosphorylate C-terminal residues in NFKBp100 which leads to its 
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ubiquitation and ultimately proteasomal processing to NFKB2/p52 (98).  This creates the transcriptionally 

competent NFKBp52/RelB complexes, which then translocate into the nucleus to induce target gene expression.  

 There is growing evidence to suggest that microRNAs act as important regulators of immune-

development and response (92, 99-103).  Several studies suggest that microRNAs may be important biomarkers of 

uncontrolled inflammation and related pathology (99-102). To this end, a growing list is emerging of microRNAs 

that act as important regulators of immune response and adaptive immunity, including macrophage polarization 

with implications on wound repair and tumor progression; a summary of microRNAs involved in innate and adaptive 

immunity are provided in Table 1 and Table 2 (104).  

Numerous microRNAs have been implicated in activated immune cells. For instance, miR-146a has been 

implicated in inflammatory response to both bacterial and viral infections (105, 106). Lipopolysaccharide 

stimulated human monocytes rapidly upregulate miR-146a via TLR4 receptor signaling, which acts as in a 

 
MicroRNA 

 
Targets 

 
Effects [increase/decrease] 
 

 

miR-10 

 

Ncor2; Bcl6 

 

Treg [increase] 

miR-17-92 Bim; PTEN CD4 T-cell proliferation [increase] 

miR-29b T-bet; IFN- Th1 [decrease] 

miR-146a IRAK1; TRAF6; Stat1 TCR signaling [decrease]; Treg [increase] 

miR-155 c-Maf Th1 [increase]; Th17 [increase]; Treg survival [increase]; Th2 [decrease] 

miR-181a SHP1, 2; DUSP5, 6 TCR Signaling [increase] 

miR-182 Foxo1 CD4 T-cell expansion [increase] 

miR-301a PIAS3 Th17 [increase] 

miR-326 Ets Th17 [increase] 

miR-150 c-Myb B1 cell expansion [decrease] 

miR-155 PU.1; SHIP-1; AID Antibody secretion [increase]; class-switch recombination [increase] 

miR-181  B-cell expansion [increase] 

 Table 2: MicroRNAs in adaptive immunity. 

Select list of microRNAs with immune-mediating targets, and noted effects.  Adapted from Liu et al. (2013).  
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negative feedback loop to depress TLR signaling by targeting tumor necrosis factor receptor-associated factor 6  

(TRAF6) and interleukin receptor-associated kinase (IRAK1) (107, 108). As such, miR-146a upregulation is 

suspected as an essential component of endotoxin tolerance in innate immune response, while decreased induction 

may be associated with prolonged inflammation (109). In macrophages, miR-146a acts as a negative regulator of 

vascular stomatitis virus-induced type 1 interferon response (106). Mice with miR-146a deficiency in their T 

regulatory (Treg) cells, as well as miR-146a knockouts, develop hypersensitive macrophage response to LPS-

stimulation and life-long autoimmune disorders (110, 111). Treg cells with deficiencies in miR-146a undergo 

breakdown of immunologic tolerance as manifested by lethal IFN-gamma-dependent immune-mediated lesions 

(110).  It has been speculated that this is the result of augmented activation and expression of signal transducer and 

activator of transcription 1 (Stat1), a purported target of miR-146a (80, 110).  

 

1.9 MicroRNAs in cardiovascular health, repair and endothelial progenitor cell function 

Since their discovery, microRNAs have been studied closely over the past decade for exploratory research 

into their physiological roles. To date, numerous microRNAs have been implicated in roles, which greatly impact 

cardiovascular pathology and hold potential for endothelial progenitor cells in repair. 

There is a growing body of evidence implicating miR-221 and miR-222 in coronary artery disease (CAD). 

Zhang et al. observed reduced expression of miR-221/222 in patients with CAD who were treated with the lipid-

lowering drug, atorvastatin (112).  Atorvastatin was also reported to markedly increase the numbers of circulating 

early EPC in patients while lowering miR-221/222 (113). This correlated observation was later confirmed by a 

separate group as it was shown miR-221 significantly reduces proliferation of bone marrow-derived EPCs (114). 
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Using computational target prediction software, it was identified that miR-221 directly targets PAK1 a regulator 

of cell motility and proliferation in EPCs under hypoxic conditions, further linking miR-221 to suppression of 

early EPC proliferation (114). In contrast, a study comparing healthy and diabetic patients found that miR-130a 

expression directly correlated to EPC proliferation (115). Meng et al. reported that the expression of Runt-Related 

Transcription Factor 3, RUNX3 (an important regulator of transcription) is under repressive control by miR-130a. 

This group showed that suppression of miR-130a in EPCs resulted in increased RUNX3 mRNA and protein 

expression in treated cells, reducing the formation of colonies significantly (115). Another documented microRNA 

implicated in EPC proliferation is miR-126.  In zebrafish, Fish et al. first identified miR-126 as an activator of the 

vascular endothelial growth factor (VEGF)/eNOS signalling by direct targeting of PIK3R2 and SPRED-1, both of 

which serve as repressors of this critical angiogenic pathway (66). The role of miR-126 in EPC function is still 

poorly understood, however numerous reports have suggested an important role in the regulation of proliferation. 

Key findings in studies on miR-126 in human EPCs have primarily focused on diabetes and preeclampsia. Meng 

at al. identified that in diabetic patients with comparatively dysfunctional late EPCs, overexpression of miR-126 

(targeting SPRED-1) resulted in improved colony formation in addition to augmenting proliferation and 

migration, while decreasing apoptosis (116). Similarly, in preeclampsia, late EPC number and function is typically 

diminished compared to healthy controls (117). Yan et al. reported significantly lower miR-126 in late EPCs from 

preeclampsia patients and that in these cells, overexpression of miR-126 (targeting PIK3R2) increased 

proliferation, differentiation, migration and colony formation by regulating PI3K-AKT signalling (117). 

The 3’UTR region of SDF-1 mRNA contains a predicted microRNA response element (MRE) for miR-126 

(118).   Under healthy in vivo conditions, endothelial cells express robust miR-126 compared to other 

microRNAs, but this robust expression is diminished under ischemic conditions or injury (119). In vitro 

suppression of miR-126 has a reciprocal effect on the expression and function of SDF-1 in endothelial cells, 
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which is a factor that is actively secreted by injured endothelial cells. Reportedly, increased SDF-1 in injured 

endothelial cells causes increased mobilization of progenitor cells towards the non-lineage and stem cell 

progenitor states (Sca-1+/Lin-), facilitating the repair of damaged cardiovascular tissue (119). The homing of 

EPCs towards sites of injury is also thought to be mediated by changes in Rac1/2 expression, which is a 

pleiotropic regulator of cell cycle, differentiation, motility, cell-cell adhesion as typically utilized during normal 

endothelial repair (120).  Shen et al. demonstrated that the expression of Rac1/2 is directly affected by SDF-1 

through an unknown mechanism, which may indicate another important link between EPCs and SDF-1 in 

cardiovascular repair (120).  In the spleen, it has been reported that the recruitment of EPCs is achieved through 

the SDF-1/ CXC chemokine receptor 4 (CXCR4) axis (121). This axis is implicated in VEGF-mediated 

mobilization of bone marrow-derived cells during repair (122). Rolland-Turner et al. demonstrated that CXCR4 

expression negatively correlates with miR-150 expression in early EPCs, causing a reduction in reparative 

potential (123). However, this group found that treatment with nucleoside adenosine reduced miR-150 

expression, thus augmenting CXCR4 and enhancing early EPC migration (123). Similarly, ischemia reduces 

miR-150 expression in early EPCs, thereby increasing CXCR4 and cell homing to ischemic sites (124). 

Predictive computational analysis from numerous databases including targetscan.org, and miRbase.org identify 

CXCR4 as a direct target of miR-150, and thus supports these findings (125). Collectively, these studies 

suggest that under healthy normal physiological conditions, mature endothelial cells have robust expression of 

miR-126 which under normal conditions silences SDF-1 and enhances angiogenesis through the VEGF/eNOS 

pathway (by targeting PIK3R2 and SPRED-1); while early EPCs have higher expression of miR-150 which 

targets and suppresses CXCR4. However the expression of these microRNAs changes upon injury. Upon 

cardiovascular injury or ischemia, miR-126 and miR-150 expression is reduced in endothelial cells and early 

EPCs (respectively). This effect increases SDF-1 in injured endothelial cells and CXCR4 in early EPCs, 
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promoting mobilization and recruitment of early EPCs to the site of cardiovascular injury, promoting repair (123-

125). 

The role of microRNA in the interaction of injured endothelium with circulating EPCs is believed to be 

mediated, in part, by microparticles. Deregibus et al. have recently reported that microvesicles released by 

EPCs are indeed internalized by injured endothelial cells, and this in turn accounts for the horizontal transfer 

of various RNAs, promoting angiogenesis (126). Microparticles released by EPCs have been shown to improve 

angiogenesis in resident renal cells (126). Activation of angiogenesis in human pancreatic islet endothelium 

has been reported using microparticles containing proangiogenic miR-126 (127). It has been suggested that 

direct targeting of SPRED-1 by miR-126 in late EPCs affects RAS/ERK signaling and in turn, affects late 

EPC proliferation. As such, EPC function may also be regulated through Ras/ERK signaling under the control 

of miR-126 (128, 129).   

 

 

1.10 Overview of thesis 

Despite a growing body of evidence supporting the efficacy of early and late EPCs in promoting angiogenesis 

and vascular repair, there is no consensus concerning whether early EPCs and late outgrowth EPCs are in fact 

related cell types, and if so, in what way. For example, do late outgrowth cells arise from early EPCs by a rare 

differentiation event, or are late EPCs derived from a rare committed precursor cell type that exists within the 

initial mononuclear cell pool? The elucidation of such questions will allow for better ways to harness the 

therapeutic potential of these cells and allow for the development of more efficient approaches for the generation 

of otherwise cumbersome adult late outgrowth EPCs for therapeutic applications (and allowing for more 
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mechanistic studies on the role of these cells in promoting angiogenesis).  Since microRNAs are now established 

as having profound roles in controlling numerous processes related to cell function, we sought to investigate the 

functional roles of microRNAs in early and late EPC outgrowth, particularly on how microRNAs influence early 

and late EPC development and function. We postulated that microRNAs could provide valuable insight into the 

relationship between early and late EPCs and the processes occurring within these cell types, which reflects their 

therapeutic nature. 

 

 

Chapter 3 Overview 
 

Rationale: 

 

This chapter is divided into two parts.  In part one we measured change in microRNA expression 

profiles using a candidate microRNA array of thirteen relevant microRNAs as circulating MNCs gradually 

gave rise to early and late EPCs.  Measuring microRNA profiles at multiple time points allowed us to 

correlate the gradual change in profile during differentiation of early and late EPC.  In part two, we 

performed an unbiased global gene and microRNA array between early EPCs and late EPCs, providing a 

greater breadth of insight into absolute differences between these cell types.   

Part 1 hypothesis: 

 As MNCs give rise to early and late EPCs, there is a gradual change in total microRNA expression 

profile which reflects a total shift in predominant cell population and the processes occurring within the 

remaining cell types.   

Part 2 hypothesis: 

Early and late EPCs will express distinct microRNA expression profiles that reflect differences in 

biological activity and may provide new insights into the relationships between these cell types and the 
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mechanisms underlying the origins of late EPCs from MNCs and early EPCs. 

 

  

Chapter 4 Overview 

Rationale: 

Our results from the expression profiling study uncovered a number of key findings.  Firstly, in 

early EPCs the predominant microRNA species expressed was miR-146a, a regulator of intracellular 

inflammatory response.  Since it is believed that early EPCs have an indirect therapeutic mode of 

action partially mediated through immune modulatory mechanisms (70, 130), we postulated miR-146a is 

involved in the anti-inflammatory therapeutic nature of early EPCs. Our rationale considered the evidence 

that miR-146a regulates TLR4 signaling response in numerous myeloid-differentiated cells like 

macrophages and dendritic cells.  As such, we queried whether miR-146a functioned in a similar 

manner in early EPCs. 

Hypothesis:  

MiR-146a represents a key regulator of the immune modulatory activity of early EPCs by 

terminating the pro-inflammatory response to sustained cytokine stimulation and reducing NFKB 

activation. 

Chapter 5 Overview 

Rationale: 

A second finding from the expression profiling study was that late EPCs express a unique 

microRNA expression profile compared to MNCs and early EPCs, which strongly resembles that of 
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mature endothelial cells (having very high expression of miR-126). As noted earlier, miR-126 has been 

shown in numerous studies to confer pro-angiogenic activity.  Since late EPCs are thought to mediate 

vascular repair through direct integration into the endothelium and engraftment, we postulated that miR-

126 plays a key role in the specification of an endothelial phenotype. 

Hypothesis: 

The high expression levels of miR-126 in late EPCs is indicative of endothelial differentiation 

and confers direct angiogenic activity.  Moreover, to the extent that  late EPCs may arise from early 

EPCs, over expression of miR-126 in early EPCs will promote endothelial differentiation and 

angiogenic potential. 
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CHAPTER II: MATERIAL AND METHODS 
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a) Tissue processing, early and late EPC culture 

 
Leaukapheresis (the product of isolated blood leukocytes using apheresis) is rich in white blood cells 

which contain monocytes, and these are what are believed to become EPCs. In all experiments, early and late 

EPCs were generated from human adult leukapheresis that was conducted using a Cobe Spectra (Gambro BCT, 

Denver CO), which was taken from the adult peripheral blood of healthy participants and prepared as described 

(131).  Up to 3-12 billion leukocytes enriched with monocytes (10-25% total) were generated using this process. 

For culture, leukapheresis product was washed and diluted four fold in PBS and ficoll density gradient 

centrifugation was used to consolidate a monocyte-enriched buffy coat layer (Ficoll Histopaque 1077, Sigma), 

which was isolated and used for cell culture purposes. For our candidate array, processed MNCs were plated at a 

density of 0.5x10
6 

cells/cm
2 

at 1, 3, 5, 7, and 9 days for early EPCs on human fibronectin (Roche Applied 

Science, Indianapolis, IN)-coated flasks (Figure 2). For later experiments, only day 5 early EPCs were used. 

Cell culture medium consisted of endothelial cell basal medium supplemented with 20% human serum and 

endothelium growth factors with antibiotics (EGM2-MV, Cambrex, cat. No. CC-3202 –instead of FBS from the 

kit, we used human serum from Wisent Cat. No. 022-210). After three days, non-adherent cells were removed 

with old media and fresh culture medium was supplied.  Change of medium occurred every other day.  

Morphology was assessed daily using phase light microscopy.  Late EPCs are cultured for >21 days (on non-

fibronectin-coated flasks).  An exhaustive list of materials can be found in the supplemental chapter.  A time- 

lapsed video showing the generation of EPCs can be found in the following links: https://goo.gl/kRZbaM and 

https://goo.gl/ilpS4f 

b) Early and late EPC characterization using immunofluorescence 

 

https://goo.gl/kRZbaM
https://goo.gl/ilpS4f
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For characterizing EPCs, the generated early and late EPCs were characterized to confirm uptake of 

fluorescein-labeled Ulex europaeus (UEA-1) lectin-binding (Vector, FL 1101) as well as 1,1’-dioctadecyl-

3,3,3’,3’-tetramethyl indocarbocyanine perchlorate-labeled acetylated low- density lipoprotein (AcLDL, Life 

Technologies L-3484) uptake as described (114).  Briefly, cells were grown on 2 chamber coverslips (Nunc Lab- 

Tek II slides, 154526) that were pre-coated with fibronectin.  For permeabilization and intracellular imaging, cells 

were permeabilized using 0.1% Triton-X100, and then fixed using fresh 2% paraformaldehyde (PFA).  

Afterwards, the slides were mounted following manufacturer’s protocol using Vectashield-dapi media (Vector 

labs H-1200).  This mounting media contained DAPI (4',6-diamidino-2-phenylindole). Dried, mounted slides were 

then imaged using fluorescence microscopy (Nikon C1, Champigny-sur-Marne, France). 

 

 

c) Characterization of early and late EPC markers using flow cytometry 

In addition to immunofluorescence for characterization, we performed flow cytometric analysis using an 

Attune acoustic focusing cytometer (Applied Biosystems) on early and late EPCs. Analysis was done using 

Flowjo Single Cell analysis software (version 10).  For every 1.5x106 cells, the following amount of antibodies 

were used for study: 10L monocytic marker CD14 (cat. 555398), 5l pan-leukocyte receptor CD45 (cat. 

555483), 10l melanoma cell adhesion marker CD146 (cat. 562135), 10l mature endothelial marker CD31 (cat. 

555482), 15l vascular endothelial growth factor receptor, CD309/VEGFR2 (cat. 560494) and 10l of appropriate 

isotype controls to establish gating parameters.  Isotype controls were all PE-conjugated (BD Pharmigen) and 

selected to reflect the candidate IgG subclass.  For early EPCs, we confirmed CD14+, CD45+, CD31+ as well as 

lectin binding and AcLDL uptake; and for late EPCs, CD14-, CD45-, CD31+, CD146+, lectin binding and AcLDL 

uptake as well. All antibodies used were monoclonal, PE-conjugated and purchased from BD Pharmigen. We 
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followed methodologies as described (115).  Briefly, prepared cells harvested using TrypLE (Invitrogen, 

Burlington, ON) and washed and placed into flow cytometry test tubes (BD Pharmigen, WG27) at a density of 1-

5x105 cells per assay tube containing 100 L flow buffer (PBS with 5% FBS).  If were to be used within 2 days, 

they were fixed using a 4% formaldehyde solution for 10 minutes at 37oC.  The primary antibodies were applied 

and incubated following manufacturer’s instructions.  After incubation, cells were washed again, centrifuged and 

re-suspended in 2-3 mL flow buffer.  After incubation, cells were washed again and re-suspended in 3 mL flow 

buffer prior to analysis on flow cytometer. 

d) Total RNA extraction 

 

To extract our RNA for study, prepared cells were quantified and separated (6.5 million) for total RNA 

extraction using manufacturer’s protocol for the mirVana miRNA isolation system (Ambion, Austin, TX, USA) 

as described (132). Briefly, 2-5x106 early or late EPCs were detached from the cell culture flask using 600 L 

denaturing lysis buffer (cell scraper used to scrape off remaining cells). Cell lysates were then mixed with 

miRNA homogenate additive, followed by an acid-phenol chloroform extraction. Following 10,000g 

centrifugation at 4 oC, the aqueous phase was transferred into a new tube and mixed with one third the volume 

of 100% pure ethanol, and then passed through an RNA purification column.  The resultant suspension was then 

washed 3 times with wash buffer, and the total RNA was eluted into 100 L of preheated (95 
o
C) elution 

solution. Extracted RNA was then frozen in elution solution at -80 oC until study. 
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Figure 2: Cell culture timeline for each participant sample in the microRNA candidate array 

Several flasks of cells were grown concurrently and lysed successively using the timeline shown.  At each time point, RNA was 

extracted and analyzed for 13 candidate microRNAs.  Time required for generation of late EPCs varied per participant but remained 

within 14-21 days in culture. 
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e) Reverse Transcription 

For performing qRT-PCR, the TaqMan microRNA reverse Transcription Kit (Applied Biosystems Inc.) 

was used following manufacturer’s protocol for reverse transcription (RT).  Each  reaction contained 0.15 L 

miRBase ID Primer ID Species Sequence 

hsa-miR-34a-5p 000426 Human/Mouse/Rat/ UGGCAGUGUCUUAGCUGGUUGU 

hsa-miR-92a-3p 000431 Human/various UAUUGCACUUGUCCCGGCCUGU 

hsa-miR-126-3p 002228 Human/Mouse/Rat UCGUACCGUGAGUAAUAAUGCG 

hsa-mir-130a-3p 000454 Human/Mouse/Rat CAGUGCAAUGUUAAAAGGGCAU 

hsa-miR-132-3p 000457 Human/Mouse/Rat UAACAGUCUACAGCCAUGGUCG 

hsa-mir-146a-5p 000468 Human/Mouse/Rat UGAGAACUGAAUUCCAUGGGUU 

hsa-miR-155-5p 002623 Human/various UUAAUGCUAAUCGUGAUAGGGGU 

hsa-miR-424-5p 000604 Human/various CAGCAGCAAUUCAUGUUUUGAA 

hsa-miR-221-3p 000524 Human/Mouse/Rat AGCUACAUUGUCUGCUGGGUUUC 

hsa-miR-217-5p 002337 Human/various UACUGCAUCAGGAACUGAUUGGA 

hsa-miR-222-3p 002276 Human/Mouse/Rat AGCUACAUCUGGCUACUGGGU 

hsa-miR-503-5p 001048 Human/various UAGCAGCGGGAACAGUUCUGCAG 

hsa-miR-210-3p 000512 Human/Mouse/Rat/ CUGUGCGUGUGACAGCGGCUGA 

 Table 3: Primer IDs and sequences 

MicroRNA sequences verified using miRBase.org database release 18-21.  MicroRNAs species labelled “various” identify 

primer sequences applicable to a wider species range.   
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of 100 mM dNTP, 1.5L of 10x RT buffer, L of selected microRNA primer (Table 3),  1L of 

MultiscribeTM reverse transcriptase,  20 ng of total RNA and nuclease-free H2O (to adjust each reaction volume 

to 15L).    The RT cycle steps were 16 oC for 30 minutes, 42oC for 30 minutes, 85 oC for 5 minutes.     

