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Our goal is to increase the number of immature umbilical cord blood stem cells (UCBSCs) for hematopoietic transplantation.  Towards this goal, our lab adapted a culture technique to grow immature CD133+ UCBSCs (CD133+ cells).  Although CD133+ cells proliferate rapidly in culture, a minority self-renew and remain CD133+, while a majority differentiate and become CD133-.  Therefore, new strategies to identify and grow immature UCBSCs are important.  Since little is known about signally mechanisms regulating self-renewal and differentiation of UCBSCs, we sought insight from embryonic stem cell (ESC) literature to guide our studies. 
To identify a population of UCBSCs that grow without differentiating, we focused on Oct-4, a transcription factor essential for self-renewal in ESCs 1 that we previously reported expression in UCBSCs 2.  During our studies, new challenges in the field arose.  Two isomers of Oct-4 were discovered, Oct-4A and Oct-4B 3, in which only Oct-4A conferred the ability of ESCs to self-renew 4.  We redesigned our experiments to detect Oct-4A and discovered that freshly isolated CD133+ cells expressed Oct-4A mRNA and protein.  Since these cells proliferated in culture, they lost expression of adult stem cell markers including CD133, and gained markers of hematopoietic differentiation.  However, Oct-4A mRNA and protein were expressed regardless of the differentiation status.  Therefore, Oct-4A, despite its essential roles in ESCs 1,5-7, neither defined nor conferred self-renewal of CD133+ cells.
To discover strategies to grow immature CD133+ cells without differentiation, we focused on the Wnt pathway which is essential for self-renewal in ESCs.  Differentiation of CD133+ cells to CD133- cells corresponded to down-regulation of Wnt signaling.  Pharmacological activation of the Wnt pathway by (2’Z,3’E)-6-Bromoindirubin-3’-oxime (BIO) inhibition of GSK-3β resulted in accelerated differentiation, instead of decreased differentiation, of CD133+ cells.  BIO-treated CD133- cells that were differentiated maintained multipotency while proliferating at similar rates to vehicle-treated CD133+ cells that self-renewed.  Therefore, inhibition of GSK-3β could be a strategy for differentiating CD133+ cells into hematopoietic progenitor cells while maintaining their proliferation capacity.  
In conclusion, this project demonstrated that pathways regulating UCBSC properties are not similar to pathways regulating ESCs properties.  Our findings are the first studies that derive UCBSCs properties of self-renewal, differentiation, and multipotency.
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[bookmark: _Toc256004784]Chapter 1:  Introduction
[bookmark: _Toc206835048][bookmark: _Toc256004785]Properties of Stem Cells
Stem cells have remarkable capabilities of self-renewal and differentiation into many different cell types.  Through these properties, stem cells can serve as a type of repair system for the body.  In theory, stem cells can divide indefinitely to replenish other cells for the lifespan of the person.  Many types of stem cells show great promise for clinical applications due to their abilities to replenish other cells.  However, clinical applications have lagged due to the difficulties in isolating pure populations of stem cells and in growing sufficient quantities of immature stem cells.  Consequently, my dissertation is focused on understanding the mechanisms of self-renewal, differentiation, and multipotency as a step towards developing new strategies to isolate and to grow immature stem cells.  
[bookmark: _Toc256004786][bookmark: _Toc206835049]History of Stem Cell Properties 
In 1945, Dr. Owen made observations about the chimerism of erythrocytes in cattle which laid the groundwork for the discovery of the properties of stem cells 8.  Using genetic markers, he determined that fraternal bovine twins who shared a placenta had two distinct types of blood cells, one unique to itself and one common with the other twin.  Surprisingly, the fraternal bovine twins continued to produce short lived erythrocytes of both blood types through their lifespan.  He hypothesized that, “Embryonal cells ancestral to the erythrocytes of the adult animal . . . continue to provide a source of blood cells distinct from those of the host, presumably throughout his life 8.”  Thus, Dr. Owen’s observations provided the cornerstone for stem cell biology.  
