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ABSTRACT 
 

Angiogenesis is a normal and vital process that occurs during growth 

and development.  Repair of bony defects, whether in the craniofacial complex 

or the alveolus, require an alloplastic or xenoplastic bone graft with angiogenic 

potential.  This angiogenic potential is derived from existing blood vessels 

adjacent to the graft site.  Improving the endogenous angiogenic potential with 

a molecule would drastically improve the survival rate of the bone graft 

material.  This study was conducted to test the hypothesis that specific stem 

cell lines treated with erythropoietin, a positive promoter of angiogenesis, may 

increase the erythropoietin receptor and vascular endothelial growth factor 

expression in-vitro.  In addition, this study also evaluated the vascular branching 

in vitro of human umbilical vein-derived endothelial cells treated with 

erythropoietin in the matrigel assay.  Human umbilical vein-derived endothelial 

cells were treated for seven days with four different concentrations of 

erythropoietin and cellular branching was evaluated in the matrigel assay.  

Human bone marrow-derived mesenchymal stem cells and multi-potent cord 

blood derived unrestricted stromal stem cells were treated for seven days with 

erythropoietin and erythropoietin receptor expression was evaluated via reverse 

transcriptase real time polymerase chain reaction and real time polymerase 

chain reaction assays.  The results of this study indicate that:  erythropoietin 
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had no effect on human umbilical vein-derived endothelial cells in the matrigel 

assay from a qualitative perspective, after treating multi-potent cord blood 

derived unrestricted stromal stem cells for 7 days with erythropoietin, there was 

no statistically significant difference between treatment groups when compared 

to control, following the treatment of human bone marrow-derived 

mesenchymal stem cells for 7 days with erythropoietin, the 20 U/ml treatment 

group showed a statistically significant elevation of the erythropoietin receptor 

as compared to the control group, and Following treatment with EPO for 

seven days at 4 concentrations, VEGF expression in the HBMMC and 

MCBUSSC cell lines had a direct correlation to EPO receptor expression and 

was consistent with the literature.  

.    
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CHAPTER 1 

INTRODUCTION 

 The biblical phrase ‘for the life of the flesh is the blood’ reveals that blood was 

considered a symbol of life in the ancient days (Jelkman 2007).  This precious 

fluid provides nourishment to all living cells throughout the body.  Without 

blood, human tissues would simply revert to a state of necrosis due to the lack 

of oxygen and nutrients necessary to sustain life.  Since blood needs a conduit 

to reach the cells throughout the body, the genesis of a vascular network is 

equally important for tissue nourishment.   

This blood vessel network consists of a venous and arterial route to 

deliver blood to and from the heart.  “The formation of these blood vessels, whether in 

the developing embryo or in the adult, occurs by two distinct processes:  vasculogeneis and 

angiogenesis (Fish and Srivastava 2009).”  Vasculogenesis is unlike angiogenesis 

because it involves the de novo generation of blood vessels by differentiation 

of progenitor cells into the endothelial lineage (Fish and Srivastava 2009).  “In 

contrast, angiogenesis is the process by which new blood vessels form through the growth of 

existing blood vessels, and involves the proliferation, sprouting, and migration of endothelial 

cells, followed by pruning and remodeling of the vascular network (Fish and Srivastava 

2009).”   
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 Angiogenesis, occurring during the proliferative phase of wound healing, 

is an essential part of the wound healing sequence (Sayan 2005).  It is defined 

by new vessel formation and increased vascular permeability, which ameliorate 

tissue oxygenation and nutrient transport, elevating cellular and matrix 

deposition in the wound (Sayan 2005).  Orthodontic tooth movement is often 

referred to as a wound healing process.  Accordingly, angiogenesis is a crucial 

factor during wound healing.  It may be asked, therefore, if a positive regulator 

of angiogenesis during orthodontic tooth movement or during the repair of 

bony defects would be beneficial. 

 The repair of bony defects whether in the craniofacial complex or 

alveolus require an alloplastic or xenoplastic bone graft with angiogenic 

potential.  This angiogenic potential is derived from existing blood vessels 

adjacent to the implant site.  Improving the endogenous angiogenic potential 

with a molecule would drastically improve the survival rate of the bone graft 

material.  This would ultimately improve facial appearance, provide a new site 

for a potential implant, or supply a conduit for orthodontic tooth movement 

that was previously unavailable due to a narrow alveolus. 
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CHAPTER 2 

REVIEW OF THE LITERATURE 

2.1 Historical Perspective of In-vivo Models of Angiogenesis 

2.1.1 Preformed Vessels Viewed Through a Transparent Chamber 

 Until 1928, an in-vivo method had not been established to experimentally 

evaluate the physiologic processes of blood vessels in mammals.  According to 

Sandison et al. (Department of Anatomy, University of Pennsylvania, 

Philadelphia, Pennsylvania), the development of a chamber that was designed 

for the purposes of obtaining records in the living mammal to document 

growth and reactive powers of vessels and other tissues was a difficult model to 

develop (Clark 1932).  This method was further developed by Clark, et al. in 

the same department at the University of Pennsylvania.   

 In refining the technique further and adapting it to the many types of 

morphological and physiological problems which can best be attacked by this 

method of study in the living animal, the question arose as to whether newly 

growing blood vessels and those which had recently grown into such 

transparent chambers were comparable in their morphologic characteristics and 

in their reactions to normal preformed vessels (Clark 1932).  They attempted to 
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answer this question by developing a transparent chamber (“pre-formed tissue 

chamber”) that enabled them to visualize the vasculature of the ear in a live 

rabbit.  The method consisted of the removal of skin and cartilage on the inner 

side of the rabbit’s ear while leaving the remaining tissue on the outer ear in 

intact.  A 1.5cm diameter slice was removed and a depressed ring with a thin 

mica cover was in immediate contact with the surface of the tissue, through 

which observations were made (Clark 1932).  The remaining tissue was retained 

between the two parts of the chamber with small bolts which was constructed 

in such a way as to maintain uniform pressure just sufficient to keep the area as 

thin as possible without impeding circulation (Clark 1932).  This surgery was 

performed with great precision and efficiency in order to reduce post operative 

complications such as inflammation and infection.   

With the chamber in place, the investigators were able to visualize the 

vasculature in the ear with the naked eye or a binocular dissecting microscope.  

Observations could be performed immediately after surgery and sometimes up 

to six months post-op (Clark 1932).  These experiments were crucial in 

understanding the adaptation of the vasculature after surgery in establishing a 

stable physiologic state which could be used for a control for future studies.  

Aside from venous distension/relaxation, arteriole contraction/relaxation, and 
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removal of extravasated blood cells from surgery, the time required to establish 

vascular stability is about seven to twelve days (Clark 1932).  This is a rather 

small price to pay for the evaluation of various physiological, pharmacological, 

and biological responses in vivo. 

These studies established definitely the possibility of making microscopic 

studies on preformed vessels in the living mammal under comparatively normal 

physiologic conditions and showed that a week to ten days after the operation 

the region contained in the typical observation chamber has reached a stable 

condition in which the same vessels are available for study and experimentation 

over a period of months (Clark 1932).  While the literature is now beginning to 

investigate the biological and pharmacological stressors placed on pre-formed 

vessels, then what could be said of the vascularization of living tissues that were 

previously avascular in an attempt to understand vascular development? 

 

2.1.2 Corneal Vascularization 

 The normal cornea, having the great advantages of avascularity, 

transparency, and ready accessibility to biomicroscopical examination has been 

widely employed as an experimental tissue in angiogenic investigations (Ashton 
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1953).  This method was also employed by Ashton and Cook for its simplicity 

and efficiency.  The method consisted of:  chemically or physically altering the 

cornea of anesthetized rabbits and determining whether neovascularization 

occurred.  The chemical and physical agents consisted of:  diluted extracts of 

vascular/avascular cornea, central full thickness grafts, cleavage planes through 

the cornea, nitrogen injections, physiologic saline, trauma, penetrating needle 

tracks, and metallic foreign bodies placed into the endothelium (Ashton 1953).  

The results of these experiments varied between no effect and vascularization 

of the cornea.  Although there are numerous hypotheses circulating in the 

literature during this time period, there are only two that were substantiated by 

the work of Ashton and Cook. 

 The first hypothesis was that a reduction of corneal tissue compactness 

in conjunction with a growth-promoting substance or anoxia may directly 

stimulate blood vessel growth (Ashton 1953).  The second stated that,  “Since 

the factor of suboxidation is relatively constant, new vessel formation will depend upon 

fluctuations in corneal thickness (compactness), which result to a great extent from the 

interplay of pathological changes at the limbus and in the corneal epithelium/endothelium 

(Ashton 1953).”  Ashton and Cook fully admitted that the theories that have 

been advanced to explain the mechanism of corneal vascularization are not 
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fully satisfactory and future experiments need to be conducted (Ashton 1953).  

These future experiments came in the form of tissues (neoplastic/non-

neoplastic) that were grafted to the chorioallantoic membrane (CAM) of the 

chicken embryo. 

 

2.1.3 Chorioallantoic Membrane (CAM) and Vascularization 

 The investigation of the precise mechanism regarding angiogenesis has 

become increasingly more important with time because it is the life-line for 

neoplastic tumors within the body.  The chorioallantoic membrane (CAM) 

model was one of the three predominate in-vivo models used to evaluate the 

mechanism of angiogenesis.  The (CAM) model was utilized by Ausprunk et al. 

to determine whether the vasculature of a graft was re-used during the 

establishment of a new blood supply (Ausprunk 1975).   Specifically, “adult, 

embryonic, and tumor tissues were grafted to the chorioallantoic membrane of the chick embryo 

to determine whether blood vessels originally within implants were reused in the establishment 

of a new blood supply (Ausprunk 1975).”  Several methods were used to evaluate 

the novel or existing vasculature in-vivo. 
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 One of theses methods was the utilization of a stereomicroscope in-vivo 

at varying magnifications.  “All grafts were examined daily under a stereomicroscope at 

magnifications of 8 to 40 times every six hours for the first two days after implantation 

(Ausprunk 1975).”  Various observation points and magnification were 

necessary because the reaction of graft vs. host of the diverse tissues grafted 

was unknown.  Histological documentation was equally important in 

determining neo-vascularization of the graft vs. host. 

Histological sections were taken at specific time points to coordinate the 

observations seen through the stereomicroscope in-vivo.  Chorioallantoic 

membranes bearing implants were sampled from 8 hours to 9 days after 

grafting and fixed for histology immediately after dissection (Ausprunk 1975). 

The study was unique because the investigators coupled a unique assay to their 

in-vivo and histological observations that could temporally determine when the 

graft was re-vascularized. 

Colloidal carbon injections enabled the investigators to assign a time 

point to the re-vascularization of the graft to the host tissue.  “0.5 ml of colloidal 

carbon suspension was injected into a large (CAM) vein using a 30 gauge needle while being 

observed under a stereomicroscope to determine the range of time that re-vascularization of the 

graft occurred (Ausprunk 1975).”  The tissue was then fixed in formalin for 
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histological examination. The results of the study were significant for the 

hypothesis in question but had greater implications for future research in the 

area of angiogenesis. 

Ausprunk et al. concluded that, “the studies show that grafts may be classified in 

one of three groups with respect to vascularization:  a.) tumor type, in which re-vascularization 

occurs solely by penetration of implants by proliferating host blood vessels; b.) embryonic type, 

in which the original graft blood vessels are anastomosed to the host circulation; and c.) adult 

type, in which no re-vascularization occurs and the original graft blood vessels slowly 

degenerate (Ausprunk 1975).” The investigators also noted that all tissues used in 

the study, regardless of the age of the donor animal, underwent necrosis of 

central parenchymal cells during the first 1 to 2 days after grafting and before 

establishment of a new blood supply (Ausprunk 1975).  While these 

investigators were not the first to use the CAM in-vivo method for 

angiogenesis determination, it was the most common method for the time 

period for determining angiogenesis activity in-vivo.  The chorioallantoic 

membrane had the advantage of allowing many samples to be screened for 

angiogenic activity in an inexpensive way (J. Folkman 1982).  Although the 

CAM model was inexpensive and allowed for multiple sample screening, an in-
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vitro method would provide all of the above and more regarding angiogenesis 

determination. 