 

f) Real-Time PCR 

Real time PCR assays components were purchased from Applied Biosystems Inc. and were performed 

according to manufacturer’s instructions.  Each reaction was adjusted to a total volume of 20 L containing: 2 L 

of reverse transcription product 10 L of 2x TaqMan universal PCR mastermix, 1 L of 20x TaqMan microRNA 

assay primer and ddH2O to adjust volume.  Real time PCR was performed on a Bio-Rad CFX96TM Real Time 

PCR Detection System using the following stages: stage 1, 95 oC for 10 minutes, stage 2, 95 oC for 15 seconds and 

60 oC for 1 minute (repeated stage 2 for 40 cycles).  The obtained Ct values were analyzed using the Livak ddCt, 

or 2(ΔΔCt) method to obtain the relative expression levels of each microRNA (133).  Expression values were 

normalized to the mean of the endogenous references RNU6B (U6) and RNU48 (U48).  It should be noted that we 

tested three small nucleolar microRNAs for normalization, which included RNU44 (Appendix J), but 

subsequently removed RNU44 from all analysis due to its higher Cq. 

 

g) Assessment of RNA purity and integrity for comprehensive global arrays 

In addition to our candidate microRNA array, we conducted global gene and microRNA arrays using the 

Affymetrix GeneChip® Human Gene 2.0 ST and Affymetrix GeneChip® miRNA 3.0 arrays, following the 

manufacturer’s instructions as described (134). Early and late EPCs were grown using the same process and 
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procedures as described. Total RNA was collected from early EPCs on days 1, 3, 5, 7, and 9 and late EPCs (per 

healthy participant).  Following extraction, RNA purity was assessed using a nanodropTM spectrophotometer (with 

a minimum cutoff of 2-2.15 for 260/280).  Total RNA was extracted from early and late EPCs of three males and 

three females (Figure 3) using the previously described procedure. We measured RNA integrity using an Agilent 

2100 Bioanalyzer (Agilent Technologies) as described (135) and using a minimum RIN (RNA integrity number) 

of 7.0. After RNA quality and integrity was confirmed, the samples were prepared for arrays. For the global 

arrays, we only compared day 5 EPCs and late EPCs (as our results from our candidate array showed that day 5 

was the optimal time point for early EPC predominance).  The RNA for the unused days was stored for later 

experiments. 
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Figure 3: Tabulation of RNA and participant information for microarray 

(A) RNA integrity and 260/280 values for RNA used in microarray. (B)  Participant information for samples used in 

arrays. 

 

A 

B 
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h) FlashtagTM Biotin microRNA labeling 

To prepare RNA samples for array, total RNA samples were labeled using reagents supplied in the Affymetrix 

FlashtagTM Biotin labeling kit (Affymetrix 901910) following manufacturer’s protocol as described by Auer et al. 

(136).  Samples where adjusted for volume consistency (8L) prior to the addition of spike-in controls at a ratio of 

4:1. Manufacturer supplied ATP mix was diluted in 1mM Tris at a dilution factor of 1:500 for total RNA.  Poly-A-

tail master mix was added at a ratio of 1.5 (of 10X Reaction Buffer and 25mM MnCl2) to 1 (Diluted ATP Mix and 

PAP Enzyme).  5 mL of the prepared poly-A-tail master mix was added to 10 L RNA/Spike-ins, totalling a 

volume of 15 L.  Afterwards the samples were heated to 37 oC for 15 minutes and then placed on ice for 5 

minutes.  5x FlashtagTM biotin ligation mix was then added in addition to T4 DNA ligase.  Samples were 

incubated at RT for 20 minutes prior to the addition of stop solution (as supplied in the kit). The prepared samples 

were then run on the Affymetrix GeneChip® using the Human Gene 2.0 ST array platform. 

 

i) TLR stimulation of early EPCs 
 
 
 

For TLR4 stimulation of early EPCs, early EPCs were grown to day 5 (as discussed in our array studies) 

and treated with Escherichia coli lipopolysaccharides or LPS (Sigma, L6529-1MG) at a concentration of 100 

ng/mL, 20 ng/mL of IL-4 (Peprotech, 200-04), or media as control for 24 hours as described (70). Noticeable 

changes in morphology (specifically, loss of elongated shape and size) occurred within 24 hours.  Following 24 

hours, media was changed and cells were imaged using a standard upright microscope (Nikon C1, 

Champigny-sur-Marne, France).  Protein and/or RNA extraction was then performed using the methods 

described. 
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j)    Protein extraction and Western blotting  

Protein extraction and Western blotting was performed as previously described ( 1 3 1 ) . Briefly, treated 

early EPCs were lifted from flask using TrypLE express (Life Technologies, 12605036) and spun at 300 g for 7 

minutes. Cell pellet was lysed using Ripa buffer (Millipore, 20-188) supplemented with cOmplete protease 

inhibitors cocktail Tablet (Roche, 04693116001) as recommended in manufacturer’s protocol.  Resultant cell 

suspension was sonicated for 15 seconds, then centrifuged at 4 oC degrees at 10,000g for 15 minutes. The 

supernatant was collected for western blotting. NuPAGE 4-12% bis-tris gel using MOPS buffer (Life 

Technologies, NP0321PK2) was used for electrophoresis, then transferred to PVDF membrane and probed with 

the specified antibodies.  Antibodies against NFKB p105/p50 at 1:1000-3000 (Rb mAb,Cell Signaling, 3035S), 

eNOSIII at 1:100 (Rb pAb, Millipore, 07-520), TRAF6 at 1:5000 (Rb mAb Abcam, AB33915), IRAK1 1:2000 

(Rb mAb, Cell Signalling, 4359s) and Erk1/2 at 1:5000 (Rb mAb, Cell Signalling 9102S) and -actin antibody at 

1:10000 (Ms mAb Sigma-Aldrich, A2228-200UL) were used.  IRDye infrared secondary antibodies were used for 

detection of the above targets (Li-COR Odessy Infrared Imaging System, Li-Cor Biosciences, Guelph, ON).  

Unless otherwise stated, 20 g of whole cell lysate was used per blot.  Representative Western blots for loading 

control and comparisons of basal expression are included in Appendix K.  

 

k) ELISA: Bromodeoxyuridine (BrdU) detection for proliferation 

 
BrdU detection was performed using the CHEMICON BrdU detection kit (Millipore 2750) following the 

manufacturer’s protocol as described (137). In brief, cells plated on a 96 well plate were seeded at 

0.5x10
6 

cells/cm
2 

until day 5 for early EPCs. Cells were then treated with microRNA mimic for over 
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expression (OE), scramble-miR or microRNA inhibitor for knockdown (KD).  Following treatment, cells were 

treated with 1X BrdU for 24 hours.  Afterwards, cells were washed three times, permeabilized, then fixed for 30 

minutes at room temperature (RT). Subsequently, cells were washed three more times.  BrdU detection 

antibody was added for 1 hour at RT, washed, and then peroxidase conjugate was added (as directed) for 30 

minutes at RT, followed by another set of washes. TMB peroxidase substrate was added before BrdU was 

detected using PolarStar Omega optical density plate reader to measure absorbance at 450/550nm (BMG 

labtech, Germany).  The detected BrdU was then compared to the scramble-miR transfected group. 

 

l) ELISA: Cleaved caspase 3 measure for apoptosis 
 

Cleaved caspase 3 activity assay was performed using human cleaved caspase-3 (Asp175) fluorescence-

based immunoassay (R&D Systems KCB835) for apoptosis using manufacturer’s protocol as described (138). 

In brief, cells were grown on a 96 well plate, seeded at 0.5x10
6 

cells/cm
2 

until day 5 for early EPCs. Cells 

were then treated with microRNA mimic (OE) or microRNA inhibitor (KD). For treatment, the 96 well plate 

was centrifuged at 300 g at 4 degrees for 3 minutes. Cells were fixed with 4% PFA at RT for 20 minutes. 

Resultant cells were washed, quenched using supplied quenching buffer, and washed again using 1X wash 

buffer and 1X quenching buffer prior to 1 hour of blocking as per manufacturer protocol. Cells were incubated 

overnight with cleaved caspase 3 antibody. The following day, cells were washed, and secondary antibody was 

applied for 2 hours at RT. For control, GAPDH was used as supplied in the kit. Cells were washed a final time 

before addition of fluorescence substrates.   The resultant plate was read using a PolarStar Omega multi-mode 

plate reader (BMG labtech, Germany); cleaved caspase 3 was recorded at 600 nm (excitation at 540 nm) and 

GAPDH was recorded at 450 nm (excitation at 360 nm).  Resultant CCASP3 readings were normalized to 

GAPDH, and for analysis results were then normalized to scramble-miR transfected cells. Late EPCs were done 
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in a similar manner but grown to P3 (passage). 

 

m) Quantitative analysis of cell adhesion using captured images 

Following typical acquisition of cell images using standard microscopy, cells were enumerated using Image J 

software.  Captured fields were randomly chosen per group and were counted in a blinded manner using various 

parameters: cell length, cell shape and symmetry as discussed in assessments of morphology (section (t)). 

 

n) Detection of nuclear NFKBp65 activation by immunofluorescence 

 
Early EPCs were grown to day 5 in 2 chamber coverslips (Nunc Lab- Tek II slides, 154526). On day 5, early 

EPCs were treated with miR-146a inhibitor or scramble-miR using the same methods previously mentioned. 

One extra slide of early EPCs was treated with LPS alone (100 ng/mL, overnight) for control. The next day, 

media was changed and the miR-146a inhibitor-treated cells were treated with LPS (100 ng/mL, overnight). 

Following treatment, cells were fixed using 4% PFA for 15 minutes at RT. Slides were blocked in 1X PBS/5% 

normal serum/0.3% Triton™ X-100 for 1 hour at RT followed by PBS washes. Primary antibody NFKBp65 

(cell signalling 8242S) was used at 1:1000 overnight. The next day, slides were washed three times in PBS, and 

incubated in Alexa Fluor 488-conjugated secondary antibody (Life technologies, 1024116) for 1 hour at RT 

prior to washing and mounting. Images were captured using fluorescence microscopy (Nikon C1, Champigny-

sur-Marne, France). 
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o) Assessing transfection of microRNA inhibitor using immunofluorescence and flow 

cytometry 

To confirm total percent uptake and transfection efficiency, early EPCs were grown to day 5 in 75 cm2 flasks 

and on 2 chamber coverslips (Nunc Lab- Tek II slides, 154526). Briefly, on day 5, early EPCs were transfected 

with 5’6-FAM-labeled miR-146a-5p inhibitor (at 5 pmol/1.75 cm2 oligonucleotide) per 1.41 L of total volume 

using Lipofectamine 2000 (Life Technologies, 11668027).  Oligonucleotide details are provided in Table 4.  The 

next day, media was replaced with fresh EGM-2MV media. Cells grown in flasks were used for flow cytometry. 

To visualize distribution and uptake of fluorescent-labelled oligonucleotides using immunofluorescence, cells 

were grown on 2 chamber coverslips as described earlier.  Cells were permeabilized (if needed) using 0.1% 

Triton-X100, fixed using fresh 2% paraformaldehyde (PFA), and mounted following manufacturer’s protocol 

using Vectashield-dapi media (Vector labs H-1200). Dried, mounted slides were imaged using fluorescence 

microscopy (Nikon C1, Champigny-sur-Marne, France). 

 

Mature miR ID 

Mimic/Inhibitor 

Stem-loop accession 

#/Supplier 
Mature 

miRNA ID 

 

Stem-accession/description 

 

hsa-miR-146a-5p 

mimic 

MI0000449/Life 
Technologies MC10722 

(cat.4464066) 

 
 
 
 
UGAGAACU 

GAAUUCCA 

UGGGUU 

 
MI0000477/CGAUGUGUAUCCUCAG

CUUUGAGAACUGAAUUCCAUGGG

UUGUGUCAGUGUCAGACCUCUGA

AAUUCAGUUCUUCAGCUGGGAUA

UCUCUGUCAUCGU 

 

hsa-miR-146a-5p 

inhibitor 

MIMAT0000449/Life 

Technologies MH10722 

(cat. 4464084) 

 
FAM-hsa-miR-146a- 

5p 
Inhibitor 

 

MIMAT0000449/Exiqon 

(500150) 

 

/5’6- 

FAM/ACCCATGGAATTCAGTTCTC 

 
Table 4: Oligonucleotide and stem-accession details for miR-146a 
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p) MRE sequence confirmation using luciferase-reporter construct 

We used luciferase-reporter assays to confirm that our microRNA oligonucleotides accurately complement 

the 3’UTRs of our computationally-predicted mRNA targets, thereby confirming our proposed pathway 

interactions.  Using the manufacturer’s recommended protocol, a LightSwitch 3’UTR plasmid for TRAF6 

(Switchgear genomics, S813016) was co-transfected in HEK293T cell line with miR-146a mimic, scramble, or 

media using DharmaFECT DUO (Cedarlane, T-2010-02). Further information on TRAF6 reference genome 

used for sequence design can be found in Appendix C. Briefly, HEK293T cells were grown to 80% 

confluency using DMEM media (10%FBS) in white 96 well TC plates (the black 96 well plates can cause 

inaccurate luminometer measurements).   Each transfected well-contained 3.3L (30 ng/L) of supplied GoClone 

reporter, and 50 nM microRNA mimic and was transfected overnight. The next day, cells were treated with the 

supplied Lightswitch Assay reagent (SwitchGear genomics, LS010) and read for 2 seconds using a PolarStar 

Omega luminometer (BMG labtech, Germany). This was performed to further confirm oligonucleotide sequence 

complementarity, after having confirmed uptake and cytoplasmic distribution.  

 

q) Bio-Plex Pro Human Cytokine Array 

 

To assess the effect of miR-146a manipulation on cytokine production in early EPCs, we used the Bio-plex 

Pro Human Cytokine 27-plex system which is based on fluorescently dyed magnetic microspheres (beads) using 

XMAP multiplex technology (Bio-Rad, M500KCAF0Y), following the manufacturer’s protocol (139).  The 

following detection targets where used: IL-1beta, IL-1ra, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12 

(p70), IL-13, IL-15, IL-17, Basic FGF, Eotaxin, G-CSF, GM-CSF, IFN-gamma, IP-10, MCP-1 (MCAF), MIP-
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1alpha, MIP-1beta, PDGF-BB, RANTES, TNF-alpha and VEGF.  Manufacturer supplied standards (using 1:4 

dilution) and controls were used. Acquisition and analysis was performed on a Bio-Rad Bio-plex 200 Luminex 

machine using the Bio-Plex manager software version 6.1 which contained the appropriate acquisition 

modalities (Bio-Rad laboratories, CA).   

 

r) Validating MRE sequence with miR-126 knockdown using reporter assay 

As described for MRE sequence confirmation in (p), a LightSwitch 3’UTR plasmid for SPRED-1 (Switchgear 

genomics, S811430) was co-transfected in HEK293T cells with miR-126 inhibitor, scramble-miR, or media using 

DharmaFECT DUO (Cedarlane, T-2010-02) following the manufacturer’s protocol (140). Further details on the 

SPRED-1 reference genome we used for vector design can be found in Appendix C.  Briefly, HEK293T cells were 

grown to ~80% confluency in white 96 well TC plate.  Each transfected well-contained 3.3 L of (30 ng/L) 

GoClone reporter, 100 nM microRNA inhibitor following manufacturer’s protocol and was transfected overnight.  

The next day, cells were treated with Lightswitch Assay reagent (SwitchGear genomics, LS010) and read for 2 

seconds using a PolarStar Omega luminometer (BMG labtech, Germany).  Sequences for miR-126 mimics and 

inhibitors are provided in Table 5. 
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s) Transfection and Detection of intracellular microRNA mimics by immunofluorescence 

Early EPCs were grown to day 5 in 75 cm2 flasks and on 2 chamber coverslips (Nunc Lab- Tek II slides, 

154526).  On day 5, early EPCs were transfected using 5’6-FAM-labeled microRNA 126-3p inhibitor (5 

pmol/1.75 cm2 oligo) per 1.4 L of final total volume and Lipofectamine 2000 (Life Technologies, 11668027).  

The next day, media was replaced with fresh EGM-2MV media. Cells were subsequently fixed using fresh 2% 

paraformaldehyde (PFA) and mounted using Vectashield-dapi media (Vector labs H-1200).  Dried, mounted slides 

were imaged using fluorescence microscopy (Zeiss LSM 510 META/AxioVert200). 

 

Mature miR ID 

Mimic/Inhibitor 
miRBase accession #/Supplier Mature miRNA ID 

Stem-

accession/sequence 

hsa-miR-126-3p 

mimic 

MIMAT0000445/Life Technologies 

MC12841 (cat.4464066) 

UCGUACCGUGAGU

AAUAAUGCG 

MI0000471/CGCUGGC

GACGGGACAUUAUU

ACUUUUGGUACGCG

CUGUGACACUUCAA

ACUCGUACCGUGAG

UAAUAAUGCGCCGU

CCACGGCA 

 

Has-miR-126-3p 

inhibitor 

MIMAT0000445/Life Technologies 

MH12841 (cat. 4464084) 

FAM-hsa-miR-126-

3p Inhibitor 
MIMAT0000445/Exiqon (500150) 

/5’6-

FAM/CATTATTACTC

ACGGTACG 

 

Table 5: Oligonucleotide and stem-accession details for miR-126 
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t) Assessments of early EPC morphology following over expression of miR-126 

Following transfection of early EPCs with miR-126 mimic, we assessed change in morphology using a standard 

upright microscope (Nikon C1, Champigny-sur-Marne, France) imaged over 6 hour intervals.  Subsequently, 

images were analysed for change in shape, size and number in silico (ImageJ).  This computational analysis 

considered composition of cell dimensions with respect to the aspect ratio of cell longitudinal: transverse axis as 

well as the circularity (f=4A/P2) and elongation (f=i2/i1)
0.5 shape factors.  Cells, which were at least twice as long 

as they were wide in dimension, were deemed “rod-shaped”. 

 

u) Matrigel-based tube formation assay 

Early EPCs grown to day 5 or late EPCs were given microRNA treatment overnight and plated on BD 

BioCoat Matrigel Basement Membrane coated 6-well plates (BD BioSciences) at 75,000 cells per well using 

manufacturer’s protocol (141).   Unlike late EPCs, healthy early EPCs do not form matrigel networks when 

cultured alone on matrigel, therefore these cells are normally co-cultured with HUVECs for this assay.  

HUVECs where grown to ~80% confluence on T75 corning flasks using only EGM-2 media supplemented 

with 20% human serum (Lonza, cat. CC-2517 and Wisent Cat. No. 022-210).  Early EPCs were co-cultured 

with HUVECs at 1:1; while late EPCs were cultured alone for all matrigel assays. Cells were suspended in 2 

mL medium supplemented with 100 ng/mL recombinant VEGF (R&D Systems) and grown for 24 hours.  

Images were taken at 1.5, 5, 12, 15, and 24 hours; and after analysis it was deemed that 12 hours provided the 

clearest distinction between treatment groups.  Following data acquisition, analysis was done at the 12 hour 
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mark using Angiogenesis Analyzer for ImageJ (http://image.bio.methods.free.fr/ImageJ/?Angiogenesis-

Analyzer-for-ImageJ).  Since there is normal uncontrollable variability for each experimental run due to cell 

distribution and typical experimental error, ImageJ software settings were set based on the control groups per 

each experimental run.  To minimize extraneous variability for comparisons, experiments with early EPCs were 

normalized to untreated early EPCs co-cultured with HUVECs; while for late EPCs, results were normalized to 

untreated late EPCs grown on matrigel alone. 

 

v) Boyden chamber migration assay 

Chemotactic migration capacity of early EPCs was assessed using a modified Boyden chamber (Figure 4) 

migration assay a previously described by Kuliszewski et al with modification (141).  Early EPCs were starved of 

serum for 1 hour and re-suspended in EBM-2 + 0.5% BSA at 5x105 cells/mL.  500 L of this prepared cell 

suspension, containing 2.5x105 cells was placed within cell culture inserts (Becton Dickinson, 8 m pores), then 

placed within companion plates containing 500 L EBM-2 + 0.5% BSA containing VEGF and SDF-1 (100 

ng/mL, of both).  Selection of 8 m pore sizes made active chemoattraction assessable as early EPCs were 

measured at 15-20 m in diameter, requiring active migration through smaller pores.  After 2 hours of migration at 

37 oC, inserts were removed; the underside membrane was fixed and stained for DAPI for nuclear staining.  

Migrated cells were counted by DAPI staining using a florescent inverted light microscope (Nikon Eclipse 

TS100).  Four random fields were captured per high-power field (HPF) and counted blindly at 100x magnification 

(i.e.: cells were counted without operator knowledge of the treatment groups). 

http://image.bio.methods.free.fr/ImageJ/?Angiogenesis-Analyzer-for-ImageJ


    43 

 

 

w) Research ethics and statistical analysis 

The Ottawa Heart Institute Research Ethics Committee approved all protocols performed on human tissue 

from donors, with the participants providing written informed consent. The studies presented are in conformity 

with the Declaration of Helsinki for use of human tissue and adhere to the National Council on Ethics in Human 

Research guidelines.  

Unless otherwise indicated, mean ± SEM values are reported in the graphs throughout this thesis 

(presumed normal distribution). A scramble-miR was used to compare non-specific transfection effects while 

untreated control groups were used to compare treatments.  For most paired comparisons, a student’s T test was 

performed (paired, when appropriate); otherwise a one-way ANOVA was used using either a Dunnett’s test or a 

Tukey’s post-hoc test as indicated in the figure captions.  Statistical software employed for analysis was Graphpad 

Prism version 6.0. Array analysis was performed using a Pearson correlation with non-parametric significance of 

analysis of microarrays (SAM) technique via R-package (Stanford University).  Statistical significance was 

considered as p<0.05. 

Figure 4: Simplified cell migration chamber 

Obtained with permission from Keenan et al. 