Later in 1945, nuclear bombs exploded over Hiroshima and Nagasaki.  After the initial traumatic aftermath, the affected Japanese population overwhelmed the hospitals with non-pathogenic infections and non-stoppable bleeding due to low white blood cell and platelet counts 9.  Because of the alarming mortality rate of this population, scientists searched for the etiology of the symptoms induced by the nuclear radiation exposure.  To develop a representative disease model, scientists exposed mice to X-ray radiation.  Irradiated mice exhibited symptoms similar to those observed in humans, and the mice died two weeks post irradiation 10.  In the search for a therapy to boost blood cell counts of the affected population, scientists drew from Owen’s observations that stem cells provided a source of blood cells for the life of the organism.  They hypothesized that healthy bone marrow would regenerate new blood cells to replenish blood depleted of white blood cells and platelets.  Consistent with their hypothesis, they found that injection of non-irradiated bone marrow cells into irradiated recipient mice alleviated the symptoms.  Donor bone marrow regenerated all types of blood cells (platelets, red blood cells, monocytes, granulocytes and lymphocytes) 11.  Loss of hematopoietic cells in mice was prevented when a single bone or the spleen was shielded from radiation 10.  These results proved that cells in the bone marrow and spleen had the capability to regenerate blood cells of every hematopoietic lineage.  
Further key experiments performed by Till and McCulloch involved sub-lethally irradiating donor bone marrow to induce unique karyotype patterns in each cell 12.  Cells from non- irradiated mice were injected into the spleens of irradiated recipient mice.  After two weeks, bumps, or splenic colonies, were observed on the surface of the spleens.  Each splenic colony exhibited only one karyotype pattern, indicating that all cells of the colony were produced by one cell 12.  Splenic colonies derived from one cell consisted of many different types of hematopoietic cells.  By tracing the karyotype patterns, Till and McCulloch proved that one primitive cell can differentiate into multiple types of hematopoietic cells 12.  In addition, splenic colonies transferred to a second group of irradiated mice rescued mice from hematopoietic failure, indicating that after division, the transferred splenic colonies retained the ability to differentiate into all types of hematopoietic cells.  They summarized their results thus, “These properties, proliferative capacity, the related property of self-renewal, and ability to differentiate, are the most important features of members of the stem cell pool; the fact that all three are among the properties of colony-forming cells indicates that these latter cells may be considered as examples of stem cells 12.”
[bookmark: _Toc206835050][bookmark: _Toc256004787]Self-Renewal and Differentiation
Self-renewal and differentiation are two unique properties that distinguish stem cells from somatic cells.  During division, a stem cell either self-renews (remains a stem cell after cell division) or differentiates (becomes a mature cell) resulting in the following three possibilities (Figure 1.1) 13.  1) Self-renewal to produce two daughter cells identical to the parent cell, similar to cell lines in culture.  2) Self-renewal and differentiation to produce one identical and one differentiated daughter cell, similar to development of the Drosophila nervous system when a neuroblast divides to give rise to another neuroblast and a ganglion mother cell 14. 3) Differentiation to produce two differentiated cells, similar to committed hematopoietic progenitors that divide to produce differentiated myeloid or lymphoid cells.  
 (
Identical Stem Cell
Differentiated Cell
Stem Cell
Daughter Cell
1.
3.
2.
)
[bookmark: _Toc206988844]Figure 1.1:	Types of stem cell division.
The number of lineages that a stem cell can form defines its differentiation potential.  A stem cell is pluripotent if it can differentiate into each of the three developmental germ layers.  For example, pluripotent embryonic stem cells (ESCs) form cells of the endoderm, ectoderm, and mesoderm.  A stem cell is multipotent if it differentiates into many, but not all, lineages of cells. For example, hematopoietic stem cells produce all types of blood cells but not neurons or hepatocytes.  