 

2.2 Historical Perspective of In-vitro Models of Angiogenesis 

 An in-vitro method for the determination of angiogenesis would provide:  

an efficient method to screen compounds, significantly reduce animal numbers 

(in-vivo), reduce the cost of the compound used, and provide a reliable and 

novel method to evaluate the mechanism of angiogenesis.  The in-vitro method 

is an invaluable tool in research because it enables multiple hypotheses to be 

investigated, large sample sizes, and a more efficient use of time in the 

laboratory.   

 

2.2.1 In vitro Studies for the Determination of Angiogenesis 

An example is a method proposed by Montesano et al. in which they 

proposed the use of a three dimensional substrate (artificial ECM) instead of a 

two dimensional substrate, which was the most common method for that time 

(Montesano 1983).   
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 Montesano et al. hypothesized that, “since blood capillaries in vivo are entirely 

surrounded by extracellular matrix (containing collagen as a major component), we have 

studied the behavior of capillary endothelial cells grown inside a three-dimensional collagen gels 

in vitro (Montesano 1983).”  Type I collagen gels were prepared, cloned capillary 

endothelial cells (bovine adrenal cortex), and tissue processing for light 

microscopy and electron microscopy were all prepared according to Montesano 

et al.  

 The results of this study revealed several interesting observations that 

were a direct result of the novel method used.  The first observation was blood 

vessel formation in three dimensions, rather than the two dimensional mono-

layer that has been seen up to this point in time (Montesano 1983).  The 

second was when the cultures were examined in sections cut perpendicular to 

the culture plane and clearly demonstrated that all endothelial cells delimited a 

narrow lumen, so as to form complete tubular structures resembling blood 

capillaries (Montesano 1983).  The third observation demonstrated thin 

sections showing that endothelial tubes consisted of at least two contiguous 

cells whose plasma membranes had focal points of fusion, suggesting tight 

junction formation (Montesano 1983).  All of these observations were 
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significant and draw angiogenic research one step closer to the true mechanism 

of angiogenesis. 

 Pepper et al. demonstrated that VEGF-C is angiogenic in-vitro when 

added to bovine aortic or lymphatic endothelial (BAE and BLE) cells but has 

little or no effect on bovine microvasculature endothelial (BME) cells (Pepper 

1998).  They also demonstrated that VEGF-C increases plasminogen activator 

(PA) activity in three bovine endothelial cell lines and that this is accompanied 

by a concomitant increase in (PA) inhibitor-1 (Pepper 1998).  Finally, their 

results established that by acting in concert with bFGF or VEGF, VEGF-C has 

a potent synergistic effect on the induction of angiogenesis in vitro, and, second, 

that like VEGF and bFGF, VEGF-C is capable of altering endothelial cell 

extracellular proteolytic activity (Pepper 1998).  These results also suggest that 

more than a single molecule may be responsible for the induction of 

angiogenesis in vitro.   

While mechanistic research in the area of angiogenesis continues to 

grow, similar research is being performed utilizing promoters and inhibitors of 

angiogenesis.  This form of research is vital since it may elucidate the 

mechanism for angiogenesis via compounds where the mechanism is already 

known.  For example, if a promoter/inhibitor of angiogenesis is used and is 
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effective, then the angiogenic mechanism may involve one or more of the 

mechanistic pathways of the promoter/inhibitor used.  

Some positive promoters of angiogenesis include: vascular endothelial 

growth factor-A (VEGF-A) (Mohle R. 1997), VEGF-C (Wartiovaara U. 1998), 

basic fibroblast growth factor (bFGF) (Brunner G. 1993), hepatocyte growth 

factor (HGF) (Nakamura T. 1986), angiopoietin-1,2 insulin-like growth factor-1 

and -2 (M. H. Karey K. P. 1989) (S. D. Karey K. P. 1989), epidermal growth 

factor (Ben-Ezra J. 1990) (Hwang D. L. 1992), platelet-derived growth factor 

(Bar R. S. 1989) (Heldin C.-H. 1981), and sphingosine 1-phosphate (Lee O.-H. 

1999).  While the inhibitors of angiogenesis may include: Thalidomide 

(D'Amato RJ 1994), Sunitinib (a multi-targeting tyrosine kinase inhibitor) (Song 

IC 2009), and Sorafenib (a multi-targeting tyrosine kinase inhibitor) (Dahut WL 

2008).  The examples of the continual research in the areas of 

inhibition/promotion of angiogenesis will eventually provide the molecular 

regulators of angiogenesis in vitro/in-vivo.  One of these positive regulators of 

angiogenesis that has gained notoriety as of late was erythropoietin. 
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2.3 Historical Background of Erythropoietin  

 Erythropoietin (EPO) is a 30.4-kDa glycoprotein, which plays a 

crucial role in the maintenance and stimulation of erythropoiesis and 

erythrocyte differentiation (Ribatti, Conconi and Nussdorfer 2007).  The 

(EPO) protein was isolated in 1977 and its gene was cloned in 1985 (Johnson, 

Forman and Vesey 2006).  The human (EPO) gene is located on the long arm 

of chromosome 7 (q11-q22) and contains five exons, which encode a 193-

amino acid pro-hormone, and four introns (Jelkman 2007).  This glycoprotein 

hormone is used to treat a variety of conditions in humans. 

Presently, the hormone erythropoietin (EPO) is approved by the US 

Food and Drug Administration for the treatment of anemia that may result 

from a variety of conditions, including the anemia associated with chronic renal 

failure and anemia in patients scheduled for elective non-cardiovascular 

surgery, to reduce their requirement  for allogenic blood transfusions (Maiese 

and Chong 2005).  In addition, patients who become anemic as a result of 

chemotherapy administered for nonmyeloid malignancies or during zidovudine 

treatment of infection with human immunodeficiency virus would fall under 

the guidelines for the administration of (EPO) (Maiese and Chong 2005).  

Treatment of stroke patients with recombinant human erythropoietin (rhEPO) 
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enhances neurogenesis and angiogenesis and improves neurologic outcome 

(Wang and al 2008).  Although exogenous (EPO) is used to treat several 

pathological states, endogenous (EPO) is still continuously produced in the 

body.  

  This compound is produced in the kidney and the liver. EPO has been 

shown to induce endothelial cell proliferation and migration and, accordingly, 

to stimulate angiogenesis in vitro and in vivo (Harder 2008).  The presence of 

(EPO) is crucial for normal development and survival whereas, the absence of 

EPO or EPO receptors leads to a reduced primitive erythropoiesis and death 

during embryogenesis (Muller-Ehmsen 2005).  The partial pressure of oxygen 

also has an effect on erythropoietin.    

A major signal regulating (EPO) production in the kidney is oxygen 

concentration (Sasaki 2003).  For example, a cell experiencing hypoxic 

conditions will induce (EPO) mRNA expression through accumulation of 

transcriptional factor HIF-1 (Hypoxia-inducible factor-1) (Sasaki 2003).  There 

are two hetero-subunits of HIF-1 (HIF-1α and HIF-1β) and both are present 

irrespective of oxygen concentration (Sasaki 2003).   

In contrast, HIF-1α under normal oxygen conditions is degraded via an 

ubiquitin-proteosome system (Sasaki 2003).  Intracellular proline-hydroxylase 



16 

 

requires oxygen and iron for its activity for which it hydroxylates specific 

residues in HIF-1α under normal oxygen conditions, which triggers rapid 

degradation of HIF-1α (Sasaki 2003).  As an example, during hypoxic 

conditions, HIF-1α is stabilized by inactivation of proline-hydroxylase due to 

the deficiency of oxygen, and an elevated level of the complex, αβ, activates the 

(EPO) gene transcription (Sasaki 2003).  A hypoxia-induced increase in (EPO) 

in the blood stimulates the formation of red blood cells, resulting in 

improvement of oxygen supply and eventually repression of the activated gene 

transcription and/or EPO mRNA stabilization (Sasaki 2003).  In addition to 

red blood cell production and angiogenesis, (EPO) reacts with its receptor 

(EPO-R) in a variety of tissues within the human body.  

There is now abundant experimental evidence demonstrating that (EPO) 

interacts with its receptor in many tissues to induce a range of cyto-protective 

cellular responses, including:  mitogenesis, angiogenesis, inhibition of apoptosis 

and promotion of vascular repair by mobilizing endothelial progenitor cells 

(Johnson, Forman and Vesey 2006).  Endogenous (EPO) signaling is essential 

for early embryonic neural development and contributes to neuron survival and 

neurogenesis in adults by regulation of neural progenitor cell differentiation 

(Arcasoy 2008).  Recombinant human erythropoietin (rhEPO) has been used to 
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treat stroke victims to enhance neurogenesis, angiogenesis, and overall 

improving the patient’s neurological outcome (Wang and al 2008).  

Erythropoietin’s effect on neural progenitor cells (NPC) can be demonstrated 

in vitro. 

2.4 Erythropoietin as a Promoter of Angiogenesis In vitro 

 A unique co-culture system was developed by Wang et al. to 

evaluate the effect of neural progenitor cells (NPC) treated with recombinant 

human erythropoietin (rhEPO) on cerebral endothelial cells and the induction 

of angiogenesis and the signaling pathways that mediate this process (Wang and 

al 2008). The co-culture system consisted of subventricular zone neural 

progenitor cells (NPC’s) and mouse brain endothelial cells (MBEC’s).  There 

were a variety of in-vitro assays that were conducted in order to quantify the 

results. 

The enzyme-linked immune-sorbent assay (ELISA) was used in this 

study to quantify the amount of (VEGF) present in the cultured neural 

progenitor cell supernatant (Wang and al 2008).  Mouse brain-derived 

endothelial cells were incubated in the capillary-like tube formation assay 

(Matrigel) for 5 hours in conditioned media collected from (NPC’s) treated 

with various concentrations of (rhEPO) (Wang and al 2008).  Both cell lines 
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were co-cultured in 2 separate levels of a 6-well plate for 24 hours after which 

they (MBEC’s) were collected for mRNA or protein assay (Wang and al 2008).  

Immunoctyochemistry, real-time reverse transcription-PCR, and western blot 

analysis were all performed to quantify the data from the respective cell lines. 

 According to Wang et al., “The treatment of neural progenitor cells with 

(rhEPO) significantly increased their expression and secretion of vascular endothelial growth 

factor (VEGF) and activated phosphatidylinositol 3-kinase/Akt(Pl3K/Akt) and 

extracellular signal-regulated kinase (ERK1/2) (Wang and al 2008).”  In addition, 

these in-vitro results suggest that rhEPO enhances VEGF secretion in neural 

progenitor cells through activation of the Pl3K/Akt and ERK1/2 signaling 

pathways and that neural progenitor cells treated with rhEPO upregulate 

VEGFR2 expression in cerebral endothelial cells, which along with VEGF 

secreted by neural progenitor cells (NPC’s) promotes angiogenesis (Wang and 

al 2008).  