(2008). 
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CHAPTER III – EXPRESSION PROFILING PART 1: Candidate MicroRNA Array 

During EPC Outgrowth 
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3.2.1 Introduction 

Over the past decade, there has been a growing amount of experimental evidence in support of the 

efficacy of EPCs in cardiovascular therapy (142, 143). In the majority of cases, therapeutic applications of EPCs 

have focused primarily on early EPCs, which are thought to induce revascularization primarily through 

paracrine mechanisms (49, 55, 144-146). In contrast, late outgrowth EPCs appear to act largely by engraftment 

and transdifferentiation (147). However, compared to early EPCs, late EPCs have not been tested in clinical 

trials and less is known about their therapeutic nature.  Moreover, the challenges associated with the generation 

of late outgrowth EPCs, in addition to a continued lack of consensus regarding the existence of possible 

precursor cells that give rise to late EPCs; have proven to be major limitations to their study.  

In vivo, circulating EPCs are believed to originate from the bone marrow, mobilizing in response to an 

injury to facilitate vascular repair and angiogenesis (148-150). In vitro, early EPCs are generated from adult 

peripheral blood-derived monocytes during short-term (3-5 days) culture in an endothelial growth medium.  

These cells retain monocyte markers (CD14 and CD45), variably express some endothelial markers (i.e. KDR 

and Tie2), can bind lectin and take up AcLDL (28).  By contrast, late EPCs possess greater endothelial-like 

morphology, but lack classical monocytic characters such as CD14 and can also bind lectin and uptake AcLDL 

(146). However, it is not known whether late EPCs represent a unique cell lineage predestined to become 

endothelial-like cells and are distinct from early EPCs or if they arise secondarily from early outgrowth cells by 

a differentiation process.  But what is certain is that early EPCs are clearly culture modified mononuclear cells, 

and may share some similarities with other monocyte-derived cells, such as macrophages or dendritic cells (27, 

151). 
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As post-transcriptional regulators of gene expression, microRNAs likely play an important role in 

regulating gene expression and driving phenotypic changes in cells. Since microRNAs regulate the expression of 

large numbers of related genes, we sought to define the profiles of microRNA expression within early and late 

outgrowth EPCs to establish the extent to which these were shared and how these profiles change during the 

processes leading to the outgrowth of early and late EPCs. This work will form a basis for the rest of the thesis by 

defining the unique microRNA signatures for the two EPC subtypes and providing insights into the potential 

mechanisms that govern both their derivation and function. 

 

3.1.2 Hypothesis and Aim  

Hypothesis: As MNCs give rise to early and late EPCs; there is a gradual change in total microRNA expression 

profile, which reflects a shift in the predominant cell population and the processes occurring within the remaining 

cell types.   

Aim: To compare differences and similarities in microRNA expression profiles between mononuclear cells, early 

and late EPCs during outgrowth.  

 

3.1.3  Results 

 

 
 

a) Generating and characterizing MNCs, early and late EPCs   
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A key requirement for this initial study was the identification of an optimal time window for establishing an 

early EPC phenotype during mononuclear cell culture. The time required for generating early EPCs from human 

circulating mononuclear cell cultures varies in different reports from 3 to 10 days. However, we identified that 

within the first three days in culture, the majority of cells have not taken on the classical early EPC rod-shaped 

morphology. By day 5 in culture, nearly 80% of studied cells, across all participants, exhibited typical early EPC 

morphology (Figure 5). This observation became further confirmed when we noted that the establishment of 

rod-shaped morphology in early EPCs reflected the appearance of other EPC characteristics as noted below.  

b) Classical early and late EPC characterization 

 

A typical (or classical) feature of early and late EPCs is lectin-binding ability. Both early and late EPCs bound 

Ulex lectin (an endothelial selective lectin) in abundance. Additionally, DiI-labelled AcLDL uptake was similar 

in both cell types (Figure 6). It should be noted that due to lack of proliferation in early EPCs, rendered 

images appear less confluent than late EPCs. For clarity, low power and high power magnification is provided in 

Figure 6 to show total fluorescence and cell distribution. 
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Figure 5: Morphology of leukapheresis-derived PBMCs during early and late EPC generation 

(Top) (A) Mononuclear cells freshly isolated from leukapheresis possess rounded morphology for 24 hours. (B) By day 3, 

the emergence of non-proliferating rod-shaped cells begins and these cells continue to elongate while rounded cells fail to 

adhere and diminish. Throughout days 5 (C), 7 (D), and 9 (E), non-proliferating early EPCs persist with classic rod-

morphology.  By week 2 and 3 endothelial-like, colony forming late EPCs (F) emerge and gradually push off early EPCs 

from flask until confluence. Image produced using light microscopy (20X objective). (Bottom) Percentages of rod-shaped 

cells (based on asymmetry and >12 microns in size) during 9 days of MNC and early EPC culture. Data presented as 

mean ± SEM, n=3.***p<0.001 
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 Figure 6: Immunofluorescence – Classical EPC Characterization 

Representative images of EPC characterization performed on early (top) and late (bottom) EPCs. All cells were identified 

by staining with 4’, 6-diamidino-2-phenylindole (DAPI) nuclear stain, FITC-conjugated Ulex europaeus lectin 1 

(Lectin), 1, 1’-dioctadecyl-3, 3,3’,3’-tetramethyl indocarbocyanine perchlorate-labeled acetylated low-density lipoprotein 

(AcLDL). Cells imaged at 100x magnification. Data represent mean ± SEM. 
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c) Assessment of early and late EPC markers using flow cytometry 
 

To assess whether early and late EPCs expressed typical early and late EPC markers, flow cytometry was 

used.  Flow cytometric analysis showed high expression of endothelial marker CD31 in early and late EPCs, as 

well as leukocyte marker CD45 in early EPCs (Figure 7). VEGFR2 expression was variable in early EPC 

samples as has previously been observed in our lab.  To illustrate this further, four more representative flow 

cytometric histogram plots are included in (Appendix A).  We also noted low expression of VEGFR2 in HUVECs 

using the same technique (Appendix B). 

 

d) Candidate microRNA array 

In our candidate microRNA array, we assessed the expression of 13 biologically relevant microRNAs to 

early and late EPCs.  Candidate microRNA profiling revealed a consistent pattern of microRNA expression 

across the 8 participants during culture of MNCs to derive early and late outgrowth EPCs. There was little 

change in microRNA levels during the first 3 days of culture. However, by day 5 there was a noticeable increase 

in miR-34a, -132 and -146a; with a decrease in miR-92a, -126 and 130a (Figure 8).  These changes in 

microRNA expression corresponded with the emergence of early EPCs based on morphology and overall cell 

markers as described above. The apparent change in morphology (including the emergence of rod-shaped cells 

among rounded cells) is indicative of motility in early EPCs which is mostly absent before day 5. Day 5 was 

consistently the earliest time point where early EPCs were the predominant cell population for each participant; 

and what appears to be a heterogeneous population at day 5 is in fact, the emergence of early EPCs displaying 

both motile and sessile properties. For later analyses we grouped cells from days 1-3 as MNCs and from days 5-
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9 as early EPCs. With the emergence of late outgrowth EPCs after 2 weeks of culture there was the appearance 

of another distinct microRNA profile, with a notable marked increase in miR-126 and -130a. Additional 

microRNAs that were selectively increased in late outgrowth EPCs are shown in Figure 9. Moreover, the 

microRNA expression profile of late EPC was nearly identical to that of mature endothelial cells, HUVECs 

(Figure 10). 
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Figure 7: Characterization of early and late EPCs by flow cytometry 

Representative histograms of early (top) and late EPC (bottom) characterization. Early EPCs where characterized on day 5 of culture and late 

EPCs where characterized at passage 3. We examined cells for CD14 and CD45 (which are classically expressed in early EPCs) in addition 

to VEGFR2 and CD31 (which are strong markers for endothelial cells). Low expression of VEGFR2 is seen with in vitro cultivation of EPCs. Data 

represent mean ± SEM, n=3. 

 

CD31 
CD146 CD14 CD45 

41.2% 43.8% 7.45% 3.70% 
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Figure 8: Candidate microRNA array panel 1  

The selected microRNAs were chosen based on published literature (Table 1). During normal generation of early EPCs, cells were 

probed for microRNA expression of 13 candidate microRNAs on day 1, 3, 5, 7 and 9; and after generation of confluent late EPCs. At 

each time point, cells were lysed and RNA was extracted to monitor for changes in microRNA expression profiles as early EPCs 

emerged. Separate flasks were cultured to allow cell lyses every 48 hours. Unlysed flasks were maintained in culture for over 

two weeks until confluent late EPCs were generated. Late EPCs were cultured until passage 3. Progressive changes in microRNA 

expression profiles were compared between participants for congruence.  Statistical comparisons were made to day 1 (ANOVA, 

followed by Dunnetts test). Data represent mean ± SEM; n = 5-8.*p<0.05, **p<0.01, †p<0.0001. 
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Figure 9: Candidate microRNA array panel 2 

Panel 2 is a continuation of candidate microRNA array results.  As previously noted, selected microRNAs were chosen based on 

published literature, then continually assessed during early EPC generation for 9 days.  Late EPCs were lysed for RNA extraction 

at passage 3.  Statistical comparisons were made to day 1 (ANOVA, followed by Dunnetts test).  Data represent mean ± SEM; n = 

5-8. *p<0.05, **p<0.01, †p<0.0001. 
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Figure 10: Late EPC vs HUVEC microRNA profiles 

Seven of the highest expressed microRNAs from the candidate microRNA array were compared between late EPCs (A) 

and HUVECs (B) to assess congruence.  MicroRNA expression was normalized to RNU48 and RNU6.  Expression was 

calculated using the Livak ddCt method. Data represent mean ± SEM; n = 3-5.  For comparison, representative images 

of late EPCs (C) and HUVECs are provided at 100x magnification (D).  

 

A B 

C D 
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3.1.4 Discussion 

During the generation of early EPCs from MNCs, the classic elongated “rod-like” morphology of early 

EPCs first emerged after day 3 of in vitro cultivation (Figure 5). The typical morphology of early EPCs was most 

prevalent between days 5 to 9. During this period, early EPCs do not proliferate and beyond 9 days, they 

gradually decline in number due to apoptosis (152). We noted that throughout days 5 to 9 (inclusive), there is a 

distinct pattern of miRNA expression that is characteristic of early EPCs. Indeed, early EPCs are typically 

utilized in therapeutic application for their purported reparative potential during this period in culture (153).  For 

statistical analysis, we grouped MNCs as cells cultured throughout days 1 to 3, early EPCs as days 5 to 9, 

and late EPCs at passage 3.   

Our results indicated a consistent microRNA expression profile during the emergence of early and late 

EPCs. Additionally, late EPCs expressed a unique microRNA expression profile compared to MNCs and early 

EPCs. This suggests that either these cells represent an entirely different cell type or that they arise from early 

EPCs by a transdifferentiation process that involves a marked switch in the microRNA expression profile. As 

well, we compared the expression of seven of the thirteen highest expressed microRNAs in late EPCs with 

human umbilical vein endothelial cells (HUVECs). Our results showed that late EPCs possess a similar 

microRNA expression profile to HUVECs. With this finding, we postulated that microRNA expression profiles 

correlate with underlying physiological roles of their respective cells and therefore represent critical processes 

affecting phenotype. 

One can only speculate about the mechanisms that underlie these shifts in microRNA profiles during 

progressive culture of MNCs.  However, it is known that the emergence of early EPCs under these culture 
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conditions occurs by a process of attrition, since the more abundant cell types in the initial culture, i.e. 

lymphocytes, are progressively lost, resulting in an enrichment in the monocyte population (27).  Moreover, the 

phenotype of these monocytes is altered by culture conditions, with the adoption of a modest endothelial 

phenotype, which likely is associated with some changes in microRNA expression.  However, the dramatic shift in 

microRNA profile associated with the appearance of late outgrowth EPCs likely represents either the further 

differentiation of early EPCs, or the amplification of a very rare population of endothelial progenitor cells that 

were present in very low numbers in the original MNC sample.  At this point we could not distinguish between 

these possibilities, but our later findings as presented in the Appended Chapter appear to support the latter 

hypothesis. 

During the 5 to 9-day period of culture, early EPCs expressed the highest levels of miR-146a and miR-

132 compared to MNCs and late EPCs. Interestingly, both microRNAs have been implicated in immunogenic 

responses in human monocytes and dendritic cells (DC) (154). Our lab previously showed that early EPCs 

share some features with mononuclear cell-derived DCs (70), and exhibit a profound anti-inflammatory response 

when stimulated with cytokines (e.g. release of high levels of IL-10). In a study focusing on human pathogenic 

response to Aspergillus fumigates, a mold that triggers severe inflammatory response in humans, Gupta et al. 

showed that miR-132 significantly modulated TLR inflammatory response (154). Similarly, miR-146a has been 

shown in numerous studies to control immune-response to various TLR4 ligands, including the endotoxin, LPS 

(105, 155). As such, we speculated that microRNAs could play an important role in the regulation of 

immunoregulatory properties of early EPCs, and the role of the top candidates, such as miR-146a, will be studied.  

The similarity in microRNA expression profiles of HUVECs with late EPCs, together with their nearly 

identical morphology (Figure 10), suggests that late EPCs represent a highly differentiated endothelial cell 
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type, that still possesses high proliferation potential consistent with a true ‘progenitor cell’ phenotype and thus 

may have important therapeutic uses as well as providing a convenient source for cells that can be easily and 

efficiently reprogrammed (156). Interestingly, late EPCs had very high expression of the highly pro-angiogenic 

microRNA miR-126, which has been previously implicated in the regulation of angiogenic signaling and 

shown in numerous studies as being crucial for post-natal vascularization (66, 157, 158).  

In contrast to the above-mentioned microRNAs, the levels of miR-92a gradually declined during the culture 

of early EPCs whereas its expression level recovered with the appearance of late outgrowth EPCs. MiR-92a has 

been shown to regulate the expression of integrin subunit 5 by a post-transcriptional mechanism.  This 

integrin is known to influence the survival of cells on fibronectin and the upregulation of Bcl-2 expression, and 

thus its expression may be important in assessing viability of EPCs during the culture period (159, 160). 

  

3.1.5 Chapter 3 Part 1 Summary  

 During the outgrowth of early and late EPCs, there was a consistent shift in microRNA expression profiles 

as cells differentiated in culture and this was consistently seen in multiple participants. This consistency in shift of 

microRNA expression profiles across all participants likely reflects recurring processes, which include (but is not 

limited to) enrichment of monocytes and their characteristic microRNA profiles, and the differentiation of 

surviving cell types (and with differentiation, transcription, fundamentally resulting in the production of 

microRNAs through excision). As a result, these processes likely led to early EPCs expressing higher miR-146a 

compared to MNCs and late EPCs. Interestingly, late EPCs expressed a much different microRNA expression 

profile when compared to early EPCs and MNCs, one that was highly congruent to HUVECs. Since early EPCs 

repair primarily through indirect mechanisms and late EPCs repair through direct mechanisms, we postulated that 
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miR-146a likely contributes to the indirect reparative action of early EPCs by suppressing inflammation during 

injury; while miR-126 may function through a more direct mechanism in late EPCs.  
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CHAPTER III – EXPRESSION PROFILING PART 2: Early vs Late EPCs, Global Arrays 
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3.2.1  Introduction 

In the preceding section, we investigated only thirteen candidate microRNAs during the selection of early 

and late outgrowth EPCs, since performing an unbiased array at each time point would not have been feasible.  

Our approach allowed us to identify trends in microRNA expression profiles as early EPCs emerged from MNCs.  

Through this process, we identified day 5 as the optimal time point to perform our unbiased global gene and 

microRNA arrays since by this time point, all participants consistently had established cultures early EPCs with 

consistent miRNA profiles.  These arrays provided us confirmation of our candidate microRNA findings and also 

novel insight into variations in gene expression across both cell types (which would then help in uncovering 

relevant mechanistic roles).  To this end, we used six participant samples to compare early and late EPCs. 

 

3.2.2 Hypothesis and Aim 

Hypothesis: Early and late EPCs will express distinct microRNA expression profiles that reflect differences in 

biological activity and may provide new insights into the relationships between these cell types and the 

mechanisms underlying the origins of late EPCs from MNCs and early EPCs. 

Aim: Directly compare global gene and microRNA expression between early and late EPCs. 

 



    62 

 

3.2.3 Results 

a) Analysis of collected RNAs prior to arrays 

In order to confirm quality and consistency in RNA extraction technique, we measured purity and integrity in 

all of the collected samples (including those unused in the array). Four out of thirty-six samples had RIN values 

<7, indicating low integrity, (despite achieving high purity across all samples).    However, the samples that did 

not meet the integrity criteria for the arrays were not in the day 5 early EPC sample groups and thus were not 

required or used for array (only samples highlighted in yellow in Figure 3A were used in the arrays).  In addition, 

we ensured an equal number of male and female participant samples to be used for the array (Figure 3B). 

 

b) MicroRNA array confirms candidate array findings 

Our microRNA array revealed that early EPCs had high expression of both miR-146b-5p and miR-146b-3p 

(guide and passenger strands). In part one, we identified miR-146a as the highest expressed candidate microRNA 

in early EPCs.  Using computational target prediction (TargetScan), we found that both strands of miR-146b and 

the parent strand of miR-146a share the same transcriptional control over gene targets, specifically, TRAF6 and 

IRAK1 (Figure 11).  When we compared all the highest expressed microRNAs in terms of fold difference in 

expression in early and late EPCs from our global array, we noted that both guide and passenger strands of miR-

146b were within the top 25 expressed microRNAs in early EPCs (Table 6).  It should be noted that for our 

heatmap in Figure 13, we only presented the top 25 microRNAs in early EPCs based on absolute expression (not 

fold difference when compared to late EPCs); as such miR-146a/b is absent.  The top of the heatmap contains the 
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cluster dendogram, which shows the degree of dissimilarity between participant samples shown through 

separation.  In this heatmap, red (versus green) corresponds to high expression of the microRNA in question; and 

late EPCs are listed on the right side of the map.  We noted that late EPCs exhibited a uniquely different list of 

robustly expressed microRNAs compared to early EPCs.  In our candidate microRNA array, we noted that of the 

thirteen candidate microRNAs, miR-126 expression was the highest in late EPCs.  In our global microRNA array, 

miR-126 was the sixth highest expressed microRNA in late EPCs overall (Table 6); and in our volcano plot of 

microRNAs miR-126 appeared in the top right quadrant, indicating highest expression in late EPCs as well as 

highest significance (Figure 12).  For Table 6, we plotted the p-values of the microRNAs in their respective cell 

types and noted that miR-126 had a much lower p-value in late EPCs compared to mir-146a/b in early EPCs. For 

our heatmap (in Figure 13) we included only the 25 microRNAs with the lowest p-values (probability-values) in 

early and late EPCs.  
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Figure 11: MicroRNA 146a computational target prediction algorithm  

Target prediction algorithms used in TargetScan identified TRAF6 and IRAK1 as possessing highly conserved target 

complementarity with miR- 146a.  Numerous studies have confirmed that miR-146a modulates the TLR4 inflammatory 

signaling pathway mediated by TRAF6 and IRAK1.  Image credit Targetscan.org 

 

http://www.targetscan.org/
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Figure 12: Volcano plot of top 50 microRNAs in early and late EPCs. 

Global microRNA expression plot of early (left) and late (right) EPCs.  Plot represents probability (y-axis) versus difference 

of group means or magnitude of the difference in expression (x-axis).  The larger the difference of expression, the further on 

the x-axis the microRNA is plotted.  Plots closer to the center are less differentially expressed between early and late EPC; 

while the top 50 microRNAs in early and late EPCs are highlighted in red. 
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Late EPC /Participant 3 

Figure 13: Heatmap and hierarchical cluster dendrogram of top 50 microRNAs in early vs late EPCs 

Top expressed microRNAs between early and late EPCs at day 5 (left) and late EPCs (right) are presented.  Colors reflect 

value of detection; green represents low expression, red represents high expression.  Dendrogram separation represents 

degree of dissimilarity.   

Early EPC /Participant 
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Early EPC /Participant 
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Early EPC /Participant 
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Early EPC /Participant 
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Early EPC /Participant 
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Table 6: Top 25 expressed microRNAs in early and late EPCs 

Result of top 25 microRNAs measured in global microRNA array between early (left) and late (right) EPCs.  Table 

ranking is based on the comparative magnitudes of expression with highest fold increase ranked highest.  The 

columns labeled “P” represent statistical probability of significance. 
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3.2.4 Discussion 

We sought to confirm our limited candidate microRNA array results with our global microRNA and 

microarrays in order to find differences in relevant signalling pathways and gain insight into mechanisms for 

follow up studies. This allowed us to identify trends in changing microRNA expression profiles as early EPCs 

differentiate and to compare absolute differences in expression.  The high expression of miR-150 in early EPCs 

agreed with existing literature (as mentioned in the introductory chapter).  Early EPCs normally possess high 

expression of miR-150 (123). Upon injury, miR-150 expression is purportedly reduced in early EPCs while the 

expression of CXCR4 is increased, promoting recruitment to the site of injury through a process mediated by 

adenosine (123).  Through luciferase reporter assays, Rolland-Turner et al. verified that miR-150 binds to the 

3’UTR region of CXCR4.  

In addition to miR-150, we also noted that the presence of both the guide and passenger strands of miR-

146b were highly expressed in early EPCs.  As mentioned earlier, miR-146b is within the same microRNA family 

as miR-146a, thus both miR-146a and miR-146b represent sequences that have evolved from a common ancestor.  

As such, both miR-146a and miR-146b have many of the same target sequences.  The reason why both guide and 

passenger strands of miR-146b were detected in our global array (instead of only miR-146a) may reflect technical 

limitations in a chip-based array versus qRT-PCR (which was used in the candidate array).  Nonetheless, both 

miR-146a and miR-146b have nearly identical targets.  The most prominent targets were TRAF6 and IRAK1.  