[bookmark: _Toc206835051][bookmark: _Toc256004788]Embryonic Stem Cells (ESCs)
The ability of embryonic stem cells to form part of a developing embryo is attributed to two main properties: pluripotency and self-renewal 15-18.  Pluripotent ESCs differentiate into all three embryonic layers during development, which is the original function of a blastocyst.  ESCs also undergo indefinitely self-renewal in vitro.  These two properties can be demonstrated by injecting ESCs into a mouse resulting in the development a teratoma (a tumor composed of self-renewing and differentiating cells).  These properties can also be demonstrated by the gold standard experiment of injecting an ESC into a mouse blastocyst resulting in the formation of a heterozygous chimeric offspring and, later, by mating the offspring to generate mice who are homozygous for the ESC 9,13.  Because of these two properties, ESCs have attracted attention for their potential to regenerate all types of tissues.  However, clinical usefulness has been hindered because of their ability for teratoma formation in vivo and their intrinsic ethical issues 9,13.  
[bookmark: _Toc206835052][bookmark: _Toc256004789]Adult Stem Cells
Through self-renewal and differentiation, adult stem cells maintain tissue homeostasis throughout the life span of an organism.  Tissues that contain adult stem cells include bone marrow, peripheral blood, brain, spinal cord, dental pulp, blood vessels, skeletal muscle, epithelia of the skin and digestive system, cornea, retina, liver, and pancreas 13.  An adult stem cell divides into two daughter cells: one identical cell through self-renewal and one non-identical cell through differentiation.  The identical cell maintains stem cell populations 13.  The non-identical cell differentiates into progenitor cells, an intermediate cell between a stem cell and a differentiated cell.  Progenitor cells differentiate into many cell types but do not self-renew.  
Hematopoietic Stem Cells (HSCs)
Hematopoietic cells derived from the bone marrow are composed of multiple subpopulations (Figure 1.2).  The stem cell subpopulations are classified by its duration of self-renewal, either as long-term hematopoietic stem cells (LT-HSCs) or as short-term hematopoietic stem cells (ST-HSCs).  Both of these subpopulations are multipotent but differ in the duration they maintain their self-renewal properties.  They give rise to the committed myeloid and lymphoid progenitors (CMP and CLP).  These progenitor subpopulations differentiate into their respective lineages, but do not self-renew.  As HSCs mature cells, these populations multiply to maintain all the necessary cellular and functional features of blood.  
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[bookmark: _Toc206988845]Figure 1.2:	The hematopoietic system 19.
[bookmark: _Toc256004790]Umbilical Cord Blood Stem Cells (UCBSCs) 
While the stem cell properties of embryonic and adult stem cells can be classified according to biological function, the functions of UCBSCs and, therefore, their stem cell properties remain unclear.  Since UCBSCs are derived from blood, scientists postulated that they are similar to HSCs.  UCBSCs differentiate into all types of blood cells and self-renew for long periods of time like HSCs.  UCBSCs are also classified into subpopulations of stem cells similar to HSCs, but stem cell properties that correlate with the subpopulations are not as well demarcated.  
UCBSCs differ from HSCs by an increased proportion of immature subpopulations, as well as an increased engraftment potential 20.  For instance, CD34+ UCBSCs, but not CD34+ bone marrow HSCs, could reconstitute hematopoiesis in the bone marrow and achieve high level of engraftment in recipient mice 20,21.  

[bookmark: _Toc206835053][bookmark: _Toc256004791]Significance of Umbilical Cord Blood Stem Cells
[bookmark: _Toc206835054][bookmark: _Toc256004792]Advantages and Limitations of Bone Marrow Transplantations
In standard medical practice, bone marrow transplantations are indicated for multiple hematopoietic diseases 22.  The conditions that benefit from transplantation include primary immune deficiencies (severe combined immunodeficiencies), anemias (Fanconi and Diamond-Blackfan) 23, and cancers of the blood (leukemias, lymphomas) 24.  Many of these conditions occur early in life and are fatal without treatment, but curable with transplantation 22.  Transplantation traditionally relies on finding a potential donor in a limited amount of time.  