During the review of the literature it was evident that in-vivo 

experimentation is labor intensive.  Because our research requires the 

evaluation of angiogenesis, it would be much more efficient to utilize specific 

cell lines rather than working with tissue, such as bone, in vivo.  This efficiency 

would enable the investigator to distill multiple compounds at several 
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concentrations to a reduced number of compounds to be evaluated in vivo.  For 

this reason, we chose the following cell lines:  Human Umbilical Vein 

Endothelial Cells (HUVEC), Human Bone Marrow Derived Mesenchymal 

Cells (HBMMC), Multipotent Cord Blood Unrestricted Somatic Stem Cells 

(MCBUSSC), and Megakaryoblastic Leukemic Cell Line (MEG). 
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CHAPTER 3 

AIM OF THE INVESTIGATION 

 The review of the literature revealed that there is a vast amount of 

research done in the area of angiogenesis.  The in-vivo studies were the early 

reference standards for research in the area of angiogenesis.  While these 

studies yielded great results, they were also labor intensive.  In vitro studies 

provide the investigator with a well-controlled environment to evaluate and 

quantify his/her results with precision.  They enable the experimenter to 

evaluate multiple variables, scenarios, and environments with less labor, as 

compared to in vivo studies.  All of these advantages will be utilized to evaluate 

the angiogenic effect of erythropoietin on mesenchymal stem cells in-vitro.   

Erythropoietin has been shown to effect angiogenic factor expression in 

endothelial cell progenitors isolated from bone marrow.  Yet, little is known 

about the angiogenic effect on mesenchymal stem cells.  In this study, we 

hypothesized that:  1. Erythropoietin does have an angiogenic effect on 

capillary tube formation in human umbilical vein endothelial cells (HUVEC) in 

vitro, 2. Stem cells do express the erythropoietin receptor (EPO-R) and the 

receptor expression can be manipulated with various concentrations of 
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erythropoietin, 3. Erythropoietin induces vascular endothelial growth factor 

(VEGF) in mesenchymal stem cell lines in vitro.    

 

To test these hypotheses, the specific aims of this investigation are as 

follows: 

• Specific Aim #1:  To evaluate whether (EPO) has an effect on 

capillary tube formation in the matrigel assay on the (HUVEC) 

cell-line. 

•  Specific Aim #2:  To quantify the erythropoietin receptor (EPO-

R) expression in the following treated and un-treated stem cell 

lines:  Human Umbilical Vein Endothelial Cells (HUVEC), 

Human Bone Marrow Derived Mesenchymal Cells (hBMMC), 

Multipotent Cord Blood Unrestricted Somatic Stem Cells 

(MCBUSSC), and Megakaryoblastic Leukemic Cell Line (MEG).   

• Specific Aim #3:  To quantify vascular endothelial growth factor 

expression after treatment with erythropoietin for 7 days at four 

concentrations in the following mesenchymal stem cell lines:  

(MCBUSSC) and (HBMMC). 
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CHAPTER 4 

MATERIALS & METHODS 

4.1 Cell Culture 

Human Umbilical Vein Endothelial Cells (HUVEC) Cultures 

 HUVEC cells (p-10) were obtained from Allcells, LLC 

(Emeryville, CA).  The cells were removed from the -80°C and placed in a 

37°C water bath until thawed.  10 ml of HUVEC media (Allcells, Emeryville, 

CA) was added to the cells and centrifuged for 5 minutes at 1,200 rpm.  The 

supernatant was removed and the cells were suspended in 12 ml of HUVEC 

media on a 10 cm tissue culture plate.  The cells were allowed to grow in an 

incubator under the following conditions:  relative humidity (Rh) 99%, CO2 

control 5.0% and temperature of 37°C.  The media was changed every 3 days.  

When the cells reached confluence, they were re-plated into a series of six well 

plates for further investigation. 
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Human Bone Marrow Derived Mesenchymal Cells (hBMMC) Cultures 

 HBMMC cells (p-5) were obtained from allcells, LLC (Emeryville, 

California).  The cells were removed from the -80°C and placed in a 37°C water 

bath until thawed.  10 ml of Hyclone media (basal medium for undifferentiated 

human mesenchymal stem cells) (Hyclone Laboratories, Inc., Logan, UT) was 

added to the cells and centrifuged for 5 minutes at 1,200 rpm.  The supernatant 

was removed and the cells were suspended in 10 ml of Hyclone media on a 10 

cm tissue culture plate.  The cells were allowed to grow in an incubator under 

the following conditions:  relative humidity (Rh) 99%, CO2 control 5.0% and 

temperature of 37°C.  The media was changed every 3 days.  When the cells 

reached confluence, they were split and incubated until further investigation. 

 

Multipotent Cord Blood-Derived Unrestricted Somatic Stem Cells 

(MCBUSSC) Cultures 

 MCBUSSC cells (p-3) were obtained from Allcells, LLC 

(Emeryville, California).  The cells were removed from the -80°C and placed in 

a 37°C water bath until thawed.  10 ml of Hyclone media (basal medium for 

undifferentiated human mesenchymal stem cells)(Hyclone Laboratories, Inc., 
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Logan, UT) was added to the cells and centrifuged for 5 minutes at 1,200 rpm.  

The supernatant was removed and the cells were suspended in 10 ml of 

Hyclone media on a 10 cm tissue culture plate.  The cells were allowed to grow 

in an incubator under the following conditions:  relative humidity (Rh) 99%, 

CO2 control 5.0% and temperature of 37°C.  The media was changed every 3 

days.  When the cells reached confluence, they were split and incubated until 

further investigation. 

 

Megakaryoblastic Leukemic Cell Line (MEG) Cultures 

 MEG cells (p-3) were obtained from ATCC (Manassas, Virginia).  

The cells were removed from the -80°C and placed in a 37°C water bath until 

thawed.  10 ml of RPMI media (1x) (Invitrogen, Carlsbad, CA) was added to 

the cells and centrifuged for 5 minutes at 1,200 rpm.  The supernatant was 

removed and the cells were suspended in 10 ml of RPMI media on a 10 cm 

tissue culture plate.  The cells were allowed to grow in an incubator under the 

following conditions:  relative humidity (Rh) 99%, CO2 control 5.0% and 

temperature of 37°C.  The media was changed every 3 days.  When the cells 

reached confluence, they were split and cultured until further investigation. 
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4.1.1 Splitting of the Cells 

 In order to culture the cells for our experimental conditions, the 

cells were harvested and plated on 6 well plates (250,000 cells/well).  For the 

purpose, the media was aspirated and the plates were washed twice with Hank’s 

balanced salt solution (HBSS).  Trypsin (0.3 ml) and Versene (2.7 ml) were 

added and the cells were incubated for 2 minutes.  The cells were verified under 

the microscope for detachment from the tissue culture plate.  3 ml of HUVEC 

media was added to neutralize the Trypsin and Versene.  The cells were then 

centrifuged for 5 minutes at 1200 rpm.  The supernatant was aspirated and the 

cells were re-suspended in 12 ml of HUVEC media.  1 ml of cells/media 

(250,000 cells) was added to each well of the 6 well plates.  An additional 2 ml 

of HUVEC media was added to each well.  The cells were grown in the 

incubator until they reached confluence as described earlier.  
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4.2 Matrigel Assay 

4.2.1 Erythropoietin Stock Preparation 

Erythropoietin-Alpha (human recombinant) was obtained from 

Prospecbio, Carlsbad, CA.  The stock was prepared with filter sterilized milli-Q 

H2O and 0.1% BSA (bovine serum albumin).  50 µg (120,000 U/mg) of EPO 

was dissolved in 300 µl of 0.1% BSA/milli-Q H2O.  The final concentration of 

the stock solution of Erythropoietin was 20 U/µl. 

  

4.2.2 Cell Culture for the Matrigel Assay 

The HUVEC cells were cultured in 6 well plates during treatment with 

EPO.  The five treatment groups consisted of:  control (HUVEC media), 1 U 

(EPO)/ml, 5 U (EPO)/ml, 10U (EPO)/ml, and 20 U (EPO)/ml.  EPO was 

added to the HUVEC media in the 5 specific treatment concentrations.  The 

HUVEC cells were treated for 5 days with (EPO).  The HUVEC media was 

changed twice within the five day treatment period.  Once the cells were treated 

for five days, they were harvested for further analysis in the Matrigel Assay (BD 

Biosciences, San Jose, California). 



27 

 

The HUVEC media was removed from all wells of the 6 well plate and 

washed twice with Hank's balanced salt solution (HBSS).  A mixture of 

Versene and 10% Trypsin was used to lift the cells from the base of the plates 

followed by a 3 minute incubation period.  Upon microscopic verification of 

cellular detachment, 2ml of HUVEC media was added to each well to de-

activate the Versene/10% Trypsin combination.  Mesh filters were placed on 

top of 6 separate 50ml tubes.  The media/cells combination was flushed 

through the mesh tubes into each 50ml tube.  Each well was washed with 1ml 

of HBSS and added through the mesh of each tube.  All 6 tubes were placed in 

a centrifuge and spun @ 1200 revolutions/minute (RPM’s) for 5 minutes. 

Once the cells had completed centrifugation, they were re-suspended in 

1ml of a 1:50 dilution of (Complete HUVEC medium: Basal Medium).  1ml of 

deprived media was added to each tube after re-suspension.  An aliquot of each 

treatment group was taken to determine the cell concentration. 

 

4.2.3 Matrigel Assay (Cell Concentration Quantification) 

The cell concentration was determined with a hemocytometer (cell-

counting chamber).  A 15µl aliquot of each treatment group was introduced 
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into the hemocytometer for counting under a microscope.  One entire grid on a 

standard hemocytometer with Neubauer rulings can be seen at 40x (4x 

objective) (Mather 1998).  It is this grid of known surface area and volume that 

is used to determine the final cell density of each treatment group.   

Once the aliquot is dispensed onto the slide and capillary action 

disperses the sample, the cells can be counted in the four outer quadrants and 

the larger middle square.  The cell counts were determined for each treatment 

group.  Since each square has surface area of 1 mm-squared and a depth of 0.1 

mm, the total volume of each square is 0.1 mm-cubed multiplied by the 5 

squares (0.5mm3) (Mather 1998).  The final cell count for each group was then 

divided by 0.5mm3 which gave the cell count/mm3.   There are 1000 cubic 

millimeters in one cubic centimeter (same as a milliliter), so the cell count is 

multiplied by 1000 to give the final cell number/ml (Mather 1998). 

The final cell concentrations for each treatment group were determined 

according to the procedure illustrated by Mather, et al.  The cellular 

concentration for the control group was determined to be 250,000 cells/ml.  

Since 75,000 cells were needed in 450µl for the matrigel assay, an aliquot of 

300µl was taken from the treatment group sample and 150µl of media was 

added to give a final concentration of 75,000 cells/450µl.   
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For each of the following treatment groups:  1 U, 5 U, 10 U, and 20 U 

EPO/ml treatment groups, the final cell number needed (e.g. 75,000 cells) was 

divided by the cell count for each group (e.g. 250,000 cells) to give the final 

volume of cells to be titrated with untreated media to a final volume of 450µl 

for each treatment group.     

 

4.2.4 Matrigel Assay (Formulation) 

 A 96 well plate was used for the matrigel assay.  The assay was 

performed in triplicate for each of the six treatment groups.  18 wells were 

utilized for the experiment.  Since 50µl of the matrigel formulation were 

needed for each of the 18 wells used in the assay, a total volume of 1ml of the 

matrigel formulation was prepared for the experiment.  900µl of matrigel and 

100µl diluting material (matrigel diluents) were prepared for the assay at a final 

concentration of 1X.  Care was taken to avoid the introduction of bubbles 

while mixing the two compounds.  A total of 50µl of the matrigel formulation 

was added to each of the 18 wells.  The 96 well plate was tapped several times 

to ensure the matrigel material covered the bottom of all 18 wells.  The 96 well 

plate was incubated for 60 minutes after all bubbles were removed.  After the 

60 minute incubation period of the 96 well plate, 150µl of cell/media 
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combination for each treatment group was added to each well.  Care was again 

taken to ensure no bubbles were introduced into the wells because they would 

interfere with the visualization of cellular branching during the matrigel assay.  