Park et al. identified that both miR-146a and miR-146b play a crucial role in human dendritic cell apoptosis and 

cytokine production via TRAF6/IRAK1/NFKB pathway regulation (161).  Since both dendritic cells and early 
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EPCs arise from a common monocytic cell populations, this finding suggestes an important immune-regulating 

role for miR-146 in early EPCs which has not yet been fully explored.   

In late EPCs, the high expression of miR-126 (ranked as sixth highest expressed microRNA) confirmed 

our earlier findings, which had used a candidate microRNA array.  In our previous candidate array, we selected 

miR-126 due to it being implicated in regulating the expression of proteins that modulate endothelial cell response 

to stimulation of the principle VEGF receptor, VEGFR2 (as noted in the introduction).  Since late EPCs exhibited 

a strong mature endothelial-like gene expression profile, we suspected that miR-126 might be (at least partially) 

responsible for controlling the endothelial-like phenotype of late EPCs.  This is supported by existing literature 

from numerous groups which have shown that there are severe defects in endothelial cells of mice with targeted 

deletion of miR-126, including diminished signalling by angiogenic growth factors that include VEGF and FGF 

(162); and that VEGF signalling is significantly augmented during aortic development upon overexpression of 

miR-126, thereby facilitating angiogenic sprouting (163).  As such, we postulated that knockdown or manipulation 

of this microRNA in late EPCs could modulate the endothelial-like functions of late EPCs (thereby affecting 

angiogenesis).  And these could then also be studied in early EPCs with over expression of miR-126.   

Since MCAM is a strong marker for endothelial cells and a potential candidate marker for late EPC 

precursors in cord blood as mentioned, it represented a gene of high interest to us.  The seventh highest expressed 

microRNA in late EPCs, miR-214, has been shown to promote MCAM expression through suppression of 

TFAP2C (164).  Pena et al. have shown that miR-214 through targeting TFAP2C and ITGA3, suppresses 

inhibitory regulation of melanoma tumour cells, thereby promoting the expression of a number of cell adhesion 

molecules, which includes MCAM.  Additionally, this group found that the manipulation of miR-214 resulted in 

modulation of metastatic potential (164).  Given our previous experiences on MCAM as a candidate marker for 

late EPCs, we postulated that this cell adhesion molecule likely serves an important role in late EPCs, which could 
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possibly be exploited to uncover some of the previously unknown features of late EPCs.  We chose not to pursue 

investigating miR-214 or other MCAM associated microRNAs so as to not deviate from our original hypotheses 

on miR-146a and miR-126. 

In the end, our analysis of the global gene and microRNA arrays confirmed our initial observations 

regarding high expression of miR-146a/b and miR-126 in early and late EPCs (respectively) and provided new 

perspectives on the processes regulated by these microRNAs (Figure 14).  Combined, these findings encouraged 

us to explore the role of miR-146a in early EPCs and also the role of miR-126 in enhancing the angiogenic 

potential of late EPCs.  

 

3.2.5 Chapter 3 Part 2 Summary 

Using a global microRNA array and microarray, we confirmed that the miR-146a family was prominent in 

early EPCs (by the presence of both guide and passenger strands of miR-146b) and that differences in the 

expression of the downstream genes affected by miR-146a should be further studied.  Since miR-146b is within 

the same microRNA family as miR- 146a and that the top two predicted targets of miR-146a and miR-146b-5p 

are identical, we speculated an important role for TRAF6 and IRAK1 (especially considering a total of 3 and 

2 evolutionary conserved 8mer sites as predicted by Targetscan). Since TRAF6 and IRAK1 are important in 

TLR4 signalling, we speculate that the immune-modulatory effects of miR-146a may contribute to the beneficial 

effects of early EPCs in models of vascular injury and ischemia for instance, by reducing expression of its targets 

IRAK1 and TRAF6.  In late EPCs, we found that miR-126 was one of the most abundant microRNAs and this is 

consistent with an important role in promoting a pro-angiogenic phenotype in late EPCs (as seen typically in 
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mature endothelial cells).  Finally, in the list of the top 25 microRNAs in late EPCs one microRNA (miR-214) was 

purportedly shown to upregulate expression of MCAM.  In the following chapters we begin to explore the 

biological relevance of these findings on cell function and finally, on derivation of late EPCs. 
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Figure 14: Schematic summary of Chapter 3 findings 

In part 1, we used a candidate microRNA array to identify changes in microRNAs as a predominantly MNC population gradually 

gave rise to early EPCs and noted that miR-146a increased significantly as early EPCs became the predominant cell population.  

After the emergence of late EPCs, we noted a substantial and significant increase in miR-126.  In part 2, our global microRNA 

and gene arrays corroborated with existing literature supporting MCAM as a gene of interest in late EPCs.  Our combined array 

findings suggested that microRNAs mediate part of anti-inflammatory properties noted in early EPCs and the pro-angiogenic 

properties reported in late EPCs (via miR-146a and miR-126 respectively).  Additionally, these findings also highlight an 

unknown feature in late EPCs through microRNA regulation of MCAM. 
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CHAPTER IV: MicroRNA 146a Modulates Immune Phenotype of Early EPCs 
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4.1     Introduction 

In the preceding chapter we have shown that early EPCs possessed an entirely distinct microRNA 

expression profile compared to that of late outgrowth EPCs and mature endothelial cells like HUVECs. 

Specifically, we noted that as MNCs adopted an early EPC phenotype, miR-146a expression progressively 

increased, while miR-146a expression was substantially reduced in the late outgrowth EPCs emerging from these 

same cultures (Figure 8).   This is illustrated in Figure 15, which presents expression of miR-146a relative to 

“housekeeping” microRNAs in MNCs, early EPCs and late EPCs (panel A) as well as the averaged fold change 

in miR-146a and miR-132 in early and late EPCs relative to MNCs (panel B). However, compared to miR-132, 

miR-146a had substantially greater basal expression in MNCs (Figure 8), suggesting a more meaningful fold 

increase in expression (for example, 0.004 to 0.016 versus 3.4 to 13.6 are both four fold increases).  

  Our lab has previously shown that the mechanism of action of early EPCs in preventing the 

establishment of pulmonary arterial hypertension in a rat model was at least in part mediated through an immune-

regulatory mechanism (70). This finding prompted us to take a greater interest in the immunomodulatory ability of 

these cells.  Moreover, there is growing evidence that miR-146a may play a key role in promoting an anti-

inflammatory phenotype in monocytes and macrophages, which further encouraged us to explore its role in 

promoting an immunomodulatory phenotype that may be relevant for the therapeutic effects of early EPCs (105, 

109, 111). Computational microRNA target prediction revealed that IRAK1/TRAF6 are highly conserved targets 

for miR-146a and play a crucial role in the regulation of TLR4/TRAF6/NFKB signaling (Figure 11). The results 

of our candidate and unbiased miRNA expression analysis showed that miR-146a/b family members were highly 
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enriched in early EPCs.  Moreover, as shown in Figure 11 of the previous chapter, both family members share 

highly conserved sequences predicted to target the 3’UTR of TRAF6 and IRAK1, genes that are known to be 

important in the regulation of the response of MNCs to inflammatory stimuli.  These findings suggest that miR-

146a/b family may play an important role in regulating the immune modulatory activity of early EPCs. As shown 

in Figure 16, both TRAF6 and IRAK1 are involved in mediating the TLR4-stimulated inflammatory response that 

result in NFKB activation.  Thus, since both targets of miR-146a/b are involved in the classic TLR4 inflammatory 

response pathway, we speculated that miR-146a would confer some inflammatory tolerance in early EPCs by 

silencing the expression of key intracellular components of this pathway.  Indeed, it has previously been reported 

that in addition to activation of NFKB, TLR stimulation by cytokines can result in upregulation of miR-146a and 

the silencing of TRAF6/IRAK1 (Figure 17). Nahid et al. reported that TLR4-stimulated THP-1 monocytes 

exhibited higher expression of miR-146a, which resulted in an overall reduced inflammatory response (86). 

Therefore, miR-146a can mediate through a negative feedback mechanism that terminates the inflammatory 

response, reducing the NFKB activity and potential harmful effects of chronic TLR stimulation (165).  
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Figure 15: Expression of miR-146a in early EPCs 

“MNC” represents a grouped population of cells cultured from days 1-3.  “Early EPCs” represents grouped population of cells 

from days 5-9. Late EPC populations were grouped in “Late EPCs”.  (A) Early EPCs had significantly higher expression of miR-

146a compared to MNCs.  When compared to late EPCs, early EPCs had yet even greater expression.  (B) To assess fold 

differences in expression, the expression values were averaged for the two highest expressed microRNAs in early EPCs (miR-

146a and miR-132). Data represent mean ± SEM; n = 5-8. *p<0.05, ** p<0.01. 

 

A B 
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Figure 16: TLR4/TRAF6/NFKB pathway during inflammation 

Classical stimulation of TLR4 receptors by inflammatory ligands results in the downstream activation of NFKB, 

causing an overall increased cytosolic p50 and ultimately, translocation of the p65 unit into the cell nucleus.  

Interaction of TRAF6 and IRAK1 with the TLR4 receptor complex is essential for the activation of PI3K and 

subsequently NFKB, a central regulator in inflammatory cell activation. Thus, the predicted effect of miR-146a would 

be to silence the expression of these two components of the TLR4 signaling cascade, likely blunting the inflammatory 

response of the cell to TLR4 ligands such as LPS. This, coupled with our previous finding that miR-146a is expressed 

very highly in early EPCs, would suggest that these cells are already primed to exhibit a blunted immune response to 

this stimulus. Image is open access.  

 

https://upload.wikimedia.org/wikipedia/commons/8/85/Toll-like_receptor_pathways_revised.jpg
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Figure 17: Negative feedback loop of miR-146a on TLR4/TRAF6/NFKB signaling 

Inflammatory cytokines stimulate TLR4 receptor, initiating an inflammatory response via MyD88/IRAK1/TRAF6 and 

downstream cytosolic signaling resulting in the translocation of NFKB. This process starts a negative feedback causing 

miR-146a inhibition of the inflammatory cascade through sequestering of IRAK1/TRAF6. Obtained with permission 

from O’Connell et al (2011). 
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4.2     Hypothesis and Aims 

 

Hypothesis: MiR-146a represents a key regulator of the immune modulatory activity of early EPCs by terminating 

the pro-inflammatory response to sustained cytokine stimulation and reducing NFKB activation. 

 

Aim 1: To evaluate the effect of miR-146a in modulating early EPC response to TLR4 stimulation. 

Aim 2: To determine the effects of miR-146a manipulation on pro/anti-inflammatory cytokine release by early 

EPCs. 

 

4.3     Results 

a) Expression of miR-146a increases during early EPC outgrowth 

We first assessed whether mononuclear cells grown heterogeneously gave rise to early EPCs with different 

miR-146a expression compared to early EPCs grown from a homogeneous CD14 MACs-sorted population. At the 

first day of plating, the CD14- (non-monocyte) population had significantly higher expression of miR-146a 

compared to the CD14+ (monocytes), p<0.01 (Figure 18).   9 days of in vitro cultivation of mononuclear cells 

resulted in marked enrichment of the CD14+ monocytes with an increase in miR-146a (especially after 5 days in 

culture).  This finding is consistent with a marked increase in miR-146a in culture modified, as opposed to 

circulating, monocytes. 
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b) Treatment of early EPCs with LPS augments miR-146a expression 

Early EPCs treated with the TLR ligand LPS exhibited a rapid change in phenotype after 24 hours (Figure 

20A).  With LPS treatment, early EPCs lost their rod-shaped morphology and regressed towards a rounded cell 

type (Figure 20A).  Using qRT-PCR we detected that LPS-treated early EPCs exhibited significantly higher 

expression of miR-146a (p<0.0002) compared to the untreated group (Figure 19).  As control, we treated early 

EPCs with IL-4, a non-TLR4 ligand that induces M2 macrophage phenotype by binding the IL4 receptor and 

signals in a manner distinct from TLR4.  IL-4 treated early EPCs exhibited less pronounced change in phenotype 

and no change in miR-146a expression. This finding confirms that as in monocytes, miR-146a is increased in 

response to TLR stimulation in early EPCs, and thus could potentially mediate a negative feedback mechanism 

modulating the long response of these cells to pro-inflammatory cytokines.  Therefore, we next sought to 

manipulate miR-146a levels in order to confirm its role in immune regulation of early EPCs.  

Figure 18: Progressive increase in miR-146a 

occurs with maturity of early EPCs 

 Day 5 (CD14+) monocyte-derived EPCs expressed higher 

miR-146a than day 1 (CD14+) monocytes.  Day 1 

leukocytes depleted of CD14+ cells expressed higher miR-

146a than day 1 monocytes. “Classic” refers to cells grown 

from heterogeneous MNC population as usual. Data 

represent mean ± SEM; n = 3-7. *p<0.05, ** p<0.01. 
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Figure 20: Endotoxin-induced loss of rod morphology within 24 hours 

Upon treatment with LPS, early EPCs underwent rapid loss of classical 

morphology. (A) From left to right, normal, LPS-, IL4-stimulated early EPCs at 

300x magnification. (B) Significant loss of rod morphology in early EPCs treated 

with LPS. Data represent mean ± SEM; n = 3. *p<0.05 **p<0.01. 

 

A 

B 

Figure 19: Stimulation of early EPCs with LPS 

induces increased miR-146a 

Early EPCs grown under normal conditions were 

stimulated with LPS or IL4 (at day 5) for 24 hours. Data 

represent mean ± SEM; n = 3. ‡p<0.0002. 
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c) Assessing distribution and transfection efficacy using FAM-labelled oligonucleotides 

In order to further explore how manipulation of miR-146a affects early EPCs, we first confirmed distribution 

and uptake of microRNA inhibitors using immunofluorescence and flow cytometry, respectively.  Day 5 early 

EPCs transfected with fluorescently-labeled miR-146a inhibitors were visualized using fluorescence microscopy.  

Fluorescence imaging confirmed presence of labeled oligonucleotides within the cytoplasm.  Following 

Figure 21: Detection of FAM-labelled microRNA inhibitors in early EPCs 

(A) Early EPCs were transfect with fluorescently-tagged (FAM-labelled) miR-146a inhibitors using Lipofectamine 2000TM 

on day 5 of culture.  Cells were fixed and imaged for fluorescence to detect distribution.  FAM-labelled uptake was also 

measured using flow cytometry (B).  Representative images at 100x magnification were produced 24hours post-

transfection.  Scale bar represents 40m. 

A 
B 
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transfection, flow cytometric analysis showed that at least half of the cells had uptaken microRNA inhibitors 

(Figure 21B).  

d) Sequence confirmation of miR-146a and target MRE using luciferase reporter construct 

To confirm that our microRNA mimic sequence for miR-146a appropriately targets the 3’UTR of TRAF6 (and 

thus has validity) we performed a luciferase reporter assay.   Using the algorithm predicted TargetScan sequence 

alignments in Figure 22 (and the complete human gene sequence for TRAF6 found in Appendix C) we designed a 

TRAF6 luciferase construct with LightSwitch 3’UTR GoClone reporters.  Using this 3’UTR reporter system, 

successful miRNA targeting should result in reduced luciferase signal detection.    Co-transfection of miR-146a 

mimic with TRAF6 reporter construct resulted in greater than 52% reduction in luciferase signal compared 

scramble-miR control p<0.01 (Figure 22B), thus confirming that TRAF6 is a target for miR-146a. 

 

e) Knockdown of miR-146a in early EPCs increased NFKBp50 expression 

To assess the impact of manipulation of miR-146a on the immune activation state of early EPCs, we measured 

NFKBp50 expression. Basal expression of NFKBp50 was minimal in early EPCs under usual culture conditions 

(Figure 23A).  Transfection of early EPCs with scramble-miR resulted in no change in NFKBp50.  With LPS 

treatment, a noticeable increase in NFKBp50 expression was detected (Figure 23A).  Knockdown of miR-146a in 

early EPCs using microRNA inhibitors induced a significant increase in NFKBp50 expression compared to 

scramble-miR control, which was comparable to LPS.  Quantitative RT-PCR indicated that knockdown in concert 

with LPS induced even greater increase in NFKBp50 mRNA (Figure 23B).   
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 Figure 22: TRAF6 luciferase reporter silenced via miR-146a mimic 

(A) The putative 3’ UTR targets of miR-146a were initially predicted by TargetScan algorithm.  (B) In HEK293T 

cells, co-transfection of miR-146a and TRAF6 reporter construct resulted in reduced luciferase detection (non-

targeting miRNA was used for control). Data relative to TRAF6 construct alone; and represent mean ± SEM; n = 

6-7. **p<0.01. 

 

A 

B 
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Figure 23: Knockdown of miR-146a induces increased p50 in early EPCs 

(A) Representative Western blot and quantification by densitometry show significantly increased expression of NFKBp50 in 

early EPCs with miR-146a knockdown (using beta actin as control). (B) Fold differences in NFKBp50 expression in early EPCs  

(upon LPS treatment and miR-146a manipulation) by qRT-PCR. The values shown above the bars in (B) represents fold 

differences when the data in each group is averaged and compared to untreated early EPCs. Data represent mean ± SEM; n = 

3. ** p<0.01.  

A B 
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f) Knockdown of miR-146a in early EPCs increases BrdU, but not total early EPC count 

To assess whether changes in miR-146a levels alter EPC proliferation we conducted a BrdU assay.  BrdU 

measures the presence of cells undergoing DNA synthesis. This was measured to assess whether EPCs where 

undergoing proliferation when NFKB expression had increased. Early EPCs were grown to day 5, transfected with 

miR-146a inhibitors and then assayed for BrdU after 24 hours.  The cells that had been transfected with miR-

146aKD (which had increased NFKB) also showed increased BrdU using ELISA (Figure 24).  Despite this 

evidence of increased proliferation, no noticeable change in cell number was detected using hemocytometric cell 

counting (data not shown).  We speculated that increase in measured BrdU reflected an increase in S-phase 

activity of early EPCs.  

 

g) MiR-146a manipulation causes no change in cell adhesion or apoptosis 

Cell adhesion to fibronectin was measured on captured images using ImageJ.  Using the technique outlined in 

section (m) of the material and methods chapter, we sought to measure changes in the number of adherent cells.  

Early EPCs were grown to day 5, transfected overnight as previously described and imaged to assess cell adhesion 

prior to ELISA.  No significant changes with treatments were detected with miR-146a knockdown (Figure 25A).  

We also looked at apoptosis because both miR-146a and miR-126 (which was focused on in the next chapter) are 

known to affect apoptosis and CCASP3 is one method to assess apoptosis. To measure changes in apoptosis, 

ELISA was performed for cleaved caspase3 activity. Likewise, no significant differences were detected in 
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apoptosis between miR-146a knockdown or over expression compared to control (Figure 25B).  These findings 

were consistent in showing no increases in cell number despite increased S-phase activity. 
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Figure 24: Knockdown of miR-146a augments detected BrdU in early EPCs 

Early EPCs treated with microRNA mimic (OE) or inhibitor (KD) or scramble-miR was assessed for proliferation. Data represent 

median ± interquartile range; n = 3-4. ** p<0.01. 
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Figure 25: Manipulation of miR-146a in early EPCs does not affect adhesion or cell death 

(A) Over expression and knockdown of miR-146a had no significant effect on EPC adhesion to fibronectin. (B) Cleaved caspase 

3 activity assay was conducted for early EPCs and miR-146a manipulated early EPCs. HPF refers to high-powered field. Normal 

refers to early EPCs grown per normal protocol.  EPC refers to typical or normally cultured early EPCs.   CCASP3 data was 

normalized to GAPDH for each respective group.  Fibronectin adhesion data (top) represents median and CCASP3 is mean ± 

SEM, n=3.  

 

B 

A 
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Figure 26: Knockdown of miR-146a induces translocation of p65 to early EPC nucleus 

Representative immunofluorescent images showing increased p65 expression within the nucleus of early EPCs with 

mir-146a knockdown (A) and LPS treatment (B).  Scramble treatment (C) showed no nuclear p65 expression, with 

comparatively less cytoplasmic presence. N=3, scale bar represents 50m. 

A 

B C Merged P65 
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h) Knockdown of miR-146a in early EPCs induces nuclear translocation of NFKBp65 

To confirm canonical NFKB activation, we tested whether nuclear translocation of NFKBp65 occurred.  

Using immunofluorescence we confirmed that knockdown of miR-146a in day 5 early EPCs resulted in 

noticeable translocation of NFKBp65 into the cell nucleus (Figure 26A).  Since LPS affects the entire TLR4 

inflammatory pathway, we expected higher fluorescence in B; whereas in A we only partially targeted the 

pathway, and hence observed reduced fluorescence (as expected).  Comparatively, we noted the same response 

in early EPCs treated with TLR4 ligand, LPS (Figure 26B).  No change was noted with scramble-miR 

transfection of early EPCs (Figure 26C).  

i) MiR-146a promotes anti-inflammatory cytokine response in early EPCs 

A major mode of repair by early EPCs in injury is via cytokine release, so we assessed the effect of miR-

146a manipulation on cytokine expression in early EPCs.  As we had expected, LPS treatment of early EPCs 

increased both inflammatory cytokines IL-1 and IL-8. Additionally, we noted an increase in anti-inflammatory 

cytokine 1L-1 receptor antagonist (IL-1RA), which likely participates in blunting the inflammatory response. 