Identification of a potential human leukocyte antigen (HLA)-match for bone marrow transplantation is a long arduous process.  The first obstacle is to find a donor who is a HLA-match at the A, B and DR loci.  An identical twin or HLA-identical sibling is an ideal candidate 25; however, if one is not present, the next step is to search for unrelated donors through the National Marrow Donor Program 26.  If a potential donor is found, he or she must still be screened for general heath and suitability; the sample must be then harvested and transported to the transplant center 27.  One retrospective study found that 33 % of patients found and received a bone marrow transplant, 33 % found a potential donor but did not receive the transplant, and 33 % could not find a potential donor 28.
Time and limited number of donors are major obstacles for receiving bone marrow transplants 27.  Typically, 6 months are required to complete the search for a HLA-match, and that does not include the time to locate, screen, and harvest cells from the donor 27.  Therefore, transplantation is only an option when diseases with a prolonged time course, such as chronic myelogenous leukemia 27.  Supply is often limited because potential donors are hesitant to register due concerns about the procedure.  During the procedure, donors are under anesthesia and afterwards could experience pain as well as potential life-threatening complications from anesthetics, infections, and bleeds.  It can also take up to 30 days for the donor to completely recover 29,30.  These concerns may result in fewer donors and, thereby making it difficult for recipients to find a match, especially among under-represented minorities.  
[bookmark: _Toc206835055][bookmark: _Toc256004793]Advantages and Limitations of Umbilical Cord Blood Transplantations	
Umbilical cord blood is potentially the most available source of stem cells, much higher than bone marrow, for the following reasons.  Cord blood can easily be collected from the umbilical vein after birth and the global birth rate is over a 100 million births per year 31.  A mother who just gave birth is more willing to consent to the non-invasive collection of a cord blood sample compared to a donor for the invasive collection of a bone marrow sample.  Further, the collection of cord blood causes no pain, has no complications, and is not associated with any moral or ethical concerns.  Once the cord blood is collected, it can be frozen for future use, unlike bone marrow which is only collected when needed 22.  These advantages have led to the formation of cord blood banks that contain a repository of samples for immediate future use 32.
UCBSCs transplantations also have an equal or a higher recipient survival rate compared to bone marrow transplantations due to a lower rate of graft rejection by the host 22,32.  A decreased risk of graft rejection can be attributed to the following two reasons:  1) Improved human leukocyte antigen (HLA) match because of abundant number of cord blood samples available for transplantion 21.  2) UCBSCs are immunologically immature and, therefore, express lower levels of class I major histocompatibility complex (MHC) proteins than bone marrow HSCs.  This is thought to not only result in a lower percent of transplants inducing graft-versus-host disease (GVHD) 33,34, but also allow successful transplantation of unmatched-HLA donors 35.  Therefore, patients with prior bone marrow match incompatibility can still be suitable candidates for hematopoietic transplantation using umbilical cord blood 36.
Use of umbilical cord blood for transplantation has been hampered by delayed rates of neutrophil and platelet engraftment decreasing the recipient survival rate 35.  The delayed engraftment rates can be explained by the lower number of total nucleated cells in umbilical cord blood (median 2*10^7/ kg) infused compared to total nucleated bone marrow cells (median 2*10^8/ kg) infused 37.  In addition, cord blood has one tenth of the recommended bone marrow colony forming cells that correlate with faster engraftment rates 37.  The lower numbers of total nucleated cells and colony forming cells in umbilical cord blood sample are due to a lower number of stem cells available in cord blood samples 33.  Improved strategies are needed to increase the number of UCBSCs suitable for transplantation.  Therefore, in the next two sections, I will describe strategies to identify self-renewing immature UCBSCs and to grow them in culture.  

[bookmark: _Toc206835056][bookmark: _Toc256004794]Background for Hypothesis 1 
[bookmark: _Toc206835057][bookmark: _Toc256004795]Role of Stem Cell Markers in Identifying Stem Cells
Stem cell markers are often used to identify and isolate populations of stem cells with similar properties.  For the purpose of this dissertation, I classified stem cell markers as either correlative or essential.  Correlative markers do not have a role in regulating stem cell properties, whereas essential markers play a necessary role regulating stem cell properties.  