Following the cellular loading into the 96 well plate, the assay was documented 

microscopically and photographically for up to 10 hours. 

 

4.2.5 Matrigel Assay (Microscopic/Photographic Documentation) 

The assay was observed microscopically and documented 

photographically at 6 time points (1hr., 3hrs., 7hrs., and 24hrs.).  Slide-book 

was the program used to view and photograph the cells.  All treatment groups 

were viewed and photographed at 4x and 10x magnification at the 5 specific 

time points.  The exposure time was 2ms for each photograph taken. 

 

4.3 RNA Isolation 

4.3.1 RNA Isolation Introduction 

RNA was isolated from each of the four cell lines cultured (HUVEC, 

MEG, hBMMC,  MCBUSSC) to establish a baseline EPO receptor expression 
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before EPO treatment.  In addition, two cell lines (hBMMC and MCBUSSC) 

were treated with erythropoietin for seven days at four concentrations (1, 5, 10, 

and 20 U/ml).  The cell lines were incubated until each 10cm plate was 

confluent.  The cells were lysed directly in the cell culture dish with 2ml of 

Trizol.  The cell lysate was passed several times through the pipette and over 

the base of the cell culture dish to ensure all cells had been affected. 

 

4.3.2 RNA Isolation (Phase Separation) 

The dissolved cell lysate was heated to 37°C for five minutes to allow for 

complete dissociation of the nucleoprotein complexes (Chomczynski P 1995).  

200µl of chloroform were added to the sample and vortexed for approximately 

15 seconds.  The sample was then incubated at 37°C for 3 minutes.  The 

samples were then centrifuged at 1200 RPM’s for 5 minutes.  Following 

centrifugation, “The mixture separates into a lower red, phenol-chloroform 

phase, an inter-phase, and a colorless upper aqueous phase (RNA remains 

exclusively in the aqueous phase) (Chomczynski P 1995).  “The volume of the 

aqueous phase is about 60% of the volume of Trizol Reagent used for 

homogenization (Chomczynski P 1995).”  
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4.3.3 RNA Isolation (RNA Precipitation) 

 The aqueous phase (contains RNA) was transferred to a separate 

Eppendorf tube for precipitation of the RNA while being cautious not to 

disturb the interface of the two phases.  Isopropyl alcohol was used to 

precipitate the RNA from the aqueous phase.  The ratio of isopropyl 

alcohol/Trizol Reagent used (during initial homogenization) was 1:2.  After the 

isopropyl alcohol was added, the samples were incubated at 15-35°C for 10 

minutes (Chomczynski P 1995).  The samples were then centrifuged at 1,200 

RPM’s for 10 minutes at 2-8°C.  To confirm precipitation, “The  RNA 

precipitate, often visible before centrifugation, forms a gel-like pellet on the 

side and bottom of the tube (Chomczynski P 1995).” 

 

 

4.3.4 RNA Isolation (RNA Wash) 

 After the 10 minutes of centrifugation, the samples were removed and 

the supernatant was decanted.  The remaining pellet was washed once with 

75% ethanol, adding at least 1ml of 75% ethanol per 1ml of Trizol reagent (that 
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was used for the initial homogenization) (Chomczynski P 1995).  The sample 

was then vortexed and centrifuged (1,200 RPM’s for 5 minutes) at 2-8°C. 

 

4.3.5 RNA Isolation (re-dissolving the RNA) 

 After the procedure was complete, the RNA pellet was briefly dried 

(either air-dry or vacuum dry for 5-10 minutes).  50µl of diethyl dicarbonate 

(DEPC) was added to each sample to de-activate any RN-ase enzymes that may 

be present in the sample. 

 

  4.3.6 Agarose Gel Electrophoresis of RNA 

 The overall quality of the RNA was assessed by electrophoresis on an 

agarose gel. This method also provided information about the relative RNA 

yield. A denaturing gel system was used because most RNA forms extensive 

secondary structure via intramolecular base pairing, and this prevents it from 

migrating strictly according to its size (Masek T 2005).  If the RNA sample was 

intact, then the denaturing gel would have sharp 28S and 18S RNA bands. The 

28S RNA band should be approximately twice as intense as the 18S RNA band, 

this 2:1 ratio (28S:18S) is a good indication that the RNA is intact and not 
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degraded (Masek T 2005).  If the RNA sample was degraded by the addition of 

RNase at any step during the RNA isolation protocol, then the sample will 

appear smeared on the gel with no distinct bands within the gel.  

 The denaturing gel (UltraPure Agarose gel, Carlsbad, Ca) was prepared 

following the manufacture’s instructions.  81% Na2Pi, 19% NaPi (pH 7.4) 100x 

was prepared.  1X buffer was also prepared.  0.5g of agarose powder was 

weighed.  50 ml of the 1X buffer was added to the gel in addition to 50µl of 

DPC and 2µl of EtBr (all compounds were added under a hood).  The gel was 

run in the microwave for 1 minute.  The gel was loaded with a 1µl sample of 

RNA from each treatment group/cell line, 1µl of RNA loading buffer and 8µl 

of dH2O.  The denaturing agarose gel was then analyzed for the 

quality/quantity of the RNA sample. 

 

 

4.4 Semi-quantitative Reverse Transcriptase Polymerase Chain Reaction 

(RT-PCR) 

 Once the RNA samples have been qualified on the denaturing agarose 

gel, they were run in a semi-quantitative RT-PCR reaction to generate the 
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cDNA’s from the RNA sequence.  The reverse transcriptase enzyme was used 

to transcribe a cDNA sequence from an RNA template.  The cDNA’s were 

created for each cell line or treatment group depending on the experiment 

being performed.   

The RNA/primer mixture was prepared according to the manufacture’s 

instructions.  The primer sequence for each target are as follows:  GAPDH:    

Forward: 5’-ATCAATGATCCCTTCATCGATCTG-3’, Reverse: 5’-

TGGTGCACGATGCATTGCTGAC-3’, EPO-R:  Forward:  5’-

CTACCCCACCCCACCTAAAG-3’, Reverse:  5’-GCCTCGCCATCCCTGTT-

3’, VEGF:  Forward:  5′-GCAGAATCATCACGAAGTGG-3′, Reverse:  5′-

GCATGGTGATGTTGGACTCC-3′.   Specifically, each sample was incubated 

at 65°C for 5 minutes followed by a one minute incubation on ice.  The 

following reaction mixture was prepared:  2µl of 10x RT buffer, 4µl of 25 mM 

MgCl2, 2µl 0.1mM DTT, and 1µl of RNase OUT.  9µl of reaction mixture was 

added to each RNA/primer mixture and centrifuged for 2 minutes at 25°C.  

Following centrifugation, 1µl of SuperScript II RT (invitrogen, Carlsbad, Ca) 

was added to each tube.  The mixture was vortexed and incubated at 25°C for 

10 minutes.  The tubes were then transferred to 42°C and incubated for 50 

minutes.  The reaction was finally terminated by incubating the samples at 70°C 
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for 15 minutes.  The samples were then stored on ice.  1µl of RNase H was 

added to each tube and incubated at 37°C for 20 minutes.  The cDNA’s 

created were stored in a freezer for quantification via real time PCR (qPCR). 

 

4.5 Quantitative Real Time Polymerase Chain Reaction (qPCR) 

The cDNA’s created from the semi-quantitative RT-PCR assay were 

used in the qPCR assay.  This is significant because the amplified DNA was 

detected as the reaction progressed in real time, as compared to standard PCR, 

where the product of the reaction is detected at its end.  In addition, qPCR is 

quantifiable because a standard curve can be plotted and relative the gene 

expression is noted.   

Treated and un-treated cells were prepared in the following manner.  

Total RNA was extracted using Trizol by the manufacturer’s protocol 

(Invitrogen) and cDNA was generated by reverse transcription. Twenty 

microliters of reactions contained 1X SYBR Green Reaction Mix (BD 

bioscience), 1µL cDNA, and 100nM of each primer. Quantitative reverse 

transcription-PCR (qRT-PCR) variables were as follows: 1 cycle (50oC for 2 

minutes), 1 cycle (95oC for 10 minutes), and 40 cycles [95oC for 15 seconds 
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and 60oC for 1 minute].  Amplification of GAPDH was used as an internal 

control.  Relative expression among samples was calculated by the comparative 

CT method.  All samples were tested in triplicate.  The following primers were 

used:   

GAPDH    Forward: 5’-ATCAATGATCCCTTCATCGATCTG-3’ 

                Reverse: 5’-TGGTGCACGATGCATTGCTGAC-3’ 

EPO-R    Forward:  5’-CTACCCCACCCCACCTAAAG-3’ 

      Reverse:  5’-GCCTCGCCATCCCTGTT-3’ 

 VEGF    Forward:  5′-GCAGAATCATCACGAAGTGG-3′  

      Reverse:  5′-GCATGGTGATGTTGGACTCC-3′ 

           

 

4.6 Statistics 

 q-PCR results were expressed as mean ± standard deviation (S.D.). 

Statistical analyses were performed using an unpaired Student's t-test. Statistical 

significance was set at a P-value less than 0.05 (*). 
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CHAPTER 5 

RESULTS:  SPECIFIC AIM #1 

5.1 Matrigel Assay (1 Hour Observation) 

HUVEC cells were cultured and after they reached confluence, they 

were split into a 6 well plate and treated with 4 individual concentrations of 

erythropoietin (1, 5, 10, and 20 U/ml) for 7 days, as mentioned in the materials 

and methods section.  Once the matrigel was prepared, the cells were seeded, 

viewed under an inverted microscope (Olympus IX81; Olympus America, 

Melville, NY), and pictures were taken with a digital camera (Hamamatsu 

C4742, Hamamatsu Photonics, Hamamatsu, Japan) with imaging software 

SlideBook 4.2 (Intelligent Imaging Innovations Inc., Denver, CO).  Digital 

pictures were taken at 4 time points (1hr., 3hrs., 7hrs., and 24hrs.) to evaluate 

cellular branching within the collagen matrix.  