Knockdown of miR-146a had no effect on the release of the IL-1RA (Figure 27) under basal conditions; 

however, after pro-inflammatory stimulation with LPS, knockdown of miR-146a significantly reduced the 

release of this anti-inflammatory cytokine.  In contrast, miR-146a knockdown potentiated the release of the 

pro-inflammatory cytokines, IL-1b and IL-8, after LPS treatment.  These results are consistent with miR-146a 

modulating the response of early EPCs to LPS stimulation by shifting the release profile from pro- to anti-

inflammatory cytokines. 
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Thus far, compared with LPS treatment alone, knockdown of miR-146a in concert with LPS treatment 

reduced IL-1RA and augmented IL-1b and IL-8 significantly (p<0.01, 0.001 and 0.01, respectively).  No 

changes were detected with scramble-miR treatment. No significant changes were detected in the remaining 24 

human cytokines assayed. 
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Figure 27: Knockdown of miR-146a exacerbates inflammatory cytokines in endotoxin-stimulated early 

EPCs 

Early human EPCs were grown to day 5 and treated with LPS following knockdown of miR-146a.  Anti-inflammatory (IL-

1ra) and pro-inflammatory (IL-1b and IL-8) cytokines were quantified using ELISA.   Data represent mean ± SEM; n=3. *** 

p<0.001, ** p<0.01.  
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4.4     Discussion 

The high specificity of miR-146a for TRAF6 and IRAK1 as shown in Figure 11, representing 3 and 2 

conserved 8mer sites (respectively) signifies conserved target branch length; the higher the #mer (corresponding 

to the number in complementarity in seed sequence), the stronger the regulation by the microRNA in question, 

with 8 being the highest (and rarest).  Additionally, the top targets are ranked based on existing literature, which 

corroborates the predicted complementarity.  This clearly suggested a role for miR-146a in the modulation of the 

TRAF6/IRAK-dependent activation of early EPCs in response to TLR stimulation by LPS (Figure 16). Since the 

same microRNA targets two interacting proteins in the same pathway, it may further enhance its inhibitory effects.  

In this case, miR-146a likely plays an important role in modulating inflammatory NFKB signalling within early 

EPCs. To this end, our results support the notion that increased miR-146a mediates negative feedback regulation 

of NFKB expression in early EPCs after TLR4 stimulation. The higher level of miR-146a in early EPCs is 

consistent with numerous reports that support an immune modulatory role for early EPCs (70, 166, 167).  To 

confirm that miR-146a modulated the response of early EPCs to pro-inflammatory stimuli, we compared miR-

146a expression in early EPCs treated with TLR4 ligand LPS; and to cells treated with IL4, which acts through a 

separate receptor and signalling pathway. Stimulation of early EPCs with LPS resulted in robust increase in miR-

146a expression compared to untreated early EPCs (p<0.0002, Figure 19B). However, IL4 had no significant 

effect on miR-146a. This immune-modulating feature of miR-146a that blunts inflammatory stimulation was 

previously reported by Nahid et al. (105). We postulated that the progressive increase in miR-146a in early EPCs 

acts as a negative feedback brake on inflammation for early EPCs, thereby terminating their activation in response 

to sustained exposure to pro-inflammatory cytokines such as LPS, and restoring the balance of pro- and anti-

inflammatory responses.  
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Since NFKB is a downstream mediator of LPS response, we compared its expression in untreated early EPCs, 

early EPCs with LPS treatment and in early EPCs with miR-146aKD. We speculated that a knockdown of miR-

146a in early EPCs would remove an inhibitory brake on the TLR4/TRAF6/NFKB pathway and therefore increase 

NFKB expression/activation in response to TLR stimulation. Indeed, miR-146aKD resulted in a more robust 

increase in NFKB expression than that of LPS alone (Figure 23B; p<0.001). As well, knockdown of miR-146a, 

resulted in a much greater increase in NFKBp50 (Figure 23B). These findings suggest that miR-146a plays a key 

role in fine-tuning the response of early EPCs to pro-inflammatory stimuli by providing a mechanism to terminate 

sustained activation via the TLR pathway, thus promoting a more anti-inflammatory phenotype. It is possible that 

the marked increase in miR-146a in early EPCs occurs in response to cell-cell interactions between monocytes and 

other lymphocytes during the initial period of cell culture.  Eigsti et al. recently reported that co-culture of 

monocytes with non-monocytes during the generation of macrophages resulted in a progressive increase in miR-

146a (168). This could be mediated by the release of inflammatory factors by non-monocytes and stimulation of 

the TLR4 pathway, and this has been speculated by others (167).  Indeed, supplemental experiments showed that 

treating late EPCs with conditioned media taken from early EPCs resulted in a greater than fourfold increase in 

NFKB (Appendix I), supporting the evidence that the presence of non-monocytes contributes to the release of 

components within the media which contribute to stimulating the TLR4 inflammatory pathway. 

Since NFKB activation is associated with increased inflammatory activity and cell proliferation, we sought to 

investigate the impact of miR-146aKD on early EPC proliferation using a BrdU proliferation assay.   

Knockdown of miR-146a in early EPCs resulted in a significant increase in BrdU incorporation (p<0.001), but 

this finding was not corroborated with increased cell counts as measured by hemocytometer (Figure 24). 

Additionally, no changes were detected in apoptosis as measured by cleaved caspase 3 activity or changes in 

cell adhesion (Figure 25). Therefore, we speculate the response measured by BrdU is indicative of EPCs that are 
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stalled in S-phase (but this needs to be experimentally validated). The significance of this is twofold, firstly it is 

known that cells in S-phase become hypersensitive to external changes in order to maintain genomic stability 

and minimize replication stress (169), as such miR-146a may serve to protect early EPCs from constant TLR4 

stimulation and “hypersensitivity”; second, S-phase stagnation is closely linked with oncogenesis and thus miR-

146a could be produced as a gatekeeper from erroneous DNA synthesis within forming early EPCs due to 

differentiation, and not from external stimulation (170).  As early EPCs are normally non-proliferative, it is 

likely that despite increased NFKB activity they are unable to enter cell cycle. 

 
 

Translocation of NFKB to the nucleus is necessary for its subsequent transcriptional regulation of target 

genes.  Therefore, we performed NFKBp65 immunofluorescence staining to confirm nuclear presence of NFKB in 

response to LPS and miR-146a KD.  For investigating NFKB activation, we performed an immunofluorescence 

assay for NFKBp65 since the p65 subunit gets translocated across the nucleus upon activation (Figure 26). 

Knockdown of miR-146a in early EPCs resulted in a noticeable increase in NFKBp65 in the nucleus of early 

EPCs (Figure 26). Since LPS stimulation results in a robust pro-inflammatory response involving both NFKBp50 

and NFKBp65, we expected to detect much greater immunofluorescence when compared to just miR-146KD.  

Comparatively, miR-146aKD resulted in less immunofluorescence, which is expected because this knockdown 

would only shut off the basal inflammatory production of miR-146a, whereas LPS stimulation directly stimulates 

this process. 

 So far we showed that TLR stimulation of early EPCs with LPS exacerbated NFKB expression. Knockdown 

of miR-146a alone produced even greater expression of NFKB as detected by Western blot. Since it is known that 

via TLR stimulation, NFKB activation causes increased cytosolic levels of mature miR-146a in myeloid cells (92), 

our findings which showed an increase in miR-146a in early EPCs (with LPS stimulation), conforms with this 
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consensus. Indeed, nuclear presence of NFKBp65 in LPS-treated early EPCs confirmed canonical TLR4/NFKB 

activation.  As such, our results so far have shown that increased miR-146a in early EPCs is likely mediated 

through NFKB activation, possibly through TLR4 activation. 

Recently there has been considerable interest in alternative activation states of monocyte-derived 

macrophages. Graff et al. published a list of robustly expressed microRNAs in all macrophage polarization states, 

specifically the M1 and M2 states (155). Interestingly, this group reported mostly passenger-strand microRNAs as 

highly regulated in the polarized macrophage cell types. As discussed above, early EPCs are in fact a form of 

culture-modified mononuclear cells and thus it is not surprising that they would share some similarities with 

macrophages.  Indeed, a comparison between early EPCs and macrophages reveals a clear overlap of top 

expressed microRNAs (155), in particular miR-146a as shown in Figure 8. Furthermore, Graff et al. showed 

enrichment of miR-146a upon differentiation of monocytes towards a macrophage lineage (155). This raises the 

question about whether early EPCs may share important similarities with M2 macrophages, which are well known 

to exert anti-inflammatory and pro-angiogenic effects.   

Finally, to further assess the immune modulatory nature of early EPCs, we assessed pro/anti-inflammatory 

cytokines in early EPCs in response to TLR4 stimulation. In Figure 27, we conducted a human inflammatory 

cytokine array to 27 human pro/anti-inflammatory cytokines in early EPCs with miR-146aKD, LPS and 

LPS+miR-146aKD (with significance noted in only 3 of the cytokines, which are shown).  We found that miR-

146a reduced the expression of pro-inflammatory cytokines after LPS treatment, while increasing the release of 

the anti-inflammatory cytokine, IL1- receptor antagonist (or IL-1RA).  No other significant differences were 

measured in the remaining 24 cytokines.  Moreover, miR-146aKD shifted this balance now favouring the release 

of pro-inflammatory cytokines IL-1 and IL-8 in response to LPS treatment (p<0.01). Thus, miR-146a likely 
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represents an important mechanism that modulates the response of early EPCs to pro-inflammatory stimuli, 

promoting an immune modulatory and anti-inflammatory phenotype that may be a component of their therapeutic 

action.  

 
 

4.5     Chapter Summary 

Collectively, our results show miR-146a acts as a brake on of TLR4 inflammatory cascade in early EPCs. 

We speculate that a progressive increase in the expression of miR-146a expression during in vitro derivation and 

cultivation of early EPCs primes early EPCs for an inflammatory response to TLR4 activation. Inhibition of miR-

146a in early EPCs was linked with increased NFKB levels despite no measurable increase in proliferation. In the 

presence of miR-146a, LPS stimulation of early EPCs favoured the expression of anti-inflammatory cytokines, such 

as IL-1RA, over the typical pro-inflammatory cytokines, such as IL-1b and IL-8. These findings support our 

postulate that miR-146a may be partially responsible for the noted immune modulating therapeutic effects of early 

EPCs; and confirm our hypothesis that miR-146a reduced pro-inflammatory response of early EPCs to TLR4 

stimulation. 
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CHAPTER V: MicroRNA 126 Promotes Angiogenesis in Early and Late EPCs 
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5.1     Introduction 

The difference in microRNA expression profiles between early and late EPCs suggests vastly different 

pathways and corresponding roles played by microRNAs in these cell types.  The endothelial-like microRNA 

expression profile of late EPCs supports the possibility that late EPCs arise from a precursor cell type more similar 

to endothelial cells than early EPCs.  Earlier, we showed that late EPCs had substantially higher expression of 

miR-126 than early EPCs, by greater than 100 fold (Figure 8 and Figure 28).  However, the endothelial-like 

microRNA expression profile of late EPCs does not help distinguish between the two possible origins of these 

cells, i.e. whether late EPCs arise by differentiation of the early EPCs into a more mature endothelial cell 

phenotype, or from a precursor cell type that is predestined to give rise to highly endothelial-like late outgrowth 

EPCs.  Nonetheless, the switch to high levels of miR-126 expression in cell transitioning to late outgrowth EPCs 

suggests ways in which these two possible mechanisms for the origin of these cells could be tested.  Thus, miR-

126 stood out as a potential microRNA marker for the late outgrowth EPC phenotype. For example, it is possible 

that miR-126 could drive the adoption of a highly endothelial phenotype and facilitate the differentiation of early 

EPCs into late EPCs.  Alternatively, miR-126 could be expressed by a subset of early EPCs, or even circulating 

MNCs that are “programmed” to give rise to the late outgrowth cells.  The present chapter will focus on the role of 

miR-126 in promoting an endothelial-like phenotype as well as pro-angiogenic properties of late EPCs.   
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Figure 28: Late EPCs express higher miR-

126 than early EPCs and MNCs by several 

orders of magnitude 

During the derivation of early EPCs, the 

predominant existing cell populations within 1-3 

days were MNCs; while early EPCs emerged during 

days 5-9.  Once late EPCs emerged, they were grown 

to passage 3 at ~80% confluence.  (A) The relative 

expression of miR-126 in MNCs and early EPCs was 

significantly lower than late EPCs as measured by 

qRT-PCR.  (B) When compared to other microRNAs 

in the candidate array, miR-126 was the only 

microRNA with an increased expression in late 

EPCs by over 100 fold.  Data represent mean ± 

SEM; n=5-8. ** p<0.01. 

A 

B 
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Several reports have shown that miR-126 confers improved endothelial properties in numerous in vivo models 

(66, 162). MicroRNA-126 controls angiogenic signalling and vascular integrity by targeting PIK3R2/p85-beta 

(phosphinolsitol-3 kinase regulatory subunit 2) and the sprouty regulated protein SPRED-1 (Figure 29) (66, 162, 

171).  Since late EPCs are thought to promote vascular repair by integrating into the endothelial layer of the tunica 

intima (28, 30), it is possible that this angiogenic property of late EPCs is related to their highly endothelial-cell 

like phenotype, and to the high levels of expression of miR-126. To date, several studies have linked miR-126 

with regulating typical endothelial cell processes affecting proliferation (172), migration (66, 173) and even 

apoptosis (174).  However, to date, it remains unclear whether over expression of miR-126 could augment the 

endothelial phenotype of early EPCs and whether this microRNA is essential for late EPC function and phenotype. 

Melanoma cell adhesion molecule (MCAM) has long been investigated as a stem cell potency marker and 

thus has been of interest to our studies.  During our global gene and microRNA array, we noted that the three 

highest expressed microRNAs in late EPCs (miR-125b, miR-370 and miR-127) all had algorithmically predicted 

seed sequences corresponding to MREs within the mRNA of the melanoma cell adhesion molecule, MCAM. 

Additionally, one of the highest expressed microRNAs, miR-214 had been reported to increase MCAM expression 

via suppression of TFAP2C, a homologue of melanoma tumour suppressor (164). These findings peaked our 

interest in MCAM as a late EPC marker, since it had been a candidate for us as an endothelial cell marker, as well 

as being a marker for mesenchymal stromal cells (175-177). Several groups have recently published that the 

presence of MCAM, in combination with the presence or absence of other determinants (178, 179), can identify a 

subpopulation of mononuclear cells that represent true late EPC precursors (i.e. pre-late-EPCs) from cord blood. 

MCAM has not been explored in adult progenitor cells as a marker for late EPCs precursors. But today, there is 

consensus that MCAM is a marker for late EPCs based on studies from cord blood, though it has yet to be 

established how this marker could be exploited to study the origin of adult late EPCs or identify adult late EPC 
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precursors (180).  In the protocol that is included in the appendix, we present a methodology that we have devised 

to isolate late EPCs from MCAM+ MNCs from adult peripheral blood.  At the end of this chapter, we present our 

findings with MCAM+ MNCs and the significance of miR-126 on the fate of late EPCs. 
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Figure 29: Post-transcriptional modification of angiogenic signalling pathways by miR-126 

Mechanical stimulus of luminal blood flow leads to upregulation of Klf2, which causes increased miR-126.  VEGF-

induced angiogenesis pathway is promoted by expression of miR-126 through post-transcriptional repression of 

VEGF/AKT/ERK signaling inhibitors PIK3R2 and SPRED-1. MiR-132 also promotes angiogenesis by targeting 

p120RASGAP, an inhibitor of RAF1/RAS angiogenic pathway.  Image obtained with permission from Herbert et al. 

(2011).   
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5.2     Hypothesis and Aim 

Hypothesis: The high expression levels of miR-126 in late EPCs is indicative of endothelial differentiation and 

confers direct angiogenic activity.  Moreover, to the extent that late EPCs may arise from early EPCs, over 

expression of miR-126 in early EPCs will promote endothelial differentiation and angiogenic potential. 

Aim: To evaluate effects of miR-126 manipulation on the angiogenic phenotype of early and late EPCs. 

 

5.3     Results 

a) MicroRNA delivery, uptake and MRE complementation 

To confirm complementarity of the predicted 3’UTR MREs with our mimics and inhibitors, we conducted a 

reporter assay. Using the 525-531 seed sequence of our target gene SPRED-1 (Figure 30), we designed a SPRED-

1 luciferase reporter construct using LightSwitch 3’UTR GoClone reporters.  Our transfection approach resulted in 

a greater than 33% increase in luciferase with a knockdown of miR-126 in HEK293T cells compared to scramble-

miR controls p<0.01 (Figure 30). 

To visualize distribution and uptake of miR-126 mimics into our early EPCs, we designed custom FAM-

labelled miR-126 oligonucleotide mimics (Exiqon).  Using immunofluorescence, we detected >50% fluorescence 

in miR-transfected early EPCs (Figure 31A). 

Additionally, we confirmed increased miR-126 in early EPCs using qRT-PCR (Figure 31B).  Our results 
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indicated a pronounced increase of miR-126 in early EPCs after transfection with miR-126 mimics.   

 

b) Transfection of miR-126 mimic into early EPCs causes loss of rod morphology 

In all of our conducted experiments involving transfection of early EPCs with miR-126, we noted dramatic 

changes in early EPC morphology, despite minimal changes in cell viability.  Using the techniques discussed in 

the material and methods section (t), trypan blue vital staining and hemocytometric cell counting (Figure 32B), we 

confirmed that early EPCs progressively lose their elongated rod- shaped morphology following treatment but 

maintain viability.  Loss of rod morphology occurred within the first three days after transfection.  
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Figure 30: Knockdown of miR-126 increases SPRED-1 luciferase reporter signal detection 

(A) miR-126 alignment with MRE on the 3’UTR of putative target, SPRED-1. (B) HEK293T cells were co-transfected with SPRED-1 

reporter construct and miR-126 inhibitor at 24 hours post-seeding.  12 hours post-transfection cell plates were read using plate 

luminometer.  The observed effect of miR-126KD in HEK293T cells is attributed to targeting of basal miR-126. Data represent mean ± 

SEM; n=7-10. ** p<0.01. 

A 
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Figure 31: Confirmation of miR-126 mimic uptake 

using immunofluorescence and qRT-PCR 

(A) An image of early EPCs at 100x magnification, transfected 

with FAM-labeled miR-126 mimic and corresponding 

histogram of quantified FAM-fluorescent cells. Data 

represent mean ± SEM. (B) Relative expression of miR-126 in 

miR-126 mimic, scramble and untransfected early EPCs by 

qRT-PCR (normalized to U6 and U48). Data represent mean 

± SEM; n=3-9. † p<0.0001. Scale bar represents 50m. 

A 

B 
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Figure 32: MicroRNA transfection of early EPCs with miR-126 results in loss of rod morphology 

(A) Representative image of miR-126 over expression in early EPCs inducing loss of rod morphology (under 20x objective). 

(B) Graphical representation of change in cell viability with miR-126 transfection and loss of rod-morphology in early 

EPCs. Data represent mean ± SEM; n=3-9. † p<0.0001, * p<0.05. 

 

 

Day 1 Day 2 Day 3 

A 
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c) MicroRNA-126 improves matrigel-network tube formation in early and late EPCs 

Prior to conducting the indirect angiogenesis assay, early EPCs were transfected with miR-126 mimic or 

scramble control using the previously described transfection approach (refer to methods section), and then treated 

cells were co-cultured at 1:1 with HUVECs prior to plating on matrigel (Figure 33).  We compared miR-126 

treatment with untreated early EPCs, scramble-miR as negative control and HUVECs as positive controls.  Due to 

the transient nature of in vitro angiogenesis, we analyzed network formation at 1.5 hours, 5 hours, 12 hours, 15 

hours, and 24 hours and determined optimal assay time to be 12 hours as the differences between the groups were 

most apparent at this time point.  We noted a modest but significant improvement in matrigel tube formation in 

co-cultured early EPCs treated with miR-126 mimic compared to scramble-miR control p<0.05 (Figure 33).  

Without HUVEC co-culture, no differences were detected with miR-126 treatment alone in early EPC network 

formation (data not shown). Since early EPCs function primarily through paracrine effects, a co-culture with a 

mature endothelial cell type like HUVECs was more appropriate.  At the 12-hour mark, we noted a more-refined 

network formation in co-cultured early EPCs treated with miR-126 compared with non-transfected early EPCs 

grown with HUVECs alone (Figure 33).  Upon analysis, we noted pronounced tube branch length and total 

number of branches in miR-126 mimic treated early EPCs compared to scramble-miR treated early EPCs (p<0.05, 

for both).  Despite an increased trend towards greater number of nodes with miR-126 treatment, no statistical 

significance was detected. 