In ESCs, essential markers, such as Oct-4, have been well characterized.  Oct-4 is a transcription factor that plays a crucial role regulating stem cell properties.  Oct-4 deficient embryos and Oct-4 knockdown ESCs exhibit a loss of pluripotency and differentiation 5,6.  Repression of Oct-4 expression results in the loss of self-renewal in ESCs 1.  Over-expression of Oct-4 in combination with three other transcription factors (Sox-2, c-Myc, and Klf4) results in fibroblasts transforming into pluripotent cells that have the ability to self-renew 7.  
Correlative stem cell markers are commonly cell surface proteins which can be used to identify and isolate stem cells.  For example, ESC cell surface markers, stage-specific embryonic antigen 3 and 4 (SSEA-3/SSEA-4), and tumor rejection antigens-1-60 and 1-80 17,38,39 (TRA1-60/TRA1-80) are used to identify ESCs.  These antigens were first considered to be unique to cancer and embryonic stem cells 38,39.  Subsequently, we reported that UCBSCs also express SSEA-4 40.
Additional examples of correlative markers are the cluster of differentiation markers (CD34, CD38, CD43, CD45RO, CD45RA, CD59, CD90, CD109, CD117, CD133, and CD166) used to identify and isolate HSCs and UCBSCs 9.  UCBSCs were first identified by the stem cell marker CD34 and, subsequently a subset of CD34 cells was identified that co-expressed the CD133[footnoteRef:2] stem cell marker 41.  CD133+/CD34+ umbilical cord blood stem cells (CD133+ cells) have a high proliferation capacity, and an increased ability to self-renew compared to CD34+ umbilical cord blood stem cells 42-45.  Therefore, my project focused on CD133+ cells.  [2: CD133 also know as AC133 and Prominin-1 is a glycoprotein with five transmembrane domains, two large extracellular loops, an extracellular N terminus, and a cytoplasmic C terminus.] 

These correlative stem cell markers have an inherent limitation since they do not play a role in regulating stem cell properties.  For example, expression of correlative markers can vary with genetics, phases of the cell cycle, and developmental stages without corresponding to changes in stem cell properties 46.  In an attempt to overcome this limitation, stem cells are sorted simultaneously for the presence of multiple correlative markers by fluorescence-activated cell sorting (FACs) to yield a purer population of stem cells 9.  Yet in the isolated cells, there will still be variations in their stem cell properties 9.  These variations could be minimized by using essential markers to identify stem cells.  Since Oct-4 is considered an essential marker for the self-renewal and pluripotency in ESCs 1,5,6, Oct-4 has the potential to identify a subpopulation of UCBSCs that grow without differentiating. 
[bookmark: _Toc206835058][bookmark: _Toc256004796]Rationale for Hypothesis 1
[bookmark: _Toc199574251]In the course of our studies, new challenges arose in the field.  Two different isomers of Oct-4 were discovered, Oct-4A and Oct-4B 3, in which only the Oct-4A isoform conferred the ability of ESCs to self-renew 4.  Previous studies had reported that subsets of UCBSCs, lineage negative cells and CD133+ cells, expressed Oct-4 2,47. However, these studies did not specify the isomer of Oct-4 detected.  We were curious if expression of Oct-4A isomer defined a population of UCBSCs that could grow without differentiating and, if present, whether the expression of Oct-4A confers self-renewal and multipotency in CD133+ cells in culture.  Therefore, our first hypothesis was that expression of Oct-4A confers self-renewal and multipotency in a subset of CD133+ cells.  
My project was designed to test this hypothesis by conducting a series of experiments which would identify and characterize the subset of CD133+ cells that expressed Oct-4A or Oct-4B isomer.  To detect the presence of Oct-4A and B mRNA, primers were chosen for reverse transcriptase-polymerase chain reactions (RT-PCR) that were specific to each isomer.  To detect the presence of Oct-4A protein, antibodies were chosen for immunocytochemistry and/or flow cytometry that were specific to the Oct-4A isomer.  Immunocytochemistry was also used to characterize the localization of Oct-4A.  Then, experiments investigated whether the expression of Oct-4A was associated with self-renewal of CD133+ cells.  Self-renewal was defined by maintaince of the CD133 marker.  We also investigated whether the subset of cells expressing Oct-4A was multipotent by performing colony forming assays.  We anticipated that only self-renewing, multipotent CD133+ cells would express Oct-4A mRNA and protein.