Figure #1 demonstrates the HUVEC cells 1 hour after seeding the 96 

well plate (25,000 cells/well).  The cells exhibited initial alignment on the 

reconstituted basement membrane provided by the matrigel.  The reconstituted 

basement membrane was derived from Engelbroth-Holm-Swarm (EHS) mouse 

sarcoma and consisted of:  laminin, collagen Type IV, nidogen/enactin and 
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proteoglycan (a composition comparable to basement membrane proteins 

(Dasgupta 2000).   
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Figure #1: (1 hour) Time-course of the 

reorganization of HUVEC cells grown on a 

collagen gel (phase contrast microscopy @ 

10x).  25,000 cells were seeded in each well 

of a 96 well plate.  (a) 0 U/ml EPO. (b) 1 

U/ml EPO.  (c) 5 U/ml EPO. (d) 10 U/ml 

EPO. (e) 20 U/ml EPO.  Group’s a-e 

exhibited initial alignment on the ECM 

provided by the matrigel.   

a b 

c d 

e 
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5.1.1 Matrigel Assay (3 Hour Observation) 

The HUVEC cells were observed 3 hours after initial seeding of the 

matrigel.  All five treatment groups exhibited initial sprouting of tubules 

between the endothelial cells.  From a qualitative perspective, there was no 

observable difference between treatment groups (see figure #2).     
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Figure #2: (3 hour) Time-course of the 

reorganization of HUVEC cells grown on a 

collagen gel (phase contrast microscopy @ 

10x).  25,000 cells were seeded in each well 

of a 96 well plate.  (a) 0 U/ml EPO. (b) 1 

U/ml EPO.  (c) 5 U/ml EPO. (d) 10 U/ml 

EPO. (e) 20 U/ml EPO.  Group’s a-e 

exhibited initial sprouting of tubules 

between the HUVEC cells.   

a b 

c d 

e 
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5.1.2 Matrigel Assay (7 Hour Observation) 

The HUVEC cells were observed 7 hours after initial seeding of the 

matrigel.  Multiple anastomoses formed between small colonies of adjacent 

endothelial cells (see figure #3, a-e).  The small colonies of endothelial cells 

must reach confluence in order to form an anastomosis between the confluent 

center and sub-confluent periphery (Folkman 1980).  Theses anastomoses are 

referred to as tubules.   All five treatment groups exhibited maximal branching 

of tubules between the endothelial cells.  From a qualitative perspective, there 

was no observable difference between the number of tubules formed between 

treatment groups (see figure #3).     
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Figure #3: (7 hour) Time-course of the 

reorganization of HUVEC cells grown on a 

collagen gel (phase contrast microscopy @ 

10x).  25,000 cells were seeded in each well 

of a 96 well plate.  (a) 0 U/ml EPO. (b) 1 

U/ml EPO.  (c) 5 U/ml EPO. (d) 10 U/ml 

EPO. (e) 20 U/ml EPO.  Group’s a-e 

exhibited maximal branching via cellular 

tubules between HUVEC cells.   

a b 

c d 

e 
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5.1.3 Matrigel Assay (24 Hour Observation) 

The HUVEC cells were observed via phase contrast microscopy 24 

hours after initial seeding.  All treatment groups exhibited significantly reduced 

tubular branching and cellular necrosis as seen in figure #3 (a-e).  Cellular 

necrosis is consistent with the matrigel assay at 24 hours because this was an 

acute experiment used to determine the angiogenic effect of a compound and 

not cellular longevity.  In addition, cellular media was not changed during the 

24 hour observation period. 
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Figure #4: (24 hour) Time-course of the 

reorganization of HUVEC cells grown on a 

collagen gel (phase contrast microscopy @ 

10x).  25,000 cells were seeded in each well 

of a 96 well plate.  (a) 0 U/ml EPO. (b) 1 

U/ml EPO.  (c) 5 U/ml EPO. (d) 10 U/ml 

EPO. (e) 20 U/ml EPO.  Group’s a-e 

exhibited cellular necrosis and reduced 

tubular branching between HUVEC cells.   

a b 

c d 

e 
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RESULTS:  SPECIFIC AIM #2 

5.2 Erythropoietin’s Effect on Receptor Expression in Untreated Stem 

Cells. 

RNA was isolated from each of the four cell lines cultured (HUVEC, 

hBMMC, MCBUSSC, and MEG-1) to quantify the base-line EPO receptor 

expression after the cell cultures reached confluence as previously noted in the 

materials and methods section.  Following isolation, 1µl of each sample was 

placed in an Eppendorf tube and subsequently placed in a spectrophotometer 

(Biotek, Synergy-HT, Winooski, VT) to determine the RNA concentration for 

each sample.  In addition, 1µl of each sample was also placed in an agarose gel 

for RNA qualification (see figure #5). Determination of the RNA 

concentration was an essential step in standardizing the signals from each cell 

line in the agarose gel.   

The signals must be standardized or the subsequent analyses (RT-PCR 

and q-PCR) will produce inaccurate results.  Since the RNA concentration for 

each sample had been calculated, 1 µg of each sample was used for the final 

step in signal standardization of the agarose gel (see figure #5).  Intact total 

RNA run on an agarose gel will exhibit a sharp/clear 28S and 18S rRNA bands. 

The 28S rRNA band should be approximately twice as intense as the 18S 



 

rRNA band.  Following the agarose gel standardization

requires 6µl of each sample for an accurate a

 

No. 

1 

2 

3 

4 
 

 

 

     MEG     HUVEC   HBMMC    MCBUSSC

1 μl 

Figure #5:  
HBMMC, and MCBUSSC cells (RNA)

RNA samples were loaded at the top of the agarose gels. When a 

voltage is applied across the gel, the RNA strands travel downward 

with smaller strands 

intensity is indicative of quantity.  

was loaded to each of the 5 lanes in the gel.  

to each lane of the gel.  The cell lines noted in the chart above the 

gels corresponds to the lanes of both gels (A and B). 
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Following the agarose gel standardization, the RT-PCR assay 

requires 6µl of each sample for an accurate analysis. 

 

TX OD @ 260nm Conc [ug/ul] 

MEG 1.213 2.43 

HUVEC 0.477 0.95 

HBMMC 0.303 0.61 

MCBUSSC 0.447 0.89 

 

 

 

 

 

 

 

MEG     HUVEC   HBMMC    MCBUSSC      MEG     HUVEC   HBMMC    MCBUSSC

 1 μg 

  Agarose gel electrophoresis of MEG-1, HUVEC, 
HBMMC, and MCBUSSC cells (RNA): The negatively-charged 

RNA samples were loaded at the top of the agarose gels. When a 

voltage is applied across the gel, the RNA strands travel downward 

with smaller strands moving faster than larger strands. The light 

intensity is indicative of quantity.  A. 1µl of RNA from each cell line 

was loaded to each of the 5 lanes in the gel.  B. 1.0 µg was added 

to each lane of the gel.  The cell lines noted in the chart above the 

ls corresponds to the lanes of both gels (A and B).  

PCR assay 

1 UG 

0.41 

1.05 

1.65 

1.12 

 

MEG     HUVEC   HBMMC    MCBUSSC 

1, HUVEC, 

charged 

RNA samples were loaded at the top of the agarose gels. When a 

voltage is applied across the gel, the RNA strands travel downward 

moving faster than larger strands. The light 

1µl of RNA from each cell line 

1.0 µg was added 

to each lane of the gel.  The cell lines noted in the chart above the 

B. 
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5.2.1 RT-PCR Results 

Following RNA isolation and standardization using the 

spectrophotometer and agarose gels, six µl of RNA from each of the four cell 

lines were used to qualitatively/semi-quantitatively determine the EPO-R 

receptor expression in each cell line.  The primers used were:   

GAPDH    Forward: 5’-ATCAATGATCCCTTCATCGATCTG-3’ 

                Reverse: 5’-TGGTGCACGATGCATTGCTGAC-3’ 

EPO-R    Forward:  5’-CTACCCCACCCCACCTAAAG-3’ 

      Reverse:  5’-GCCTCGCCATCCCTGTT-3’ 

Amplification of GAPDH was used as an internal control.  Following 

thirty cycles of RT-PCR, there was equal signal expression of GAPDH 

throughout each of the four samples tested (see figure #6).  The MEG-1 cell 

line (positive control) exhibited the strongest signal of the four cell lines being 

evaluated (see figure #6).  The HUVEC cell lines exhibited the second 

strongest signal in the assay followed by HBMMC and MCBUSSC, respectively 

(see figure #6).     
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  Cells Primer 20 Cycles 30 Cycles 

1 MEG GAPDH 1,2 & 3 equal all equal 

2 HUVEC GAPDH   all equal 

3 HBMMC GAPDH   all equal 

4 MCBUSSC GAPDH less than 1, 2 &3 all equal 

5 MEG EPO equal expression equal expression 

6 HUVEC EPO equal expression equal expression 

7 HBMMC EPO less than 5 & 6 less than 5 & 6 

8 MCBUSSC EPO least expressed least expressed 

 

 

 

 

 

 

Figure #6:  Expression of erythropoietin receptors (EPO-R) 

without treatment in the following cells lines:  (HUVEC), 

(hBMMC), (MCBUSSC), and (MEG-1) cells.  Six µl of total RNA 

extracted from each cell line was reverse-transcribed and amplified 

for 30 PCR cycles by using specific primers for the EPO-R 

receptor (see methods).  Amplification of GAPDH was used as an 

internal control.  The amplified products were visualized on 1.0% 

agarose gels.     
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5.2.2 Real Time PCR Results  

Following the total RNA was extraction procedure, cDNA was 

generated by reverse transcription. Twenty microliters of reactions contained 

1X SYBR Green Reaction Mix (BD bioscience), 1µL cDNA, and 100nM of 

each primer. Quantitative reverse transcription-PCR (qRT-PCR) variables were 

as follows: 1 cycle (50oC for 2 minutes), 1 cycle (95oC for 10 minutes), and 40 

cycles [95oC for 15 seconds and 60oC for 1 minute].  Amplification of 

GAPDH was used as an internal control.  Relative expression among samples 

was calculated by the comparative CT method.  All samples were tested in 

triplicate.  The following primers were used:   

GAPDH    Forward: 5’-ATCAATGATCCCTTCATCGATCTG-3’ 

                Reverse: 5’-TGGTGCACGATGCATTGCTGAC-3’ 

EPO-R    Forward:  5’-CTACCCCACCCCACCTAAAG-3’ 

      Reverse:  5’-GCCTCGCCATCCCTGTT-3’. 

 The results of the relative expression of the EPO-R receptor showed 

that the MEG cell line had the highest gene expression of the EPO-R receptor 

(a three-fold increase over the second highest expression (HUVEC cell line)) 
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(see figure #7).  The HUVEC cell line demonstrated the second highest 

expression followed by HBMMC and MCBUSSC, respectively (see figure #7). 
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Well 
Sample 
Name 

Target 
Name Reporter Quencher Cт Cт Mean Cт SD 

A1 MEG EPO SYBR None 23.10166 23.36396 0.475878 
A2 MEG EPO SYBR None 23.07694 23.36396 0.475878 
A3 MEG EPO SYBR None 23.91327 23.36396 0.475878 
A4 HUVEC EPO SYBR None 24.7126 24.62757 0.130459 
A5 HUVEC EPO SYBR None 24.47736 24.62757 0.130459 
A6 HUVEC EPO SYBR None 24.69274 24.62757 0.130459 
A7 HBMMC EPO SYBR None 27.89722 28.01679 0.134296 
A8 HBMMC EPO SYBR None 27.99105 28.01679 0.134296 
A9 HBMMC EPO SYBR None 28.16209 28.01679 0.134296 
A10 MCBUSSC EPO SYBR None 29.09403 29.0072 0.268014 
A11 MCBUSSC EPO SYBR None 29.22103 29.0072 0.268014 
A12 MCBUSSC EPO SYBR None 28.70653 29.0072 0.268014 
B1 MEG Gapdh SYBR None 22.91426 22.87821 0.035436 
B2 MEG Gapdh SYBR None 22.87693 22.87821 0.035436 
B3 MEG Gapdh SYBR None 22.84343 22.87821 0.035436 
B4 HUVEC Gapdh SYBR None 22.41095 22.46128 0.045871 
B5 HUVEC Gapdh SYBR None 22.50073 22.46128 0.045871 
B6 HUVEC Gapdh SYBR None 22.47215 22.46128 0.045871 
B7 HBMMC Gapdh SYBR None 22.69634 22.74793 0.045788 
B8 HBMMC Gapdh SYBR None 22.78375 22.74793 0.045788 
B9 HBMMC Gapdh SYBR None 22.7637 22.74793 0.045788 
B10 MCBUSSC Gapdh SYBR None 22.79179 22.79478 0.017811 
B11 MCBUSSC Gapdh SYBR None 22.77865 22.79478 0.017811 
B12 MCBUSSC Gapdh SYBR None 22.8139 22.79478 0.017811 
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Figure #7:  Relative Expression (qPCR) of EPO-R receptor (MEG, HUVEC, HBMMC, MCBUSSC cell): 
The data seen in figure #7A are the Ct (cross threshold values) values of EPO-R receptor expression and the 

standardization results generated by the Ct values from GADPH.  Figure #7B is the graphic representation of 

Figure #12A.   

B.  

A.  
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5.3. Erythropoietin’s Effect on Receptor Expression in Treated Stem 

Cells. 