In contrast to early EPCs, late EPCs were grown on matrigel without co-culture with HUVECs.  Our results 

clearly showed that knockdown of miR-126 in late EPCs significantly diminished the number of nodes, branches 

and the branch lengths of the networks that formed on matrigel.  These results suggested that the discrepancy in 

miR-126 expression across early and late EPCs likely contributes to the differences in therapeutic roles (in 
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promoting angiogenesis) between these two cell types.  Indeed, when comparing number of nodes, branches and 

branch length, the effect of miR-126 knockdown in late EPCs (which normally have high miR-126 expression) 

was greater than the forced over expression of miR-126 in early EPCs (which normally have low miR-126 

expression); and this suggests a bigger role for this microRNA in late EPCs than early EPCs. 
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Figure 33: MicroRNA-126 augments network formation in early and late EPCs 

(Top) Early EPCs treated with miR-126 mimic for 24 hours possessed augmented co-cultured matrigel network formation as 

measured by tube branch length and total number of branches as compared to scramble-miR transfected early EPCs. Dashed 

red line represents the normalizing control group of untreated EPCs co-cultured with HUVECs. (Middle) Late EPCs treated 

with miR-126KD displayed diminished branch lengths, number of branches and nodes as compared to scramble-miR 

transfected late EPCs. Dashed red line represents normalizing group of untreated late EPCs. (Bottom) Representative matrigel 

images at 12 hours. Scale bar is 100m. Data represent mean ± SEM; n=3-9. * p<0.05. 
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d) Over expression of microRNA-126 in early EPCs improves chemotactic migration capacity 

Since we were able to detect an improvement in matrigel network formation with over expression of miR-126 

in early EPCs, we sought to measure whether using a modified Boyden chamber migration assay, we could also 

detect an improvement in chemotactic migration in early EPCs.  Such an assay would be less effective on a highly 

proliferative cell type like late EPCs since proliferation would cause a confounding effect when counting migrated 

cells, so this experiment focused only on early EPCs.  Compared to scramble-miR treated early EPCs, early EPCs 

treated with miR-126 mimic exhibited extensive improvement in chemotactic migration towards VEGF and SDF-

1, p<0.001 (Figure 34).   Transfection of early EPCs with scramble-miR resulted in a small decrease in migration 

capacity, but not significantly. This assay confirmed, in part, our postulate that miR-126 bestows improved 

chemotactic migration in early EPCs.  

e) Manipulation of miR-126 in early and late EPCs does not affect apoptosis or proliferation 

Using the same ELISA techniques for BrdU and CCASP3 as for our miR-146a studies, we noted no 

significant changes in proliferation or apoptosis with miR-126OE in early EPCs (Figure 35).  Much like our 

findings with early EPCs, using our BrdU and CCASP3 assays, we were also not able to detect any significant 

changes with miR-126 knockdown on apoptosis or proliferation of late EPCs when compared to scramble-miR 

control (Figure 36). 

f) Over expression of miR-126 does not affect eNOS 

As discussed in the introductory chapter, the SDF-1/CXCR4 antagonist-receptor system is implicated in the 

homing of EPCs to injured sites and contribute to angiogenesis through eNOS (119). Since we noted improved 

angiogenesis and chemotactic migration in early EPCs with miR-126OE, we sought to measure any downstream 

augmentation in eNOS expression in early EPCs using western blot analysis.  However, despite improved 
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chemotaxis and matrigel-tube formation, no significant change in eNOS expression with miR-126 over expression 

was detected (Figure 37).  

 

g) High expression of miR-126 in MNCs is predictive of late EPC formation 

Discussed in the appended chapter, during our experimentations in optimizing the yield of late EPCs from 

human adult peripheral blood MNCs, we discovered that if late EPCs colonies emerged, they only emerged from 

the MCAM+ MNC population (Figure 38A).  The MCAM+ fraction of MNCs consistently made up only 1-5% of 

the total MNC cell population and this appeared to be independent of the donor’s health status. Since this part of 

the project focused on cell isolation using MCAM and not the effects of microRNAs, it is more suitably discussed 

in the appendices. However, we noted that MCAM positive circulating monocytes from healthy donors expressed 

high levels of miR-126.  Interestingly, monocytes from older patients with cardiac disease exhibited very low 

levels of miR-126, despite the fact that MCAM expression (as determined by selective sorting) was not different 

compared to healthy monocytes.  These novel findings suggest for the first time that miR-126 is expressed in a 

distinct population of monocytes that are predetermined to give rise to highly endothelial-like late EPCs, and 

yielded late EPCs with higher proliferation and survived more cell passages (Figure 38B). Unfortunately, there is 

no robust method for isolating cell populations using microRNAs without lysing the cell populations.  In our 

experiments, we lysed a portion of the starting MCAM+ MNC population to assess miR-126 expression and then 

waited for the remaining cells to form late EPC colonies.   
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Figure 34: Chemotactic migration of early EPCs is increased following miR-126 delivery 

Early EPCs transfected with miR-126 were tested for chemotactic migration capacity towards VEGF and SDF1 using a modified 

Boyden chamber migration assay.   Following experimentation, cells were DAPI stained and quantification was performed on 

migrated cells under chamber using light microscopy (20X objective).   The number of migrated cells were compared to normal 

EPCs.  Data represent mean ± SEM; n=5-7. *** p<0.001. 

 



    116 

 

 

Figure 35: Modulation of miR-126 in early EPCs does not change proliferation or apoptosis 

ELISA detection of CCASP3 (A) and BrdU (B) indicated no changes with manipulation of miR126 in early EPCs.  CCASP 

data was normalized to GAPDH per group.  *p<0.05. Data represents mean ± SEM; n=3-7.  

A 
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 * 
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Figure 36: Knockdown of miR-126 in late EPCs does not affect apoptosis or proliferation 

MiR-126 was knocked down in late EPCs and we measured CCASP3 and BrdU using ELISA.  Apoptosis (A) 

and proliferation (B) was assessed 24 hours later.  No significant changes were detected compared to 

scramble-miR transfection. Data represents mean ± SEM; n=3. 

A 
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Early EPC 

Early EPC + miR-126OE 

HUVEC Late EPC 

Figure 37: Over expression of miR-126 does not affect downstream eNOS in early EPCs 

(A) Representative Western blot for eNOS expression in early EPCs with miR-126 over expression.  (B) 

Densitometry. Over expression of miR-126 would promote the SDF-1/CXCR4 and VEGF/eNOS angiogenic 

pathways, and thus potentially promote vasodilation via eNOS.  However, despite improved angiogenesis in early 

EPCs with miR-126 over expression, no significant change in eNOS was detected in early EPCs. Data represents 

mean ± SEM;  n=4. ** p<0.01. 

eNOS 

-Actin 
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Figure 38:  High expression of miR-126 in MNCs indicates yield of proliferating late EPCs colonies  

Using the protocol we developed and appended to the appendices, we found a consistent method for generating late EPCs using only MCAM+ 

MNCs.  Despite having a similar 1-5% total number of starting MCAM+ MNCs on day 0, compared to healthy controls cells from cardiac patients 

consistently yielded fewer overall late EPCs (with reduced proliferative capacity).  MiR-126 expression correlated closely with proliferation and 

late EPC longevity.  Each bar represents a single participant/patient repeated n=3 times. Groups analyzed using one way ANOVA followed by 

Tukey’s post-hoc analysis. Data represent mean ± SEM; † p<0.0001, *** p<0.001. 
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5.4     Discussion 

We used a luciferase-reporter assay to confirm our miR-126 oligonucleotide complementarity with predicted 

MREs.  We next used FAM-labelling to detect distribution and uptake following transfection to ensure microRNA 

mimics were not degraded and were localized within cytoplasm of transfected cells (Figure 31A).  Using qRT-

PCR, we showed greater than a 100 fold increase in miR-126 in early EPCs following transfection with miR-

mimic (Figure 31B). Upon transfection of early EPCs with miR-126, we noted significantly improved chemotactic 

migration to VEGF and SDF1 using a modified Boyden chamber assay (Figure 34).  Transfection of early EPCs 

using miR-126 mimic consistently reduced rod-shaped morphology. Despite these changes, early EPCs remained 

between 15-25 microns in size.  The noted change in early EPC morphology after transfection with miR-126 was 

not associated with any evidence of loss of viability (Figure 32B).  This change in morphology likely corresponds 

with adaptation in cytoskeletal features, which was previously noted by Fish et al., who reported that miR-126 

presence increases large actin filaments within the HUVEC cytoskeleton (66).  However, we did not explore the 

effects on cytoskeleton in late EPCs with knockdown of miR-126. 

Early and late EPCs express strikingly different levels of miR-126 so it is logical to associate high levels of 

miR-126 in late EPCs as contributing to the strong endothelial and angiogenic phenotype of late EPCs. So to test 

this, we performed two complementary experiments: In the first, we forced over expression of miR-126 in early 

EPCs to determine whether over expression alone was sufficient to induce endothelial differentiation (i.e.: 

emergence of late EPCs). Although there was some change in morphology and improvement in chemotactic 

migratory activity, there was no obvious transdifferentiation of early EPCs into endothelial-like cells.  

Additionally, forced over expression of miR-126 did not increase eNOS, which is an important hallmark of 
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endothelial cells (Figure 37).  As well, during optimization of the matrigel assay, we noted that even after miR-

126 transfection, early EPCs were not able to form capillary-like networks directly and in contrast to late EPCs, 

were only able to contribute to angiogenesis indirectly by enhancing the ability of HUVECs to form networks on 

Matrigel (Figure 33A). In endothelial cells, miR-126 has been shown to increase pro-angiogenic signalling 

mediated via VEGFR2 ligation (66). It is possible VEGFR2 signalling is also important for the paracrine 

angiogenic activity of early EPCs, or perhaps miR-126 can regulate other pathways that are involved in the release 

of angiogenic signals from these cells. Nonetheless, it is clear from these experiments that transfection of miR-126 

into early EPCs alone may not be enough to fully commit early EPCs into late EPCs or a similar endothelial cell 

type. In the second experiment we tested whether high levels of miR-126 was necessary for angiogenesis in late 

EPCs, by miR-126KD (Figure 33B).  As expected, inhibition of miR-126 had an impact on the ability of late 

EPCs to form capillary-like networks on Matrigel, which is consistent with its well-established role in modulating 

VEGF signalling. However, manipulation of miR-126 had no major effect on the overall endothelial phenotype, or 

on viability and proliferation (Figure 36). These findings suggest that while this microRNA may play a key role in 

angiogenic signalling, but by itself it does not specify endothelial phenotype in late EPCs. However, it is 

important to recognize that there are some important limitations in our studies. It is likely that we achieved only 

incomplete inhibition of miR-126. Moreover, we only performed experiments within 24 hours after manipulating 

the levels of this microRNA. It is quite possible that longer periods of miR-126 inhibition would be required to 

fully unmask its role in specifying the strong endothelial phenotype of late EPCs. 

While experimenting with growing late EPCs from leukapheresis that was generated from adult peripheral 

blood, we continually investigated more efficient ways to grow late EPCs.  We eventually optimized a more 

efficient protocol for generating late EPCs by sorting for MCAM+ (CD146) MNCs, as we found that only this 

population, which consistently remained within 1-5% of the total MNC population (regardless of cardiovascular 
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health) yielded late EPCs (Figure 38).  This protocol can be found appended in the appendices. When we analyzed 

miR-126 expression in MCAM+ MNCs before the emergence of late EPCs, we consistently noted that less 

proliferative colonies emerged when these starting cell populations had significantly lower expression of miR-126 

(Figure 38). Additionally, our findings showed that the cell populations, which had reduced initial miR-126 

expression and limited proliferative potential, came from patients with cardiovascular pathology.  This finding is 

consistent with our earlier results, which showed that miR-126 is an important feature in promoting a pro-

angiogenic phenotype.  It is likely that under normal conditions, circulating peripheral blood MNCs which have 

higher expression of miR-126 are the true precursors since MCAM selection alone only selects 1-5% of these 

adult peripheral blood MNCs and these do not always yield highly proliferative late EPCs, but those with high 

miR-126 do.  In future experiments, it would be desirable to devise a method to over express miR-126 in MCAM+ 

MNCs from cardiac patients to assess effects on subsequent late EPC colony formation.  However, since MCAM+ 

MNCs from adult peripheral blood are extremely few in number, this presents a technical limitation. Such an 

experiment would require a substantial amount of leukapheresis in order to isolate sufficient MCAM+ MNCs 

which would survive transfection with miR-126.   

 

5.5     Chapter Summary 

Our findings showed that miR-126 is an important enabler of angiogenesis in both early and late EPCs.  In 

early EPCs, miR-126 over expression augmented chemotaxis in a modified Boyden chamber migration assay. We 

also noted an increased number of branching and branch length in our matrigel network assay when miR-126 was 

over expressed in early EPCs.  However, a knockdown of miR-126 in late EPCs resulted in a more robust effect 
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on angiogenesis as we noted a loss in branching, branch length and total number of nodes.  It is likely that these 

findings reflect a more critical role for miR-126 in late EPCs than early EPCs.  However, more research is needed 

in eliciting the precise impact of miR-126 on the VEGFR2/akt/eNOS angiogenesis pathway. Finally, using a 

protocol that our lab established, we discovered that MCAM+ MNCs that were isolated from human adult 

peripheral blood consistently yield highly proliferative late EPCs only when they express a high relative 

expression of miR-126.  This finding was consistent with our miR-126 manipulation studies which showed that 

miR-126 promotes a pro-angiogenic phenotype in late EPCs.  
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CHAPTER VI: PERSPECTIVE 
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Figure 39: Summarized schematic representation of findings 

As early EPCs emerge from MNCs, miR-146a expression increases and this confers added tolerance to negating NFKB response upon TLR 

stimulation in early EPCs.  Conditioned media (CM) from early EPCs increased NFKB in late EPCs (unknown mechanism).  Conversely, late EPCs 

only emerge from the MCAM+ cell fraction of MNCs; and do not emerge from frozen tissue.  Once late EPCs emerged, they had highly congruent 

microRNA expression profile to mature endothelial cells, including robust expression of miR-126 (unlike early EPCs).  Within early EPCs, miR-

126OE conferred a change in morphology, improved matrigel network formation ability and improved chemotactic migration; but did not affect late 

EPC formation. M2 refers to M2 macrophages.  In late EPCs, miR-126KD diminished matrigel network formation. When freshly isolated MNCs are 

prepared for plating, the total MCAM+ cell population in this cell fraction consists of 1-5% regardless of the subject’s cardiovascular condition.  

Compared to healthy participants, patients with cardiovascular conditions consistently had significantly lower miR-126 expression in their freshly 

isolated MCAM+ MNC population, which then resulted in the yield of late EPCs with reduced proliferation and longevity. 
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6.1     Overall Discussion 

 The results from the candidate microRNA array and the global arrays truly convinced us that early EPCs 

and late EPCs represent entirely different cell types, increasing our interest into looking into how different the 

roles of microRNAs are within these two cell types.  Though it had been reported that a mode of repair by early 

EPCs involves suppression of inflammation, our results further supported this through a novel mechanism 

mediated by miR-146a.  We also noted that the sequential increase in miR-146a in early EPCs bore close 

resemblance to a similar process during macrophage differentiation.  We showed that the presence of miR-146a in 

early EPCs confers an immune primed state that allows a ‘shut off’ of the TLR4/TRAF6/NFKB inflammatory 

pathway. This was a phenomenon recently reported by Eigsti et al. in monocytes during monocyte-to-macrophage 

differentiation (168).  Since both macrophages and early EPCs share a common myeloid origin to monocytes, this 

finding was very telling.   Closer examination showed that early EPCs possessed features akin to M2 (non-

inflammatory) macrophages.  The increased presence of miR-146a in early EPCs in our study was associated with 

an immune-related response.  Eigsti et al. identified that the presence of non-monocytes in co-culture during 

culture of monocytes triggers TLR4 activation causing miR-146a to increase.  We confirmed that the presence of 

non-monocytes certainly caused an increase in miR-146a, but a general increase in miR-146a appears to occur 

even in a monocyte-enriched population.  The presence of miR-146a itself appears to support an early EPC anti-

inflammatory phenotype through increased anti-inflammatory cytokine IL-1RA, and decreased pro-inflammatory 

cytokines IL-1 and IL-8 (under LPS-induced inflammatory conditions).  In all, these findings support the miR-

146a immune mediating benefits on early EPCs.   
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 In contrast to early EPCs, the close similarity in microRNA expression profile in late EPCs with mature 

endothelial cells increases the suspicion of whether late EPCs could arise from a cell type closer to endothelial 

cells than MNCs or early EPCs or, at the very least, that microRNAs indeed have vastly different roles in early 

versus late EPCs.  Since increased expression of miR-126 alone was enough to make early EPCs more angiogenic 

and its knockdown in late EPCs caused them to lose their angiogenic potential, it is possible that under 

pathological conditions, loss of miR-126 alone could indicate or cause future cardiovascular complications.  

Indeed there does exist literature to support this postulate as some studies have shown a link between miR-126 

dysregulation and pathology (112, 117).  Since it has already been established that under cardiovascular 

pathology, endothelial cells have reduced miR-126, it is possible that in vivo late EPC precursors, or pre-late EPCs 

or circulating late EPCs have reduced miR-126 and therefore reduced angiogenic capacity. Despite our presented 

findings with miR-126, we found that miR-126 manipulation alone was not enough to change proliferation in 

either early or late EPCs, suggesting that miR-126’s effect on angiogenesis in late EPCs was likely not associated 

with proliferation.  Nonetheless since miR-126 is a known pro-angiogenic microRNA, its abundance in late EPCs 

(and conversely lack of expression in early EPCs) does suggest that this microRNA could be attributed to some of 

the angiogenic properties seen in late EPCs, which may be lacking in early EPCs; or possibly, through another 

mechanism which promotes pro-angiogenic paracrine release (possibly explaining our observed effects with 

matrigel co-culture).  Indeed, looking at pre-late EPCs using MCAM+ MNCs between cardiac patients and healthy 

patients appears to support this (Figure 38).  

 The significance of MCAM on late EPCs presented us with another important factor relating to the origin 

of late EPCs.  Based on our research (which is presented in the appended chapter), we are the first to establish that 

in adult leukocytes, only MCAM+ MNCs (which represented only 1-5% of cells in human adult leukapheresis) 

give rise to colony forming cells that included late EPCs.  Our results showed that MCAM positive cells in adult 
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blood represent a heterogeneous cell population, which included pre-CFU Hill cells and pre-late EPCs (Appendix 

O and Appendix S).  The true significance of this is still under investigation but our results suggest that it is the 

MCAM+ MNCs with high expression of miR-126 that yield late EPCs which have higher proliferation and 

longevity; and this suggests that either true pre-late EPCs are the MCAM+ MNCs with robust miR-126 expression 

and that miR-126 expression decreases with cardiovascular pathology (impacting late EPCs reparative capacity).  

Alternatively, it may be possible that one subset of MCAM+ MNCs which are not late EPCs (i.e.: cells of groups 

A, H or I in Appendix S), has robust expression of miR-126 which then decreases with cardiovascular injury.  

Future experiments could assess whether forced overexpression of miR-126 could push leukapheresis-derived 

MCAM+ MNCs towards late EPCs. 

6.2     Overall Conclusion 

In conclusion, this thesis presents a new perspective on microRNAs in human adult progenitor cells.  Though 

microRNAs are still a relatively new molecular phenomenon being studied in exploratory research and 

therapeutics, increasing evidence is mounting to suggest that these molecules represent important biomarkers of 

physiological status and could represent crucial prognostic indicators.  The overall objective of this thesis was to 

investigate the role of microRNAs in the outgrowth and function of early and late EPCs.  In pursuit of this 

objective, our studies shed light on the influence of microRNAs in the function of early and late EPCs, and also 

uncovered a novel and improved mode of generating late EPCs using a classical endothelial marker that may be 

regulated by microRNAs in late EPCs.  An increased understanding of microRNAs could further help researchers 

uncover the exact processes and mechanisms relating to EPCs in cardiovascular repair, including the numerous 

roles played by the immune system in this process, thereby improving existing therapies and treatments. 
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6.3     Clinical Perspective 

The data presented in this thesis provide new insight into existing roles of microRNAs in immune and 

cardiovascular functions.  Our presented findings may provide new approaches to re-programming early EPCs 

with microRNAs to create more therapeutic applications directed toward cardiovascular regeneration. Typically, 

early EPCs have been studied more exhaustively than late EPCs since they are easier to generate and require less 

time to grow.  Our findings with miR-146a could provide insight into culture conditions that could promote the 

production/expression of important microRNAs such as miR-146a, which confer therapeutic properties.  As well, 

early EPCs could also be treated with miR-126 enhancements to promote angiogenic roles.  Both of these ideas 

could be studied to provide new directions in future cell transplant studies.  Finally, with new insight into 

identifying pre-late EPCs, new avenues open to researchers studying the uses and benefits of late EPCs for 

therapeutic applications.  Our new protocol for the generation of late EPCs (which is appended to the end of this 

thesis) will undoubtedly provide new opportunities for researchers to bring late EPCs into clinical studies both in 

the form of cell transplants and potentially for regenerative medicine in the form of iPS-generated tissue, for 

example.  

 

6.4     Future Directions 

Our results highlight an important feature about microRNAs which helps in distinguishing not only how 

early and late EPCs may confer their therapeutic value, but also how truly different these seemingly similar cell 
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types are.  Our candidate microRNA array study also helped in pinpointing specific changes in microRNA 

expression profiles, which reflect turnover of predominant cells while growing early EPCs and how similar this 

process is to that of macrophages.   

Though there is general agreement over the influence of miR-146a in modulating the inflammatory 

response, there is still much work needed in exploring export of miR-146a from the cell.  Future studies should 

further explore the potential role of miR-146a in extracellular vesicles, and its potential impact in cell 

transplantation.  Additionally, the role of non-monocytes in stimulating TLR signalling and its potential 

implications on other pathways needs to be explored. 

Our studies also highlighted the important role of miR-126 in conferring pro-angiogenic properties on 

EPCs.  Though many studies have already highlighted the potent pro-angiogenic nature of miR-126, our study 

is the first to truly distinguish this microRNA as a vastly distinct characteristic of late EPCs, unique from early 

EPCs despite coming from the same donor and plated cell population.  However, the full potential of this 

microRNA in promoting cell therapy is only just starting to be explored.  Our study was the first to show that 

late EPCs emerge from a MCAM+ MNC cell fraction of adult peripheral blood and that from those cells, only 

the ones with robust expression of miR-126 have longevity.  Presently, there are controversies over miR-126 

and its implications in cancer (181, 182), primarily as a promoter of blood vessel growth and angiogenesis in 

developing tissue (183).  Given our findings that circulating MCAM+ MNCs which co-express high levels of 

miR-126 are likely the true precursors of late EPCs, future experiments should also explore these cells in tumor 

progression (considering MCAM is a known marker for melanoma cells).  Nonetheless, it is interesting to see 

this connection considering the ‘stem-ness’ of late EPCs and the stem cell nature of cancer cells. 