[bookmark: _Toc199574253][bookmark: _Toc206835059][bookmark: _Toc256004797]Significance of Hypothesis 1
CD133+ cells are a heterogeneous subpopulation of UCBSCs in which a minority of cells self-renews and a majority of cells differentiates in culture.  In addition, self-renewing CD133+ cells become so diluted after several passages in culture that only the differentiated cells can readily be found.  If this project finds that Oct-4A can identify a subset of cells that only self-renew, then for the first time, we should be able to obtain a population of UCBSCs that can grow without differentiating in culture.  
This project could also provide further information about the similarities and differences between embryonic and CD133+ cord blood stem cells.  Several studies found that multiple types of UCBSCs exhibit ESC markers that were previously considered to be unique to ESCs 2,47.  One conclusion could be that UCBSCs exhibit similar stem cell properties as ESCs since they express the same essential markers.  However, before we can make that conclusion, we needed to carefully evaluate the relationship between ESCs markers and stem cell properties in UCBSCs.   

[bookmark: _Toc206835060][bookmark: _Toc256004798]Background for Hypothesis 2
Theoretically, ex-vivo expansion of umbilical cord blood enriched in a population of immature UCBSCs could increase the survival rate of hematopoietic transplant recipients 33.  Two phase I clinical trials have assessed the efficacy of augmenting conventional umbilical cord blood transplantations with umbilical cord blood cells expanded ex vivo.  In the first clinical trial, a small fraction of cord blood sample was grown in media containing fetal bovine serum, horse serum, PIXY321, FMS-Like Tyrosine kinase-3 ligand (FLT-3), and erythropoietin 48.  The median fold increase of total nucleated cells was only 2.4 while the medium fold increase of CD34+ lineage negative cells was only 0.5.  Patients received the expanded stem cells 12 days after transplantation.  In the second clinical trial, CD34+ UCBSCs were isolated from part of the cord blood sample, and then grown in media containing SCF, granulocyte colony stimulation factor, and megakarocyte growth and differentiation factor 49.  The median fold increase in total nucleated cells was 56 compared to a fold increase of 4 for CD34+ lineage negative cells.  Patients received the expanded stem cells simultaneously or ten days after infusion of the non-expanded fraction.  
In both clinical trials, transplantation of UCBSCs was well tolerated; however, no changes in either the survival rate or complications were found.  The observed lack of effect on the survival rate could have occurred because culture conditions favored growth of differentiated cells as opposed to the intended expansion of immature CD34+ stem cells.  Thus, it is important to identify conditions for ex vivo growth of immature UCBSCs.  
[bookmark: _Toc206835061][bookmark: _Toc256004799]Current Techniques to Grow CD133+ Umbilical Cord Blood Stem Cells in Culture
A wide variety of culture conditions have been evaluated to better stimulate growth of immature UCBSCs.  After extensive experimentation, the combination of three cytokines, namely FMS-Like Tyrosine kinase-3 ligand (FLT-3), Thrombopoietin (TPO), and stem cell factor (SCF) was found to promote growth of CD34+ UCBSCs while sustaining self-renewal and multipotency 50.  Before I started my dissertation project, this combination of cytokines had not been used in any published reports about self-renewal of CD133+ cells or in clinical trials.  However, unpublished observations by our lab indicated that this combination of cytokines promoted self-renewal of CD133+ cells;  although, the majority of CD133+ cells still differentiated in culture.  Therefore, to improve self-renewal and minimize differentiation in culture, we investigated another approach, specifically potential advantages of stimulating the Wnt pathway in CD133+ cells. 