RNA was isolated from the two cell lines cultured (hBMMC and   

MCBUSSC) to quantify EPO receptor expression after the cell cultures were 

treated with EPO for 7 consecutive days at four concentrations (1u/ml, 5u/ml, 

10u/ml, and 20u/ml) as previously noted in the materials and methods section.  

Following isolation, 1µl of each sample was placed in an Eppendorf tube and 

subsequently placed in a spectrophotometer (Biotek, Synergy-HT, Winooski, 

VT) to determine the RNA concentration for each sample.  Determination of 

RNA concentration was an essential step in standardizing the signals from each 

cell line in the agarose gel.   

 

5.3.1 RNA Isolation Results (MCBUSSC Cells) 

Since the RNA concentration for each sample had been calculated via 

spectro-photometry, 1 µl of RNA was used for initial signal standardization of 

the agarose gel (see figure #8A).  Following the results of the 1µl sample, 0.5 

µg of RNA from MCBUSSC cells was used to continue the gel standardization 

protocol (see figure #8B).  The 0.5 µg sample was adjusted by either reducing 
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or elevating the RNA volume from the sample as seen in the chart below figure 

#8B.  The final 0.5µg gel was adjusted according to the chart below figure #9 

to determine the final quantity for the RT-PCR assay.  The final quantity was 

calculated from the adjustments that were needed for the final 0.5µg gel.  Since 

3 µg would yield a number above 6 µl for the RT-PCR assay, all samples were 

equilibrated to 6 µl with a speed vacuum.       

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Cell Type: MCBUSSC
EPO (U/ml) 0 

OD 0.184 
ug/ul 0.368 
1 UG 2.7 

0.5 UG 1.4 
 

 

 

 

 

 

 

EPO (U/ml) 0 
0.5 UG 1.4 
Adjust 1.4 

 

 

 

 

B

.  

Figure #8:  Agarose gel electrophoresis of MCBUSSC cells 
(RNA): The negatively

top of the agarose gels. When a voltage is applied across the gel, 

the RNA strands travel downward with smaller strands moving 

faster than larger strands. The light intensity is indicative of 

quantity.  A. 1µl of each treatment concentration was loaded to 

each of the 5 lanes in the gel.  

the gel.  The treatment noted in the chart above the gels 

corresponds to the lanes of both gels (A and B).  The 0.5 µg gel 

was adjusted according to the chart below it and the resultant gel 

can be seen in figure #9. 

A

.  
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Agarose gel electrophoresis of MCBUSSC cells 

: The negatively-charged RNA samples were loaded at the 

top of the agarose gels. When a voltage is applied across the gel, 

the RNA strands travel downward with smaller strands moving 

faster than larger strands. The light intensity is indicative of 

1µl of each treatment concentration was loaded to 

each of the 5 lanes in the gel.  B. 0.5µg was added to each lane of 

the gel.  The treatment noted in the chart above the gels 

corresponds to the lanes of both gels (A and B).  The 0.5 µg gel 

ted according to the chart below it and the resultant gel 

can be seen in figure #9.  

1 µl

0.5 µg

1 µl 

0.5 µg  



 

 
 
 
 
 
 
 
 
 
 
 
 
 

EPO (U/ml) 
0.5 µg 
Adjust 
3 UG 

Take out above volumes & speed  vac to
 

 

 

 

 

Figure #9:  Agarose gel electrophoresis of MCBUSSC cells 
(RNA): The gel shown above was adjusted as shown above in the 

adjustment column for standardization.  The 0.5 µg sample was 

multiplied by a factor of 6 to yield a 3 µg sample.  Since the RT

PCR assay only requires a 6 µl sample, all volume above 6 µl was 

speed vacuumed out.  
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out above volumes & speed  vac to 6 ul total for each. 

 

 

 

 

 

 

 

 

Agarose gel electrophoresis of MCBUSSC cells 

: The gel shown above was adjusted as shown above in the 

adjustment column for standardization.  The 0.5 µg sample was 

multiplied by a factor of 6 to yield a 3 µg sample.  Since the RT-

PCR assay only requires a 6 µl sample, all volume above 6 µl was 

vacuumed out.   

20 
1.5 
1.5 
9.0 

0.5 µg adj. 
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5.3.2 RNA Isolation Results (HBMMC Cells) 

HBBMMC cells were cultured in the same manner described in the 

methods section.   Following isolation, 1µl of RNA from HBMMC cells was 

placed in an Eppendorf tube and subsequently placed in a spectrophotometer 

(Biotek, Synergy-HT, Winooski, VT)  to determine the RNA concentration for 

each sample.  Determination of RNA concentration was an essential step in 

standardizing the signals from each cell line in the agarose gel. 

 Since the RNA concentration for each sample had been calculated via 

spectrophotometry, 1 µl of RNA was used for initial signal standardization of 

the agarose gel (see figure #10A).  Following the results of the 1µl sample, 0.5 

µg of RNA from HBMMC cells was used to continue the gel standardization 

protocol (see figure #10B).  The 0.5 µg sample was adjusted by either reducing 

or elevating the RNA volume from the sample as seen in the chart below figure 

#10B.  The final 0.5µg gel was adjusted according to the chart below figure 

#11 to determine the final quantity for the RT-PCR assay.  The final quantity 

was calculated from the adjustments that were needed for the final 0.5µg gel.  

Since 3 µg would yield a number above 6 µl for the RT-PCR assay, all samples 

were equilibrated to 6 µl with a speed vacuum.       

 



 

 
Cell Type: HBMMC 
EPO (U/ml) 0 

OD 0.184 
ug/ul 0.368 
1 UG 2.7 

0.5 UG 1.4 
 

 

 

 

 

 

 

EPO (U/ml) 0 
0.5 UG 1.4 
Adjust 1.4 

 

 

B

.  

Figure #10:  Agarose gel electrophoresis of HBMMC cells 
(RNA): The negatively

top of the agarose gels. When a voltage is applied across the gel, 

the RNA strands travel downward with smaller strands moving 

faster than larger strands. The light intensity is indicative of 

quantity.  A. 1µl of each treatment concentration was loaded to 

each of the 5 lanes in the gel.  

the gel.  The treatment noted in the chart above the gels 

corresponds to the lanes of both gels (A and B).  The 0.5 µg gel 

was adjusted according to the chart below it and the resultant gel 

can be seen in figure #9. 

A
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Agarose gel electrophoresis of HBMMC cells 

: The negatively-charged RNA samples were loaded at the 

top of the agarose gels. When a voltage is applied across the gel, 

the RNA strands travel downward with smaller strands moving 

faster than larger strands. The light intensity is indicative of 

1µl of each treatment concentration was loaded to 

each of the 5 lanes in the gel.  B. 0.5µg was added to each lane of 

the gel.  The treatment noted in the chart above the gels 

corresponds to the lanes of both gels (A and B).  The 0.5 µg gel 

ted according to the chart below it and the resultant gel 

can be seen in figure #9.  
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Figure #11:  Agarose gel electrophoresis of HBMMC cells 
(RNA): The gel shown above was adjusted as shown above in the 

adjustment column for standardization.  The 0.5 µg sample was 

multiplied by a factor of 6 to yield a 3 µg sample.  Since the RT

PCR assay only requires a 6 µl sample, all volume above 6 µl was 

speed vacuumed out.  
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Agarose gel electrophoresis of HBMMC cells 

: The gel shown above was adjusted as shown above in the 

adjustment column for standardization.  The 0.5 µg sample was 

multiplied by a factor of 6 to yield a 3 µg sample.  Since the RT-

PCR assay only requires a 6 µl sample, all volume above 6 µl was 

vacuumed out.   

20 
1.5 
1.5 
9.0 

0.5 µg adj. 
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5.3.3 RNA RT-PCR Results (MCBUSSC Cells) 

Following RNA isolation and standardization using the 

spectrophotometer and agarose gels, six µl of RNA from each of the five 

treatment groups among the MCBUSSC cell line were used to 

qualitatively/semi-quantitatively determine the EPO-R receptor expression in 

each cell line.  The primers used for EPO-R and GAPDH were:   

GAPDH    Forward: 5’-ATCAATGATCCCTTCATCGATCTG-3’ 

                Reverse: 5’-TGGTGCACGATGCATTGCTGAC-3’ 

EPO-R    Forward:  5’-CTACCCCACCCCACCTAAAG-3’ 

      Reverse:  5’-GCCTCGCCATCCCTGTT-3’ 

Amplification of GAPDH was used as an internal control.  Following thirty 

cycles of RT-PCR, there was equal signal expression of GAPDH throughout 

each of the four samples tested (see figure #12).  The 0 EPO (U/ml) treatment 

group seemed to exhibit the weakest signal (see figure #12). 1 and 5 U/ml 

(EPO) treatment groups showed similar signals (see figure #12).  Finally, the 10 

and 20 U/ml (EPO) treatment groups also exhibited similar signals in the RT-

PCR assay (see figure #12).     
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Figure #12:  Expression of erythropoietin receptors (EPO-R) after MCBUSSC cells were 

treated with EPO at four concentrations (1, 5, 10, and 20 U/ml) for seven days.  Six µl of 

total RNA extracted from treatment group was reverse-transcribed and amplified for 30 

PCR cycles by using specific primers for the EPO-R receptor (see methods).  Amplification 

of GAPDH was used as an internal control.  The amplified products were visualized on 

1.0% agarose gels.     
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5.3.4 RNA RT-PCR Results (HBMMC Cells) 

Following RNA isolation and standardization using the 

spectrophotometer and agarose gels, six µl of RNA from each of the five 

treatment groups among the HBMMC cell line were used to qualitatively/semi-

quantitatively determine the EPO-R receptor expression in each cell line.  The 

primers used for EPO-R and GAPDH were:   

GAPDH    Forward: 5’-ATCAATGATCCCTTCATCGATCTG-3’ 

                Reverse: 5’-TGGTGCACGATGCATTGCTGAC-3’ 

EPO-R    Forward:  5’-CTACCCCACCCCACCTAAAG-3’ 

      Reverse:  5’-GCCTCGCCATCCCTGTT-3’ 

Amplification of GAPDH was used as an internal control.  Following thirty 

cycles of RT-PCR, there was equal signal expression of GAPDH throughout 

each of the four samples tested (see figure #13).  The 0, 1, and 5 U/ml (EPO) 

treatment group seemed to exhibit similar signals (see figure #13).  The 10 

U/ml (EPO) treatment group exhibited a signal weaker than the 0, 1, and 5 

U/ml treatment groups (see figure #13).  Finally, 20 U/ml (EPO) treatment 

group also exhibited the weakest signal in the RT-PCR assay (see figure #13).     
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Figure #13:  Expression of erythropoietin receptors (EPO-R) after HBMMC cells were 

treated with EPO at four concentrations (1, 5, 10, and 20 U/ml) for seven days.  Six µl of 

total RNA extracted from treatment group was reverse-transcribed and amplified for 30 

PCR cycles by using specific primers for the EPO-R receptor (see methods).  Amplification 

of GAPDH was used as an internal control.  The amplified products were visualized on 

1.0% agarose gels.     
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5.3.5 EPO Receptor Expression via qPCR (MCBUSSC Cells) 

Following the total RNA extraction procedure from the MCBUSSC 

cells, cDNA was generated by reverse transcription. Twenty microliters of 

reactions contained 1X SYBR Green Reaction Mix (BD bioscience), 1µL 

cDNA, and 100nM of each primer. Quantitative reverse transcription-PCR 

(qRT-PCR) variables were as follows: 1 cycle (50oC for 2 minutes), 1 cycle 

(95oC for 10 minutes), and 40 cycles [95oC for 15 seconds and 60oC for 1 

minute].  Amplification of GAPDH was used as an internal control.  Relative 

expression among samples was calculated by the comparative CT method.  All 

samples were tested in triplicate.  The following primers were used:   

GAPDH    Forward: 5’-ATCAATGATCCCTTCATCGATCTG-3’ 

                Reverse: 5’-TGGTGCACGATGCATTGCTGAC-3’ 

EPO-R    Forward:  5’-CTACCCCACCCCACCTAAAG-3’ 

      Reverse:  5’-GCCTCGCCATCCCTGTT-3’. 