    131 

 

Finally, the main focus in this thesis have been microRNAs.  Given our findings and their implications, 

future studies could explore the potential of isolating or characterising cells based on microRNA expression 

levels.  Given the potential implications that are beginning to be unraveled by these previously believed-to-be 

“junk” nucleic acids, growing evidence on the important transformative roles played by microRNAs is 

beginning to suggest that these small molecules may serve not only as important prognostic indicators but also 

as features to differentiate different cell types.  As technology starts to catch up with science, we should expect 

to see more equipment geared towards measuring and tracking microRNAs in the near future. 

 

 

  



    132 

 

CHAPTER VII: APPENDICES 
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Appendix A: Characterization of early EPCs by flow cytometry 

CD14, CD45 and CD31 in Early EPCs grown for 5 days.  However, as mentioned previously, the expression of VEGFR2 

remains an inconsistent marker for early EPCs. 
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Appendix B: Characterization of HUVECs by flow cytometry 

HUVECs characterized for CD31 expression and VEGFR2 prior to microRNA expression profiling for the candidate array revealed 6.35-6.96% 

VEGFR2 expression. 
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Gene Human genome sequence used for 3’UTR vector design 

TRAF6 

(S813016) 

TTTTCAGCCACGAAGTACTGATGCAGGGGTATAGCTTGCCCTCACTTGCTCAAAAACAAC 

TACCTGGAGAAAACAGTGCCTTTCCTTGCCCTGTTCTCAATAACATGCAAACAAACAAGC 

CACGGGAAATATGTAATATCTACTAGTGAGTGTTGTTAGAGAGGTCACTTACTATTTCTT 
CCTGTTACAAATGATCTGAGGCAGTTTTTTCCTGGGAATCCACACGTTCCATGCTTTTTC 

AGAAATGTTAGGCCTGAAGTGCCTGTGGCATGTTGCAGCAGCTATTTTGCCAGTTAGTAT 
ACCTCTTTGTTGTACTTTCTTGGGCTTTTGCTCTGGTGTATTTTATTGTCAGAAAGTCCA 

GACTCAAGAGTACTAAACTTTTAATAATAATGGATTTTCCTTAAAACTTCAGTCTTTTTG 

TAGTATTATATGTAATATATTAAAAGTGAAAATCACTACCGCCTTGTGCTAGTGCCCTCG 
AGAAGAGTTATTGCTCTAGAAAGTTGAGTTCTCATTTTTTTAACCTGTTATAGATTTCAG 

AGGATTTGAACCATAATCCTTGGAAAACTTAAGTTCTCATTCACCCCAGTTTTTCCTCCA 
GGTTGTTACTAAGGATATTCAGGGATGAGTTTAAACCCTAAATATAACCTTAATTATTTA 

GTGTAAACATGTCTGTTGAATAATACTTGTTTAAGTGTTCCTTCTGCCTTGCTTACTTAT 

TTCCTTGAGGTTACGAAGTAGCATCTTCCCCAGAGTTTATAATGCTGAGAACCACGTGGAT 
 

SPRED-1 

(S811430) 

TATGTGCTGCTACGTCCCTTTGAGAATGTGCCATCGCTGTGGTGAGGCATGTGGTTGCTG 
TGGTGGGAAACATAAAGCTGCTGGATGAAATGGTCCAGTGCCAAAATGAGCTTAAAATCT 

TTGTTTCCAGGAATTAGCTAACTTGGATTTGTGGAAGCTTTTGGCAAGCAATATGGAATC 

TTGCCTGGTATCATTGAGCCCACACATGGAGGAAGCAGAACTCATCAGTTCTTGGCGTTT 
CACGCCATGCCTAACTTTTCCCTTGAGTGCATGGCATGTTTTGTTACAGGTTGTAGAGTA 

TTTGCAGAAGGAAACCATTTCTGGTTATTTGGCTATAAAAAGTCAGCATAAAATATGATC 
CAACTAAAAGGGATTAATTTTGGCATTTTTGTATATTTATGCATTAGGTGATGGGACTT 

TTAAAGGTTTGAATTTATTAGGACACGAACTAAAAATAAAAGTGCACTAGGGGACAGTTG 

ATTTCAATCTAAGAAAAGTTAACACTTGGGAATTACAAGAAGTAAAACAAGTGCAACTAA 
ATCATTTATTAGTTGTTTTTTGAAAGCAGTTTTATGTATAAATAACAAATGTTTATATTT 

AACTAAATGTAAGGTACGAATTATTACATATTAAACTTTTCTTCCCCTTCCTAGTTCTGA 
AGTAGATATATATATATATATATCTACTGTCACATTCCATATATTTTGAATATTTAACTC 

ATCTAGTTAATAATGTTTTTATTCCATGCGAATGATTTGATATTTTCATCCTTATTTCTC 

TTTGGCTACAATTTATATTGAGTTATATCTGTACATTCTGGTAATCTAAAATCCTTAAAA 
ATACTCTAATAGCCTTGAGTGACCAACTTTTTTTTTAAAGCACAGATGTAATTGTCTAAT 

GTTCTGATGGGAACGTAACACTTATTTTTATATAAAAAGAGACTGAGTAAACAAACATTA 
TAGAAAAAAAGTGAAGTTTTTTAGTTGTTTTTTGTGGTATTCAACCAGCAAGTTGTTTTC 

TTTCAGAGTTTCCTCCTTCAAAAAGTTATATTGCATTTACAAATGTTTTACAAGGCAGAA 

AGTTTGACTGGATAGTTAGTGTAAAAGCTTCATGTTGAGATCTTCACGTATCATTCTGCT 
AAACCAGAATATGTTCAGCTGTGTTACTAATTTTTCAGCTTAATCCTCAGTGCTTATTAT 

TTACATAACAATAACTTTTTATCAGTTACATTTTATTTTTATTTAAACTGGCCAAAAGCA 
AAATTATTTTATGTTAAAATGTGTGCTAAACTATCCCAGGAAAGTATTTAATCCAACATT 

GTAAATGAAGTATCTTGTACATATAAATTTATTTCTTTTGCAGAGCATTATATTACTGGA 

TGTTTAATTTACAAAATAGTTGGGTAAATGTTCCAACAAACTTTAAAGTACCTTGAAGTC 

AAATTGTCTGTTTTTGTTTTGTTGTTGTTGTTGTTGTTTTCTTAAGTGTTACATTAAAAC 

TCTAACCAAGGAAAGGGTTCTTTAAGAACATTCCCTTAGAGGGATAAAGTTGAGAAGTGT 
GCCTTTTTTTTAATGGCTTGAAGTTTCAGAGGTGATAAAAATTAAAATCACACTACTATT 

TGAAGCTCATTTTCTATGCAGGTTTTTAAACGTCATTTATGTATCATTCTTTTTATATAT 

CACACTTAAGCTTGTGTTAGCTTTTTTCTTTTGCCCCAGATCAAACTGAACAATGTATAT 
AACACTATCTGTCTGTAAAATACTTTTTTTAAGAAAGCATTTATATTTATATGACAGCTT 

GAACTGACAACATTGTGTATATAGATCATCTTGAAGTATTATTTCACATTGAAAAGAAGA 
AAATATATTGATAACTATAGATGTTATGAAGAAGAGGGTATTTCTAGTTTTGTACTAAAA 

ATCAATTGGATGAACTAAATCCAAAACATGACACTGTAGGCAGCAGTTTTAAGTCTTATT 

TTTACTGTTTATATATTTGAATGCTGCTACAACAGATGATCTTCATCCCTGAAGTTTTCA 
GCTAAACTTGGTTTCCTAGAATAGACTGTTAACTTTCAAAATTTTTATTGGTGAAATGGA 

AATACTGTTTTTCCTTGTGAATGAATTTTCATATTTGTAAGTGCTAAGTTTATAATTCAG 
GTTTGATCAAGGTGTGAATAACTGAAGAAAATAACTTGCTGGCTATATAGGAAAATGCTG 

TGGAAATGAACTGTGTATATACTTCTGGGAGGAACAAATTTAATCATTTCTTCTGTTAAG 

CACTAATCAGTATAGTGCAACTCCTGGTTCTGTACTGTATTTTATATGCAACATATATGC 
TTTAATATTTTAATGTTTGTGCATTAATATTTTCAATTTGTTTAACCACTTTGCTGCTAA 

GATTTTGCCGTCCCATTCCCATTTTTTCCTTTACAATTTTAAACAAGTTTCTTCATTAAA 
AACTATGGTGATGAAATGGTTTTTATTTTACCTTGGATCTTTATAGTTAACATACCCAGT 

TTCTTAATCAGTCTACAAGACTAACTGATGATATAATGTTCTCTGAATCCCTATATGGAA 

ATTTTCTTTTGAGTAAATGAGAATTCCTTTGTGAAAGCAAATGGGTAGTTTAAATCACTG 
ATTCTTAAACATGTGTATAGGCACCTTCAGGAACATTTTCTCATTCTCTGTACAGATTCG 

GCACTGCCAATTGGCTTTTCCTCTAAAACTTTTCTTTGTTTTTATCTGATATAAGCAGAT 
GGCTCAAGACAACTGC 

 

 

Appendix C: 3’UTR vector construct and 

gene sequences for luciferase assays 

For microRNA mimic/inhibitor co-transfection 

with reporter construct, Dharmafect DUO was 

used.  For single oligonucleotide transfections, 

Lipofectamine 2000 was used.   
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Appendix D: Early EPCs express higher anti-

inflammatory markers than late EPCs. 

The expression of 5 classic non-inflammatory (M2 

macrophage) markers was compared between early 

and late EPCs. Early EPCs were studied at day 5, and 

late EPCs were studied at passage 3. Data represent 

mean ± SEM; n=4-6. †p<0.0001, ***p<0.001, ** 

represents p<0.01, * p<0.05.   
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Appendix E: Expression of four classical inflammatory markers in early and late EPCs 

 Early EPCs were studied at day 5 and late EPCs were studied at passage 3. Data represent mean ± SEM, n=4-6. 
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Appendix F: Modulating miR-146a confers changes in antigen-presenting markers in early EPCs 

Using qRT-pCR, we compared changes in antigen-presenting cell markers with manipulation of miR-146a alone, 

and in concert with LPS treatment.  We noted a decreased trend in CD86 expression with LPS treatment alone.  

However, this trend was not significant.  We also noted a non-significant trend towards decreased CD86 expression 

with miR-146aKD in conjunction with LPS treatment.  However, a significant increase in CD86 expression with 

miR-146aKD alone was measured.  Comparatively, changes in CD11c were not assessed due to high variability 

detected with scramble-miR transfection alone.  Detection of CD1a was minimal in comparison to other markers 

assessed, with no changes between treatment groups.  The presence of miR-146a results in diminished CD86 

expression with LPS as measured by qRT-PCR; no changes detected in CD11c or CD1a expression. Data represent 

mean ± SEM; n=3. † p<0.0001, * p<0.05. 
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Appendix G: Expression of select markers in MCAM-generated ECFCs (1of 2) 

Representative histograms from flow cytometric analysis on ECFCs generated from MCAM+ precursor cell 

population. 

 



    140 

 

 

  

Appendix H: Expression of select markers in MCAM-generated ECFCs (2 of 2) 

Continuation of histograms from flow cytometric analysis of MCAM-generated ECFCs.  Note: Groups E, F, G 

were only used for quality control and subsequently omitted for analysis.  Statistics for the ELCC group markers 

is presented in Appendix R. 
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Appendix I: Conditioned media from early EPCs exacerbates NFKB-p50 in late EPCs 

Media from normally cultured early EPCs was used on late EPCs in a 50% conditioned media (C.M.) per 

media change.  Late EPCs grown for 3 days with early EPC media exhibited greater than 5 fold increase 

NFKB-p50. SEM, n=3 
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Appendix J: Stability of small-nucleolar microRNAs used for normalization 

 

A plot of RNU6 (U6), RNU48 (U48) and RNU44 (U44) qRT-PCR Cq values during 10 day culture of early EPCs.  The mean 

of RNU6 and RNU48 snRNAs were used for analysis. 
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Appendix K: A Comparison of morphology between M2 polarized macrophages and early EPCs 

Rod-shaped morphology of early EPCs (right column) bears similar character to M2 macrophages (left).  Early EPCs 

shown under Hoffman modulation contrast (top-right) and phase contrast (bottom-right) to show granularity.  Image 

adapted with permission from Rey-Giraud et al. (2012)  
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Appendix L: Basal ERK1/2, TRAF6 and IRAK1 in early and late EPCs 

(Top) Knockdown of miR-146a in early EPCs does not affect phosphorylated ERK1/2. (Bottom) 

Representative blot of TRAF6 and IRAK1 protein expression in early and late EPC for comparison in 

expression. 
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Appendix M: High abundance of miR-146a, miR-132* and miR-155* 

Monocyte-derived macrophages (MDM) express progressively increased levels of miR-146a during transdifferentiation.  

Passenger strands miR-132* and miR-155* are highly expressed in anti-inflammatory M2b macrophages.  Image modified from 

Graff et al. (2012) 
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Appendix N: Appended Chapter - A robust protocol for efficiently generating late EPCs 

using MCAM+ MNCs 
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Preamble 

Since this chapter covers an area which is outside of the central focus of this thesis, yet has important 

relevance to the findings presented within this thesis, we have placed it within the appendices.   Over the course of 

this project, we have compiled experimental evidence to uncover the originating fraction of cells from adult 

peripheral blood, which yield endothelial-like colony forming cells (ELCCs) and late EPCs.  Of key importance to 

this chapter is that late EPCs are typically grown from cord blood, since their generation from adult peripheral 

blood is often challenging and inefficient, mostly due to the fact that the origin of late EPCs within the 

mononuclear cell fraction is entirely unknown.  Though far less efficient than generating late EPCs from cord 

blood, late EPCs can be generated either from adult whole blood or from leukapheresis. However, the generation 

of late EPCs from adult whole blood is often inconsistent and prone to contamination due to low enrichment of the 

starting cell population, and therefore leukapheresis is often used.  In parallel to our experiments covered in this 

thesis, we devised a reliable protocol to efficiently generate late EPCs using only a fraction of the original 

protocol’s starting leukocyte cell population.  This chapter will describe how to isolate the starting fraction of cells 

from adult peripheral blood, which ultimately yield late EPCs, and how to grow the resultant cell population in 

order to minimize contamination of non-late EPC ELCCs.  For this chapter, the term MCAM is often used instead 

of CD146 to minimize confusion with miR-146a from previous chapters.  
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Introduction  

a) Identifying the origin of late EPCs 

In the past few decades, many studies have been conducted to investigate the origin of human adult late EPCs. 

It has been suggested that late EPCs arise from very rare precursor cells which likely decrease in abundance with 

age and co-morbidities (184).  This highly proliferative cell population has been demonstrated to have potential 

therapeutic applications in cell therapy, tissue engineering, as well as being particularly amenable for induction to 

a pluripotent state (iPS cells) (156, 185). The generation of late EPCs from adult blood is enhanced through 

leukapheresis since this process eliminates much of the debris and non-specific cell populations from peripheral 

blood, while providing a larger number of mononuclear cells that can be cultured under typical conditions for the 

derivation of early EPCs, while reducing the risk of circulating endothelial cell (CEC) contamination. However, 

leukapheresis requires hours of collection causing discomfort for volunteers, and the uncertain origin of the 

precise cell fraction from the collected blood needed for late EPCs generation makes it often cumbersome and 

poses additional costs. Therefore, the ability to identify the precise fraction of the mononuclear cell population 

that gives rise to late EPCs would allow for increased efficiency for sample collection, isolation, and may enhance 

their potential use for therapeutic applications. 

b) MCAM and Circulating Endothelial Cells 

MCAM (aka MCAM MUC18, P1H12, S-Endo 1 or CD146) is an endothelial marker found on late EPCs and is 

commonly used for identifying CECs (186). It is a constitutively expressed, trans-membrane glycoprotein found in 

endothelial cells as well as pericytes, activated T lymphocytes, trophoblasts and malignant melanoma tumours 
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(187, 188).   MCAM is also expressed on another known late EPC-like cell population called colony forming unit-

hill (or CFU-Hill) cells. CFU-Hill cells are colony forming cells that emerge within a week of culture, expressing 

the endothelial cell marker CD31, in addition to the monocyte marker CD14 and panleukocyte marker CD45. As 

such, it is common for researchers to test for CD14 and CD45 in conjunction with CD31 and CD146 when 

classifying late EPCs. CECs are typically isolated from adult whole blood using antibodies to the CD146 antigen 

conjugated to paramagnetic beads (176). Unlike late EPCs, CECs emerge within days of plating and have limited 

proliferation.  Magnetic selection of CD146+ cells has also been shown to be effective for isolation of cord blood-

derived MNCs destined to become late EPCs. Delorme et al. showed that elimination of CECs, followed by 

selection for CD146+ MNCs from cord blood yielded late EPCs which lacked the leukocyte marker CD45 (179). 

To date no study has implicated microRNAs in the regulation of MCAM expression in the derivation of adult late 

EPCs. 

c) Selecting a more reliable method for generating adult late EPCs using MCAM selection 

As noted earlier, the classical protocol for the generation of late EPCs from leukapheresis is based on a 

protocol optimized for the generation of early EPCs.  Since it unknown whether late EPCs are transdifferentiated 

early EPCs or whether these originate from another rare stem cell precursor or “pre-late EPC”, combined with the 

existing consensus that generation of late EPCs from adult leukapheresis is largely inefficient and cumbersome, 

we pondered whether a more efficient protocol could be achieved for this isolation process using our present 

understanding.    

In optimizing and refining a consistent protocol for the generation of late EPCs, we tested five different 

approaches to varying MCAM selection based on time of selection and cell enrichment using Ficoll-Paque 



    150 

 

(Appendix R).  In  Appendix R, we present a table comparing generation of ELCCs based on MCAM sorting on 

day 1 (in green) versus day 7 (in purple) and our original protocol (pink).   Our results revealed that the time of 

MCAM selection (post plating) and the use of Ficoll centrifugation greatly impacted the yield of ELCCs and true 

late EPCs. However, though MCAM+ MNCs consistently generate colonies which include late EPCs, cell 

number, longevity and robustness of endothelial phenotype vary depending on donor, and culture conditions1. 

Hypothesis and Aim 

Hypothesis: A rare population of angiogenic endothelial progenitor cell precursor cells (i.e. pre-late EPCs) 

can be identified and isolated from circulating leukocytes or early outgrowth EPCs through MCAM 

expression; and possibly, the presence of pro-angiogenic miR-126. 

 

Aim: Compare late EPC generation from adult leukocytes using varied approaches for MCAM selection. 

 

Generating Late EPCs using MCAM+ MNCs 

                                                 

1 Variations based on donor are attributed to health and physiological state, which we identified, is reflected in miR-126 expression (i.e.: 

donors with cardiovascular complications have MCAM+MNCs with reduced miR-126; which later become late EPCs with reduced 

longevity).  Refer to chapter V. 
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NOTE:  It is crucial to reiterate that ideal culture conditions are essential for generation of true late EPCs. 

Otherwise, “pre-late EPCs” grown under varying conditions yield endothelial-like colony forming cells that do not 

express late EPCs markers despite having similar morphology (Appendix P).  For this reason, we have used the 

term “endothelial-like colony cells” or ELCCs instead of late EPCs for the protocol below.  For this purpose, late 

EPCs represent endothelial-like cells cultured normally, possessing classical late EPCs features (i.e.: CD31+ 

CD14- and CD45-); while the term ELCCs is less specific, referring to all endothelial-like colony forming cells 

including those lacking classical late EPCs features e.g. CFU-Hill cells. 

 

Reagents and solutions 

MACs Buffer (PBS + 5% BSA) 

CD146 MACs beads 

MACs separation column 

EBM-2 media (Lonza Cat. No. CC-3156) 

EGM-2mv bullet kit SingleQuots (Lonza Cat. No. CC-4147) 

-Consists of hEGF, Hydrocortisone, GA-1000 (Gentamicin Amphotericin-B), FBS (2mL not used), 

VEGF, hFGF-B, R3, IGF-1 and Ascorbic Acid 

Human Serum (Wisent Cat. No. 022-210) 

Human Fibronectin (Roche Cat. No. 11080938001) 

Corning 75cm2(T75) Flask 

3% Acetic Acid with Methylene blue (for initial cell counting Stem Cell Technologies Cat. No. 07060) 
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LAL reagent water 

PBS (Ca2+ and Mg2+ free) 

TrypLE 

Ficoll Paque PLUS (GE 17-1440-02) 

Human leukapheresis sample 

- Collected on a Optima using monocyte enrichment protocol 

- 2 total blood volumes cycled, resulting in 150-200 mL collected apheresis 

- 60-80 x106 leukocytes/mL 

- 10-25 % monocytes 

 

1. Prior to the start of the experiment, begin by removing 100 mL from the 500 mL EBM-2 media, and 

replace by adding 100 mL of human serum to obtain EBM-2 consisting of 20% human serum.  To this 

media, add the entire contents of the of the EGM-2MV bullet kits (omitting the addition of fetal bovine 

serum). 

2. To the 5 mg of human fibronectin, add 5 mL of LAL reagent water. The 1 mg/mL concentrated solution is 

allowed to incubate for 30 minutes to1hour for complete reconstitution at 37oC with occasional swirling. 

Add 100 L of the fibronectin solution into 100 mL of PBS to produce a 10 g/mL working fibronectin 

solution.  Coat each T75 flask with 12 mL of diluted fibronectin (4 mL per T25, 12 mL per T75, 28 mL per 

T175).  Incubate fibronectin coating for 45 minutes, then replace with PBS to prevent drying of substrate 

while experiment commences. 
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Processing and enriching leukapheresis product 

For this stage, it is essential that the following steps are completed as quickly as possible and that the 

media used at each step is pre-warmed to 37oC to achieve the best results. 