 The results of the relative expression of the EPO-R receptor showed 

that the 1 U/ml (EPO) treatment group had the highest gene expression of the 

EPO-R receptor (see figure #14).  The 5 and 10 U/ml (EPO) treatment groups 

demonstrated similar expression in the qPCR assay for EPO-R expression (see 
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figure #14).  The 20 U/ml (EPO) treatment group exhibited the lowest 

expression of the EPO-R receptor and was nearly statistically significant (p-

value: 0.054106) (see figure #14B).  No treatment group was statistically 

different from the control group.  Interestingly, a dose response curve can be 

seen in figure #14C, although no values were statistically significant when 

compared to the mean control value. 
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Sample Target NameTask Reporter Cт Cт Mean Cт SD Quantity Quantity MeanQuantity SD Automatic Ct Threshold
0-1 Epo MCBUSSC SYBR 29.1726 28.89756 0.238234 5.012522 5.415094 0.40257226 1.3218626
0-1 Epo MCBUSSC SYBR 28.7645 28.89756 0.238234 4.604418 5.415094 0.8106762 1.7540334
0-1 Epo MCBUSSC SYBR 28.75558 28.89756 0.238234 4.595503 5.415094 0.81959115 1.7649058
1-1 Epo MCBUSSC SYBR 28.40313 28.2568 0.279029 4.443254 5.415094 0.97183953 1.9613398
1-1 Epo MCBUSSC SYBR 27.93504 28.2568 0.279029 3.975164 5.415094 1.43992959 2.7130762
1-1 Epo MCBUSSC SYBR 28.43222 28.2568 0.279029 4.472345 5.415094 0.94274865 1.9221869
5-1 Epo MCBUSSC SYBR 27.79949 28.46941 0.588721 3.966169 5.415094 1.44892464 2.7300448
5-1 Epo MCBUSSC SYBR 28.70439 28.46941 0.588721 4.871067 5.415094 0.54402695 1.4580366
5-1 Epo MCBUSSC SYBR 28.90436 28.46941 0.588721 5.071035 5.415094 0.34405861 1.2693225
10-1 Epo MCBUSSC SYBR 28.94808 29.39533 0.708551 4.150904 5.415094 1.2641903 2.4019237
10-1 Epo MCBUSSC SYBR 30.21227 29.39533 0.708551 5.415094 5.415094 -3.7561E-07 0.9999997
10-1 Epo MCBUSSC SYBR 29.02565 29.39533 0.708551 4.228474 5.415094 1.18662034 2.276189
20-1 Epo MCBUSSC SYBR 29.2273 29.06234 0.18559 5.305254 5.415094 0.10984002 1.0791086
20-1 Epo MCBUSSC SYBR 29.09833 29.06234 0.18559 5.176285 5.415094 0.23880921 1.1800183
20-1 Epo MCBUSSC SYBR 28.86139 29.06234 0.18559 4.939346 5.415094 0.47574769 1.3906387

Figure #14:  Relative Expression (qPCR) of EPO-R receptor (MCBUSSC Cells): The 
data seen in figure #14A are the Ct (cross threshold values) values of EPO-R receptor 

expression and the standardization results generated by the Ct values from GADPH.  Figure 

#14B is the averages of the relative EPO-R receptor expression with statistical analyses.  

Figure #14C is the graphic representation of Figure #14B.  All values are means +/- SD 

(n=3/group).  A paired/2 tailed Student’s T-test was performed (*P< 0.05 compared with 

control).   

B. 

A. 

C. 
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5.3.6 EPO Receptor Expression via qPCR (HBMMC Cells) 

Following the total RNA extraction procedure from HBMMC cells, 

cDNA was generated by reverse transcription. Twenty microliters of reactions 

contained 1X SYBR Green Reaction Mix (BD bioscience), 1µL cDNA, and 

100nM of each primer. Quantitative reverse transcription-PCR (qRT-PCR) 

variables were as follows: 1 cycle (50oC for 2 minutes), 1 cycle (95oC for 10 

minutes), and 40 cycles [95oC for 15 seconds and 60oC for 1 minute].  

Amplification of GAPDH was used as an internal control.  Relative expression 

among samples was calculated by the comparative CT method.  All samples 

were tested in triplicate.  The following primers were used:   

GAPDH    Forward: 5’-ATCAATGATCCCTTCATCGATCTG-3’ 

                Reverse: 5’-TGGTGCACGATGCATTGCTGAC-3’ 

EPO-R    Forward:  5’-CTACCCCACCCCACCTAAAG-3’ 

      Reverse:  5’-GCCTCGCCATCCCTGTT-3’. 

 The results of the relative expression of the EPO-R receptor showed 

that the 20 U/ml (EPO) treatment group had the highest gene expression of 

the EPO-R receptor and was statistically different from the control group (p-

value 0.01846) (see figure #15).  The 10 U/ml (EPO) treatment group 
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exhibited the second highest expression of the EPO-R receptor and was nearly 

statistically significant (see figure #15).  The 1 and 5 U/ml (EPO) treatment 

groups demonstrated the similar expression in the qPCR assay for EPO-R 

expression (see figure #15).   The 1, 5, and 10 U/ml (EPO) treatment groups 

were not statistically different from control (see figure #15C).  The graph 

demonstrated an agonistic effect at the 10 and 20 U/ml (EPO) concentrations 

(see figure #15B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure #15:  Relative Expression (qPCR) of EPO
data seen in figure #15A are the Ct (cross threshold values) values of EPO

expression and the standardization results generated by the Ct values from GADPH.  Figure 

#15B is the averages of the relative EPO

Figure #15C is the graphic representation of Figure #15B.  All values are means +/

(n=3/group).  A paired/2 tailed Student’s T

control).   

A. 

B. 

C. 
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Relative Expression (qPCR) of EPO-R receptor (HBMMC Cells):

data seen in figure #15A are the Ct (cross threshold values) values of EPO-R receptor 

expression and the standardization results generated by the Ct values from GADPH.  Figure 

#15B is the averages of the relative EPO-R receptor expression with statistical analyses.  

Figure #15C is the graphic representation of Figure #15B.  All values are means +/

(n=3/group).  A paired/2 tailed Student’s T-test was performed (*P< 0.05 compared with 

* 

 

 

R receptor (HBMMC Cells): The 

R receptor 

expression and the standardization results generated by the Ct values from GADPH.  Figure 

ical analyses.  

Figure #15C is the graphic representation of Figure #15B.  All values are means +/- SD 

test was performed (*P< 0.05 compared with 
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RESULTS:  SPECIFIC AIM #3 

5.4 Erythropoietin’s effect on VEGF expression via semi-quantitative      

RT-PCR (HBMMC and MCBUSSC cells) 

Following RNA isolation and standardization using the 

spectrophotometer and agarose gels, six µl of RNA from each of the five 

treatment groups among the HBMMC and MCBUSSC cell lines were used to 

qualitatively/semi-quantitatively determine the VEGF expression in each cell 

line.  The primers used for EPO-R and VEGF were:   

GAPDH    Forward: 5’-ATCAATGATCCCTTCATCGATCTG-3’ 

                Reverse: 5’-TGGTGCACGATGCATTGCTGAC-3’ 

VEGF    Forward:  5′-GCAGAATCATCACGAAGTGG-3′  

      Reverse:  5′-GCATGGTGATGTTGGACTCC-3′ 

Amplification of GAPDH was used as an internal control.  Following 

thirty cycles of RT-PCR, there was equal signal expression of GAPDH 

throughout each of the four samples tested in the HBMMC cell line (see figure 

#16).  The 0, 1, and 5, and 10 U/ml (EPO) treatment group seemed to exhibit 

similar signals (see figure #16).  The 20 U/ml (EPO) treatment group exhibited 
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the weakest signal, as compared to the remaining treatment groups (see figure 

#16).   

 

 

Figure #16:  Expression of VEGF after HBMMC cells were treated with EPO at four 

concentrations (1, 5, 10, and 20 U/ml) for seven days.  Six µl of total RNA extracted from 

treatment group was reverse-transcribed and amplified for 30 PCR cycles by using specific 

primers for VEGF (see methods).  Amplification of GAPDH was used as an internal 

control.  The amplified products were visualized on 1.0% agarose gels.     
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Following thirty cycles of RT-PCR, there was equal signal expression of 

GAPDH throughout each of the four samples tested in the MCBUSSC cell line 

(see figure #17).  The 0, 1, 5, 10 U/ml (EPO) treatment group seemed to 

exhibit similar signals (see figure #17).  The 20 U/ml (EPO) treatment group 

exhibited the strongest signal compared the remaining treatment groups (see 

figure #17).   

 

 

Figure #17:  Expression of VEGF after MCBUSSC cells were treated with EPO at four 

concentrations (1, 5, 10, and 20 U/ml) for seven days.  Six µl of total RNA extracted from 

treatment group was reverse-transcribed and amplified for 30 PCR cycles by using specific 

primers for VEGF (see methods).  Amplification of GAPDH was used as an internal 

control.  The amplified products were visualized on 1.0% agarose gels.     
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CHAPTER 6 

DISCUSSION 

Although cellular therapy models have been proposed as a means for 

delivering a variety of bioactive molecules to wound sites to hasten tissue 

restoration (sorrell 2009), few have been proposed with the potential to hasten 

orthodontic tooth movement or bone grafts.  “To date, in-vivo models have been 

primarily used for such identification purposes (Badiavas 2003, Togel 2007, Falanga 

2007).”  In-vivo models are difficult and time consuming to be utilized in a 

screening manner for multiple compounds with various concentrations.  It 

would be beneficial to ultilize an in-vitro method which could be run in a way 

more analgous to a high through put screen (HTS).  After this (HTS) screen 

has profiled multiple compounds at various concentrations, it would then be 

prudent to analyze that data and select only the compounds that could 

potentially exhibit an in-vivo effect. 

A suitable  in-vitro model should provide extracellular matrix molecules 

and angiognenic factors, both of which are necessary for in-vitro angiogenesis 

(Staton 2004).  Essential extracellular matrix formats include type I collagen 

gels, fibrin gels, or Matrigel (Jain 2003).  Matix moleclules alone do not induce  

the differentiation events exhibited by vascular endothelial cells (sorrell 2009).  
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Pro-angiogenci factors such as VEGF’s and FGF’s are equally essential (Teng 

2008).  Finally, a suitable in-vitro model should provide both essential matrix 

molecules and pro-angiogenic factors (sorrell 2009). 

The matrigel model has been used extensively for in vitro angiogenic 

assays because if provides essential extracellular matrix molecules and required 

growth factors that can be added to the culture medium (Staton 2004).  The 

matrigel (BD Biosciences) assay used in our study provided the essential 

extracellular matrix molecules required for anigogenesis in vitro.  The Matrigel in 

vitro screen also provided us with an ideal assay that could be used as an 

intermediate step before any animals were utilized subsequent in vivo 

experiements.  In addition, the angiogenic potential could be determined within 

24 hours and documented through serial photography obtained through phase 

contrast microscopy coupled with a sophisticated digital camera system. 

The first aim of our study, therefore, was to evaluate whether (EPO) has 

an effect on capillary tube formation in the matrigel assay on the (HUVEC) cell 

line.  After the HUVEC cells reached confluence, they were split into a 6-well 

plate and treated with four different concentrations (1U/ml, 5 U/ml, 10U/ml, 

and 20U/ml) of (EPO) for seven days.  After the final day of (EPO) treatment, 
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the cells were run in the matrigel assay (see Materials and Methods section 

4.3.4).   

From a qualitative perspective, the results of the investigation indicated 

that (EPO) seemed to have no effect on HUVEC cells in the matrigel assay at 

any of the four time points (1hr., 3hrs., 7hrs., and 24hrs.).  There seemed to be 

no significant difference between the control cells and any of the four 

treatment concentrations even at the 7 hour time point, which seemed to 

exhibit maximal tubular branching in all treatment groups.  Maximal tubular 

branching at 7 hours is consistent with the literature, in that, within 6-12 hours, 

cells spontaneously align to form dense meshes with a high number of 

branching points (Mezentsev 2005) .  Although maximal branching at seven 

hours is consistent with the literature, the HUVEC (control) cells did not 

behave in the manner expected.  Several factors could have played a 

fundamental role in reduced cellular reaction to (EPO) and stability in the 

matrigel assay. 

The primary reason for the lack of a historical control response may 

have been that the passage of the HUVEC cells was too high (P-10).  As noted 

by Ponce, “HUVEC cells should not be older than six passages since they are primary cell 

cultures and tend to lose their differentiated characteristics when they are passaged beyond six 
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passages (Ponce 2009).”  The matrigel assay is not altogether a perfect assay for 

the detection of angiogenesis in vitro and has some limitations.   

Sorrell et al. notes that, “Due to the limitations imposed by the matrigel assay 

such as vascular instability and absence of tube-like structures, a second in vitro model should 

be employed (sorrell 2009).”  An alternative in vitro model may be comprised of a 

three dimensional (ECM), instead of the monolayer that the matrigel assay 

provides.  The addition of bone marrow mesenchymal stem cells (BM-MSC) 

along with pro-angiogenic factors may provide the HUVEC cells with 

structural stability that the tubules need to survive in the matrigel (Song 2004).  

While the factors noted above could be just one of several reasons for the 

HUVEC cells lack of response to (EPO), an alternative explanation could be 

that there were a reduced number of endogenous (EPO) receptors. 

The second aim of the study was to quantify the erythropoietin receptor 

(EPO-R) expression via RNA isolation, reverse transcriptase polymerase chain 

reaction (RT-PCR), and real time polymerase chain reaction (q-PCR) in the 

following un-treated and treated cell lines:  Human Umbilical Vein Endothelial 

Cells (HUVEC), Human Bone Marrow Derived Mesenchymal Cells (hBMMC), 

Multipotent Cord Blood Unrestricted Somatic Stem Cells (MCBUSSC), and 

Megakaryoblastic Leukemic Cell Line (MEG).  These cell lines were used 
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because of their use in alternate angiogenic assays and availability.  In addition, 

we used the Megakaryoblastic Leukemic Cell Line (MEG) for our positive 

control as described by Sinclair et al. in order to evaluate the EPO-R detection 

accuracy of our assays (Sinclair AM 2010).  The results of the RT-PCR and 

qPCR assay were clear and congruency existed between both assays. 

The four cell lines were untreated in order to establish a base line for the 

endogenous EPO-R receptor.  All cell lines were cultured until they reached 

100% confluence.  Following RNA isolation and RT-PCR/qPCR analysis, the 

(MEG) cell line (positive control) exhibited the highest expression of the EPO-

receptor as noted in figures #6 and #7.  The HUVEC cell line exhibited the 

second highest expression of the EPO-R receptor (see figures #6 and #7).  

The third highest expression of the EPO-R receptor was the HBMMC cell line 

followed by the MCBUSSC cell line (see figures #6 and #7).  The congruency 

of the EPO-R gene expression between the RT-PCR and qPCR assays was 

notable, in that, it ensured the initial RNA titration performed on agarose gels 

were accurate.  

 The fact that the HUVEC cells exhibited the second highest gene 

expression of the EPO-R receptor in both assays was a little disconcerting due 

to the poor results that were noted in the matrigel assay.  This further 
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underscores the fact that the HUVEC cells may have lost their ability to exhibit 

their differentiated characteristics when passaged beyond 6 although their 

receptor expression was the second highest of the four cell lines tested.  The 

EPO-R receptor existed yet the phenotype was not fully expressed in the 

matrigel assay.   

 The additional piece to the second aim was to quantify erythropoietin 

receptor (EPO-R) expression after treatment with erythropoietin for 7 days at 

various concentrations via RNA isolation, (RT-PCR), and (q-PCR) in the 

following erythropoietin treated cell lines:  (MCBUSSC) and (hBMMC).  The 

HUVEC cell line was not used due to RNA contamination.  There were no 

clear 18s or 28s bands evident in the agarose gel.  Instead, only a smeared signal 

existed which is indicative of RNase contamination.  All cell lines were cultured 

until they reached 100% confluence.   

Following RNA isolation and RT-PCR/qPCR analysis, there was no 

treatment group that exhibited a statistically significant difference from the 

control group in the MCBUSSC cell line.  The 1, 5, and 10 U/ml treatment 

groups exhibited slightly more EPO-R receptor expression when compared to 

control but no group was statistically significant (p-value:  0.128642, 0.766086, 
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and 0.657871, respectively).  This may suggest that (EPO) may have an 

agonistic effect at lower concentrations.   

The 20 U/ml (EPO) treatment group exhibited the lowest EPO-R 

expression when compared to control, although not statistically significant.  

The 20 U/ml treatment group was very close to statistical significance with a p-

value of 0.054106.  This may suggest that MCBUSSC cells treated with (EPO) 

at concentrations higher than 20 U/ml may exhibit inverse agonistic activity 

that may be statistically significant, while cells treated at lower concentrations 

may exhibit an agonistic effect. 

While no group was statistically different from the control group, the 

congruency between the gel of the RT-PCR assay and the data from the qPCR 

assay was slightly inaccurate at higher treatment concentrations.  The sensitivity 

of the RT-PCR assay may be too low to show differences between means that 

are not statistically different from the control group since it is a more 

qualitative assay than quantitative.   There is more operator error present in the 

RT-PCR assay since the signal expression must be determined by the naked 

eye. 

When comparing the EPO-R receptor expression in the HBMMC cells, 

the 1 and 5 U/ml treatment groups exhibited similar EPO-R expression when 
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compared to the control group and neither group was statistically different 

from the mean (p-value: 0.314538 and 0.412478, respectively).  The 10 U/ml 

EPO treatment group exhibited an elevated EPO-R expression when 

compared to control, but was not statistically significant (p-value:  0.068949).  

The 20 U/ml EPO treatment group exhibited a statistically significant increase 

(p-value:  0.018426) in EPO-R expression when compared to the control 

group.  There is a clear dose response curve evident between the treatment 

groups in the HBMMC cell line.  Since the EPO receptor expression had been 

characterized, it was necessary to evaluate VEGF expression and determine if a 

correlation existed between VEGF and EPO-R expression. 

The final aim of study was to determine whether stem cells treated for 

seven days with EPO had a quantifiable effect on VEGF expression.  HBMMC 

and MCBUSSC cells were treated for seven consecutive days with 

erythropoietin and the RNA was isolated and reverse transcribed.  Following 

reverse transcription in the RT-PCR assay, the cDNA’s were evaluated for 

VEGF expression in the RT-PCR assay.  GADPH was also used in the RT-

PCR assay as an internal control. 

The 0, 1, 5, and 10 U/ml (EPO) treatment group seemed to exhibit 

similar signals in the RT-PCR assay for the HBMMC cell line.  The 20 U/ml 
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(EPO) treatment group exhibited the weakest signal, as compared to the 

remaining treatment groups.  These initial data suggests that the 1, 5, and 10 

U/ml (EPO) groups were not different from the control group.  In contrast, 

the 20 U/ml (EPO) treatment group exhibited the weakest signal which could 

suggest a difference when compared to control.  However, this difference 

seems to suggest an antagonistic action on VEGF expression.  Although this 

difference was not quantified by qPCR, it seems consistent with the literature. 

A study published by Nakano, et al. suggested that the vascular Epo-R, 

promote post-ischemic angiogenesis by enhancing VEGF expression from 

ischemic muscle, endothelial progenitor cells, and recruitment of bone-marrow 

derived pro-angiogenic cells to the ischemic tissue (Nakano, et al. 2007).  This 

is consistent with our qPCR data in HBMMC cells after being treated with 

erythropoietin for 7 days for the 1, 5, and 10 U/ml treatment groups.  There is 

a statistically significant elevation (p= 0.018426) of the EPO receptor at the 20 

U/ml (EPO) treatment group.  This elevation of the EPO receptor at the 20 

U/ml treatment group is contrary to the literature in that, EPO-R is important 

to up-regulate VEGF/VEGF-2 system and to mobilize endothelial progenitor 

cells in ischemic tissue (Nakano, et al. 2007).   
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The data for the MCBUSSC cell line was also consistent with the 

literature.  The 0, 1, 5, 10 U/ml (EPO) treatment group seemed to exhibit 

similar signals.  The 20 U/ml (EPO) treatment group exhibited the strongest 

signal compared the remaining treatment groups.  Although the qPCR assay 

was not performed to quantify the results, some parallels can be drawn form 

the qPCR data when the EPO-R expression data was analyzed in the 

MCBUSSC cell line.    

The final results of the qPCR assay for EPO-R expression in the 

MCBUSSC cell line were:  no treatment group was statistically significantly 

different from the control group.  Interestingly, the 20 U/ml (EPO) treatment 

group was nearly significant (p=0.054106) and clearly exhibited the lowest 

expression of the EPO receptor.  This is consistent with the data published by 

Nakano et al., in that, there is a correlation between the EPO receptor 

expression and VEGF expression and that the EPO receptor is important to 

up-regulate VEGF (Nakano, et al. 2007). 

To conclude, erythropoietin had no effect on HUVEC cells in the 

matrigel assay from a qualitative perspective. The MEG cell line exhibited the 

highest expression of the EPO-R receptor followed by the HUVEC, HBMMC, 

and MCBUSSC cell lines.  After treating MCBUSSC cells for 7 days with 
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(EPO), there was no statistically significant difference between treatment 

groups when compared to control.  After treating HBMMC cells for 7 days 

with (EPO), the 20 U/ml treatment group showed a statistically significant 

elevation of the EPO-R receptor as compared to the control group.  VEGF 

expression was consistent with EPO-R expression and the literature.  Since this 

study was merely a pilot study, more time and research must be spent to 

elucidate the dose response curve of these cell lines in vitro. 
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CHAPTER 7 

CONCLUSIONS 

 

1.  Our studies indicated that erythropoietin had no effect on tubule formation 

in HUVEC cells in the matrigel assay from a qualitative perspective. 

2.   The MEG cell line exhibited the highest expression of the EPO-R receptor 

followed by the HUVEC, HBMMC, and MCBUSSC cell lines.  These results 

were clearly demonstrated in the RT-PCR and qPCR assays with a high degree 

of congruency. 

3.  After treating MCBUSSC cells for 7 days with four different concentrations 

of (EPO), there was no statistically significant difference between treatment 

groups when compared to control.  A dose response curve is evident between 

the four treatment groups with the 20 U/ml group showing the lowest 

expression of the EPO-R receptor. 

4.  Following the treatment of HBMMC cells for 7 days with four different 

concentrations of (EPO), the 20 U/ml treatment group showed a statistically 

significant elevation of the EPO-R receptor as compared to the control group.  

The remaining treatment groups (1, 5, and 10 U/ml EPO) were not statistically 

different when compared to the control group. 
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5.  Following treatment with EPO for seven days at 4 concentrations, VEGF 

expression in the HBMMC and MCBUSSC cell lines had a direct correlation to 

EPO receptor expression and was consistent with the literature.  
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