1. Dilution: Upon reception, the collected leukapheresis is diluted four fold in 1xDPBS.   

2. Pre-plate counting: Aliquot a small portion of the apheresis into prepared media, adjust the initial diluted 

product concentration based on the initial cell density obtained from apheresis to 2.5x106 cells/mL making 

note of the total volume for later calculations.  From this aliquot, create a 1:1 dilution with methylene blue 

and perform a cell count. 

3. Sorting: Once cell numbers are confirmed, CD146+ cells are sorted using the Mylteni MACs separation 

system following manufacturer’s protocol.  Following cell sorting, CD146+ cell fraction is counted again 

prior to plating; ensure minimal time between cell sorting and plating.  Note: A greater total number of 

CD31+ ELCCs can be achieved by plating non-ficolled leukapheresis on day 0 and sorting for CD146+ 

cells on day 7 (refer to step C4). 

4. Plating: For adequate EPC outgrowth, plate the cells at a density of 0.3-0.5x106 cells/cm2.  This seeding 

density accounts for total CD146+ cell population to be counted on day 7 while minimizing competing 

proliferative cell populations which may have been accidentally plated that could eliminate or reduce 

ELCC generation. 
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5. Volume adjustment: Calculate the volume of leukapheresis required to achieve the desired cell number for 

selected flasks.  Remove desired volume from the leukapheresis product with an additional 25% adjusted 

volume to account for cell loss during washes.   

6. Wash: Split the sample volume into 50 mL conical tubes containing 25 mL DPBS per conical tube for 

washes.  Spin cells for 7 minutes at 350 g. 

7. Following the wash, remove the supernatant without disturbing the pellet.  Resuspend the pellet into the 

appropriate pre-calculated volume of pre-warmed EGM-2MV media while gently dissolving the pellet.  

Note: the volume of media used per flask depends on the experimenter; generally, 15 mL is used per T75 

(5 mL for T25, and 30 mL for T175).  

 

Early endothelial progenitor cell outgrowth 

1. After initial plating and incubation, cells should be left undisturbed for a minimum of 36 hours for full 

adhesion to fibronectin substrate.  Until emergence of colony forming cells, it is critical to minimize 

disturbance of plated cells as CD146+ have low adherence to fibronectin until colony formation. 

2. The first media change should occur after 48 hours of cell plating.  It is acceptable to observe a lot of cell 

debris in the first week of plating.  For the generation of ELCC, it is imperative that the media changes are 

completed with minimal agitation of the flask; using pre-warmed EGM-2MV media.  No washes are 
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necessary.  Partial media changes are appropriate but should be adjusted for occurrence to account for 

freshness. 

3. Typical rod-shaped EPCs will emerge in the non-CD146+ sorted cells after the first media change and will 

continue to emerge 48-72 hours post-plating.  For the first week, a reduction of 94% cell leukocyte cell 

density is expected.  This will be accommodated on day 7. 

4. Consolidation (NOTE: CD146+ cells sorted on day 0 should not be consolidated on day 7):  On day 7, 

begin by pre-coating half of the total number of plated flasks from day 1, following the same procedures as 

day 1.  Gently remove media from flasks.  Apply pre-warmed TrypLE dissociation enzymatic solution to 

the flasks containing adherent cells and place into the incubator for 10 minutes (use the same volumes used 

for fibronectin coating).  Agitate the flasks every 2 minutes during incubation.  Remove TrypLE cell 

suspensions and place into 50mL conical tubes.  Scrape the emptied flasks and rinse with PBS to detach 

any remaining cells.  Add this to the existing cell suspension.   Add 20 mL EGM-2MV media to neutralize 

Appendix O: Variations in ELCC morphology from one participant’s MCAM+ cells 

Representative images of cultured colony forming cells. Cells in groups H and I formed elongated ECFC-

like cells which lacked endothelial marker, CD31.  A difference in morphology can be noted between cells 

of group B and D, which differ only in non-ficolled and pre-ficolled conditions, respectively. 
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TryPLE.  Centrifuge cell suspensions at 350 g for 7 minutes.  Gently remove the supernatant and 

resuspend the cell pellets into 5mL EGM-2MV.  At this point, each conical tube contains one flask worth 

of plated cells.  Combine every two flasks into one conical tube to consolidate the cell suspension two fold.  

Re-plate each cell suspension onto a fibronectin pre-coated flask.  Place flasks immediately into the cell 

incubator.  Cells should be undisturbed for 12-24 hours.  

5. Plating cells for the generation of ELCCs: Once cells are detached from their respective flasks in step 4 

above, count cells, spin cells at 300 g for 10 minutes and resuspend cells in 60 L of MACs buffer per 107 

cells. 

6. From step 5, add 20 L of CD146 MACs microbeads and 20 L of FCR human blocking reagent.  Store 

cells in a 4 degree fridge for 15 minutes. 

7. After 15 minutes, an addition 1 mL MACs buffer is added per 107 cells, and cells are centrifuged at 300 g 

for 10 minutes.  The pellet is resuspended in 500 L buffer per 107 cells and this cells suspension is MACs 

sorted. 

8. Separate the CD146- cell fraction (these cells can be re-plated on fibronectin to form EPCs after 24 hours).  

Spin down the CD146+ cells at 300 g for 10 minutes.  Resuspend the CD146+ cell fraction in appropriate 

EGM-2MV media, and count cells.  Plate the CD146+ cell fraction at 7500 cells per cm2 on fibronectin-

coated flasks.  Place flasks immediately into the incubator.  Cells should be undisturbed for a minimum of 

36 hours with gentle media changes until ELCCs emerge.  As ELCCs emerge, floating cell debris will 

subside. 
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9. IMPORTANT NOTE: The CD146+ population represents 1-5% of the total EPC cell population after 7 

days in culture.   

 

Endothelial colony forming cell outgrowth 

1. As early as day 9, ELCCs colonies will begin to emerge within the EPCs. 

2. Starting from day 8, begin to scan each flask of plated cells systematically starting from one edge of the 

flask and working across each high powered field.   

3. Once a colony of ELCCs is identified, mark the top of the flask to indicate the location of ELCCs colony 

for later inspection.   

4. Colonies of ELCCs will emerge as small clusters and will proliferate rapidly (the doubling time of ELCCs 

will vary from donor to donor).  Once colonies emerge, ELCCs will expand detaching neighbouring EPCs.  

Cell debris will emerge above the flask until the heterogeneous EPC/ELCC population becomes a 

homogeneous ELCC population (after expansion). 

IMPORTANT NOTE:  During the isolation of CD146+ cells (on day 1 or day 7), a small fraction of CD146+ cells 

can by lysed for RNA extraction.  Compared to typical early EPCs, a high miR-126 expressing MCAM+ cell 

population will yield more proliferative ELCCs with late EPC characteristics (i.e.: CD31+, CD14-, CD45-). 
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5. At this time it is essential that a complete media change is performed every 48 hours until expansion is 

performed. 

6. Continue to monitor ELCC growth until multiple ~640 mm2 sized colonies emerge.   

7. Monitor the rate of ELCC proliferation as it will vary from participant to participant.  This information will 

be valuable during expansion. 

 

 

Appendix P: MNCs, EPCs and ELCCs showing typical cell morphology 

Mononuclear Cells (left), EPCs at day 5 (middle) and ELCCs (right) are represented. Images taken at 100x magnification. 

Scale bar = 100 m.  Purified MCAM expressing cells typically do not undergo differentiation into rod morphology; instead 

progress directly into colony forming cells. 
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Endothelial colony forming cell expansion and harvest 

1. Typical ELCC proliferation doubling time is 3-4 days.  Media changes should be performed every other 

day.  

2. Once multiple ELCC colonies emerge, gently remove media from each flask.  Apply TrypLE in the same 

volume and manner as step 4 of C.  Incubate for 5 minutes.  The shortened incubation time reflects the 

adhesion of ELCCs compared to EPCs.  ELCCs lift readily with TrypLE compared to EPCs.  As such, a 

shortened incubation time allows for selectivity of ELCCs for expansion.  Agitate the flasks every minute 

during incubation. 

3. Carefully remove the TrypLE suspension, and place into a 50 mL conical tube.  Add 20 mL EGM-2MV to 

neutralize TrypLE.  Spin cell suspension at 400 g for 7 minutes.  Discard adherent EPC from leftover 

flasks. 

4. After spinning, gently remove and discard the supernatant.  To the pellet, add 30 mL pre-warmed media 

while gently disrupting the pellet.  At this point, each conical tube represents 1 flask of cells.  Split the total 

volume of cell media suspension into two flasks to expand the distribution of ELCCs two-fold.  Plate non-

coated corning flasks with this cell suspension.  ELCCs do not require fibronectin coating. 

5. ELCC doubling times will decrease with subsequent expansion and passages. 
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Freezing and thawing endothelial colony forming cells for study 

i. Upon reception of leukapheresis, unused portions of leukapheresis product must be frozen unmanipulated 

in 10% DMSO, undiluted.  Upon thawing, leukapheresis product must be warmed for 3 minutes in 37 oC 

water bath and added directly to a 50 mL conical tube containing 20 mL pre-warmed EGM-2MV media.  

This cell suspension can then be centrifuged at 350 g for 7 minutes and replaced with fresh EGM-2MV 

media to remove DMSO.  The same procedures as b) can be followed for the remaining procedure. 

ii. ELCCs must be frozen at 1x106 cells/mL in 80% EGM-2MV, 10% human serum and 10% DMSO.   

Generation of only early EPCs occurs normally from frozen leukapheresis.  But ELCCs generated from 

frozen leukapheresis are extremely rare, emerging after approximately 17 days and do not survive expansion.  

Generation of early EPCs from frozen leukapheresis is unaffected by freeze/thaw. 

From the above protocol, the following parameters were systematically tested to assess effects on the 

phenotype of the predominant resultant ELCCs: 

- Ficolled versus non-ficolled cell preparation on day 1. 

- Day of cell sorting (i.e.: MACs sorting for MCAM+ cells on day 1 versus day 7). 
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We expected that variations in these parameters would provide insight into variability in: ELCC markers (i.e. late 

EPC vs CFU-Hill), longevity and total cell yield (on the final day of culture, day 28). 

 

 

Results 

Evidence of late EPC precursor cells 

In our studies investigating the generation of late EPCs from human adult leukapheresis, we have made 

several key observations which provide insight into the origin of late EPCs as well as culture conditions that 

optimize late EPC outgrowth: 

i. Late EPCs are only generated from fresh adult leukapheresis.  Once frozen, adult leukapheresis can 

only generate early EPCs.  This finding suggests that early EPCs do not transdifferentiate into late 

EPCs; instead a possibly sensitive late EPCs precursor cell type with impaired freeze/thaw adaptability 

may exist within the mononuclear cell fraction.  As well, late EPCs can be generated directly from 

MNCs using MCAM selection and proper culture conditions and that these cells become late EPCs 

without first becoming early EPCs.  This also suggests that early EPCs are not precursors to late EPCs. 

ii. Using Ficoll Paque for enrichment of isolated mononuclear cell buffy coat substantially reduces 

MCAM+ selection, while removal of CECs using an adhesion step did not reduce the generation of late 

EPCs.  Typically, Ficoll improves early EPC generation by increasing the total mononuclear cell 

fraction and thereby the monocyte population for generation of early EPCs.  However, our finding 
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suggests that a rare precursor cell population which yield late EPCs is not fully represented in the same 

cell density as mononuclear cells.  MCAM+ precursor late EPCs are possibly lost in the ficoll pellet. 

iii. ELCCs (including late EPCs) emerge only within the MCAM+ cell fraction of human adult 

leukapheresis.  In all conducted experiments involving separation of MCAM+ cells, MCAM- cell 

population never yielded colony forming cells (group I in Appendix R was the rare exception).  

However, only a small fraction of MCAM+ cells yield colony forming cells, not the entire MCAM+ 

fraction.  These rare colony forming cells exist as rounded cells for the initial 7 days in culture and can 

grow into various cell types when grown under different culture conditions.  As such, MCAM+ cells 

must be cultured under proper conditions to yield late EPCs possessing appropriate characterization.  

Additionally, late EPCs generated from MCAM+ mononuclear cells from day 1 do not take on rod-

shaped morphology prior to emerging as colony forming cells.  We have not investigated these findings 

from human adult whole blood and have not reproduced these results with cord blood. 

iv. MCAM+ cells isolated from human adult leukapheresis are >90% CD45+ on day 1.  This number 

reflects only hemocytometric counts following magnetic activated cell (MACs) sorting.  Due to low cell 

numbers in isolating MCAM+ cells on day 1, flow cytometric analysis was done on day 28 (after the 

cells had expanded). During passages, cultures were split into triplicates prior to flow cytometry. 

v. MCAM+ mononuclear cells represent 1-5% of total human adult leukocytes (measured on day 1 in 

leukapheresis).  However, as mononuclear cells are grown under EPC conditions, total number of 

MCAM+ cells increase within the first week in culture especially in non-ficolled leukapheresis product 

(Appendix Q).  This finding suggests that MCAM expression is not static and can be modified under 
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appropriate culture conditions.  Likewise, MCAM expression is lost gradually with prolonged culture. 

 

  

Appendix Q: MCAM expression increases under endothelial-promoting culture conditions 

Total percentage of MCAM expressing cells plotted from day of seeding to day 7. All cells were from the 

same participant sample.  The population initially depleted of MCAM cells (white triangle) had the largest 

increase in MCAM+ cells in 7 days, but overall yielded smallest number of total colony forming cells likely 

due to early senescence. 
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Protocol 

Group 

 

Ficolled 

/non-Ficolled 

Day of 

MCAM selection 

Passage number 

(after colony 

formation) 

Cell count 

on day 28 (x106) 

  

A ficolled Day 1 2 2.4 
  

H non-ficolled Day 1 1+ 1.4 
  

D ficolled 
Day 7 

(during consolidation) 
4 3.2 

  

B non-ficolled 
Day 7 

(during consolidation) 
4+ 1.5 

  

I* non-ficolled 
CD146- sort day 1, 

CD146+ sorted on day 7 
1 0.55 

  

C 

(original 

protocol) 

ficolled N/A 3 1.6 

  

 Appendix R: MCAM+ sorting techniques for generating ELCCs 

To narrow down the precise fraction of cells which yield late EPCs after MCAM selection, we varied Ficollation 

and the day of MCAM selection and recorded how many passages the resultant cells underwent in 28 days as well 

as the number of remaining cells on day 28.  Group C cells were grown using our classic protocol (which was 

optimized for early EPCs), this was the only group that was not MCAM sorted.  Therefore, to show difference in 

yield, group C was used as the comparison group for statistical analysis. Consolidation refers to re-seeding cells 

on day 7 based on cell count to maintain consistent cell density (accounting for loss of cell density over time).  In 

all groups, MCAM expression increased under endothelial promoting culture conditions within the first seven 

days.  All cell characterization was performed on day 28; P1 passages were done on day 14; + indicates that cells 

survived several passages after data collection.  *Group I cells were negatively sorted for MCAM on day 1 but had 

2% increase in MCAM+ cells by 7; following MCAM+ sort on day 7, colonies emerged.  The results seen with group 

I was unique and unrepeatable. Not shown in the results presented in above table, non-Ficolled and day 7 sorted 

cells (protocol B) yield highest total ELCCs on average, based on repeated observations.  
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Appendix S: Characterization of ELCCs on day 28 

Cell characterization of ELCCs was performed on day 28. Groups B and D expressed highest levels of CD31, but group D 

expressed less CD146, comparatively. Data represents mean ± SEM; n=3. †p <0.0001, *** p <0.001, **p<0.01, *p<0.05; all 

groups compared to group C.   
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Discussion 

The expression of 51 integrin on monocytes allows for adhesion to fibronectin, which can be exploited 

in cell culture for their enrichment using a fibronectin substrate. As such, culture of both early and late EPCs on 

fibronectin is advantageous as it allows for the quick removal of loosely bound ELCCs with a gentle dissociation 

enzyme like TrypLE without disturbing strongly adherent early EPCs.  Consolidation on day 7 allows for 

exclusion of tightly bound early EPCs, while selecting for loosely bound ELCCs (and late EPCs). 

The re-emergence of CD146+ cells after being removed on day 0 (group I) supports existing evidence of 

endothelial reprogramming of CD146- cells, due in part, to the presence of endothelial-promoting growth factors 

such as hFGF, VEGF and IGF-1 which are supplemented with the cell media (29), for a complete list refer to the 

protocol in the methods section.  There is a possibility that MCAM expressing cells may have been missed in the 

first sorting, which could explain the increased MCAM positive cells after 7 days of culture. However, the overall 

increased number of MCAM expressing cells when sorted on day 7, was a consistent and reoccurring observation.  

It should be noted that the week delay before the outgrowth of colonies, combined with a lack of colony forming 

cells emerging from frozen leukapheresis, strongly supports the theory that these cells are not sloughed 

endothelial-cells or CECs.  If CECs were indeed present during isolation, leukapheresis processing would greatly 

eliminate CEC presence and the resultant CECs would have limited proliferation.  As well, groups sorted for 

MCAM on day 1, like group A cells (which were selected for MCAM immediately before initial seeding) would 

most likely be most vulnerable to CEC contamination. Group H would also be prone to CEC contamination for the 

very same reason.  Another explanation for increased MCAM expression could be that a pre-existing population 

of “true EPCs” (pre-late EPCs) circulating within peripheral blood that may initially lack CD146- and are later 
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pushed towards an endothelial phenotype following two weeks in culture.  Our results suggest that a “true EPC” 

population, which is likely reprogrammable, exists within the leukocyte fraction and enrichment with Ficollation 

reduces the number of such cells and therefore the final ELCC yield. This would explain the reduced yield with 

Ficoll is used. It is not clear how much the initial CD146- fraction of pre-late EPCs later express CD146 and 

subsequently become high proliferating true late EPCs (or what these cells may be).   

The day of MCAM selection appears to be most critical based on our findings.  Our data also shows that 

cells selected for CD146+ on day 7 as opposed to day 1 (protocol B in Appendix S) produce a larger population of 

cells expressing the endothelial cell marker CD31 while co-expressing CD146 (and maintaining leukocyte marker 

CD45 and the monocyte plasticity marker CD14).  The presence of CD14 and CD45 in cells from group A is a 

hallmark feature of CFU-Hill cells (28).  Though CFU-Hill cells have been shown to be involved in stimulation 

and regulation of angiogenesis (55, 189), this cell population is accepted to be of hematopoietic origin and likely 

never become long term intimal endothelial cells (30, 190).  Nonetheless, we were pleased to have identified a 

new method for the generation of CFU-Hill cells.  Cell groups B and D differed only in the Ficoll density 

centrifugation.  This step could account for the decreased CD146 expression in addition to CD14 and CD45 on 

day 28 (though this difference was marginal).  

We observed that the total MCAM+  MNCs from cardiac patients was in the same 1-5% range of total 

MNCs that we identified in healthy participants.  However, Ficolled CD146+  MNCs from cardiac patients (which 

contain the ELCCs that include the late EPC population) consistently yielded colony-forming cells with reduced 

longevity, which senesce by passage 3 (Figure 38).    Using qRT-PCR, we noted that cardiac patients had 

significantly reduced expression of miR-126 in their Ficolled CD146+ MNCs when measured on day 1 prior to 

seeding (p<0.001, Figure 38).  This finding suggests that CD146+ remains a good predictive marker for colony 
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forming cell populations, but a high expression of miR-126 is indicative of cardiovascular health and colony 

forming cell longevity.   The explanation for this is found in earlier studies, which indicated that under 

cardiovascular injury or chronic pathology, decreased miR-126 in endothelial cells (causing increased SDF-1, 

which promotes healing by recruitment of early EPCs, as noted earlier).  Therefore, late EPCs (or similar cells 

arising from the CD146+ MNC cell fraction) could be undergoing the same or similar process, which causes 

reduction in miR-126 under cardiovascular injury or chronic pathology.   Future experiments could pursue the 

implications of this. 

Since umbilical cord blood typically possesses a richer source of colony forming cells, we postulate a 

higher fraction of MCAM expressing precursor cells in this sample population.  Additionally, cord blood-derived 

colony forming cells survive higher passaging than adult generated cells, and thus possess greater longevity.  To 

this end, we also postulate that cells from cord blood, which become colony-forming cells likely, possess higher 

miR-126.  It has previously been reported that preeclampsia-derived late EPCs typically express lower miR-126 

than their healthy counterpart cells (191).  As such, our findings mirror this in adult-generated cells. 

Chapter Summary 

In summary, our findings from the candidate and global arrays shed light on a number of differences 

between early and late EPCs, which gave insight into the roles that microRNAs play in these cell types.  Our 

global array inspired us to pursue MCAM while investigating late EPCs.  When we pursued the relevance of 

MCAM in late EPCs and identified that only CD146+ MNCs gave rise to ELCCs and late EPCs.  This further 

inspired to devise a protocol for increasing the efficiency of late EPC generation.   
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Our findings are the first to identify CD146/MCAM as a predictive marker for ELCCs (and late EPCs) 

from adult leukapheresis. A major difference from our protocol and previous findings is the elimination of Ficoll-

Paque for higher generation of colony forming cells (and late EPCs). Cord blood-derived colony forming cells are 

typically derived following Ficoll density centrifugation (and our findings showed that Ficollation of adult 

leukapheresis reduced late EPC yield), so it is possible that in human adults MCAM positive precursors are 

matured and thus possess different density which causes these cells to be lost when adult leukapheresis product is 

Ficolled.   

Using the described protocol, generation of late EPCs can be achieved using less starting material, resulting in 

an overall greater yield of late EPCs.  Identification of high-expressing miR-126 MCAM+ cell population is 

currently limited by technology, but our protocol allows a unique method for identifying the fraction of 

mononuclear cells which consistently yield colony-forming cells and late EPCs.  It is possible that screening for 

miR-126 expression using techniques such as qRT-PCR in MCAM+ MNCs on day 1 could further improve our 

current described protocol. 
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