[bookmark: _Toc206835062][bookmark: _Toc256004800]Wnt Signaling Pathway
The canonical Wnt pathway was recently in the news for its role in flatworms 51.  If a flatworm’s tail is cut off, expression of the Wnt protein, β-catenin, causes regeneration of the tail.  However, silencing β-catenin results in the formation of a head instead of a tail.  In humans, the role of the Wnt pathway is equally dramatic.  Wnt signaling is required at four distinct developmental stages: formation of the primitive streak, subsequent induction of the mesoderm and endoderm, formation of hematopoietic progenitor cells, and differentiation of erythroid cells 52,53,54.  Down-regulation of the Wnt pathway leads to the failure of an organism to mature or survive.
Developmental signaling of the Wnt pathway is regulated by interactions between several key proteins including glycogen synthase kinase-3β (GSK-3β), β-catenin, and T Cell Factor-4 (TCF-4).  In the absence of the Wnt signaling, GSK-3β forms a multi-protein complex with Axin-1 and adenomatosis polyposis coli (APC) and phosphorylates β-catenin, targeting it for ubiquination-mediated degradation (Figure 1.3) 55,56.  Conversely, stimulation of the Wnt pathway results in the inhibition of GSK-3β preventing phosphorylation dependent degradation of β-catenin.  β-catenin can then translocate to the nucleus, where it binds and activates TCF-4, inducing transcription of the target genes Cyclin D1, C-myc, PPAR-γ, MMP-7, and Axin-1.  
Glycogen synthase kinase-3 functions as a serine-threonine kinase with two GSK-3 isoforms.  Alpha (51-kDa) is a key regulator of glucose metabolism while beta (47-kDa) mediates Wnt signaling through β-catenin.  By CKI-α, β-catenin is first primed by phosphorylation on Ser_9 45,57.  GSK-3β phosphorylating β-catenin on three sites, Ser_33, Ser_37, and Thr_41 33,37,41,55,57.  Then, the F-box protein, beta-TrCP, binds to β-catenin targeting it for degradation by the E3 ligase.  With inhibition of GSK-3β, β-catenin is not degradated, translocates to the nucleus, binds TCF-4, and activates transcription of target genes.  By this mechanism, GSK-3β indirectly decreases TCF-4 transcriptional activity.
The kinase activity of GSK-3β is dependent on the presence or the absence of Tyr_216 and Ser_9 phosphorylation.  Tyr_216 phosphorylation increases the kinase activity of GSK-3β 58,59; in contrast, phosphorylation of Ser_9 decreases the kinase activity of  GSK-3β 60.  More than 30 compounds have been discovered to inhibit GSK-3β with different ranges of specificity 61.  Pharmacological inhibition of the phosphorylation sites on GSK-3β will affect directly its kinase activity.  (2’Z,3’E)-6-Bromoindirubin-3’-oxime (BIO), a small organic molecule, specifically inhibits the kinase activity of GSK-3β by preventing the activating phosphorylation of Tyr_216 62.  Therefore BIO was selected as the GSK-3β inhibitor for this project
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[bookmark: _Toc206988846]Figure 1.3:	Activation of the Wnt pathway (A)  Inhibition of the Wnt pathway (B)
[bookmark: _Toc256004801]
Rationale for Hypothesis 2
Before I began my dissertation project, no reports had been published about the role of the Wnt pathway in UCBSCs, but there were several reports about its role in bone marrow HSCs and human ESCs 63,64,65.  For instance, addition of Wnt 3A ligand or over-expression of β-catenin had been found to induce self-renewing growth of mouse bone marrow HSCs 63,64.  Also, inhibition of GSK-3β by BIO successfully maintained self-renewal in mouse and human ESCs 65.  Therefore, we were curious to assess levels and activities of Wnt pathway proteins during self-renewal and differentiation of CD133+ UCBSCs, and if direct activation of the Wnt pathway would affect these growth properties.  Therefore, our second hypothesis was that activation of the Wnt pathway is crucial to maintain self-renewal and multipotency, and as well as inhibit differentiation in CD133+ cells.  
This project was designed to test this hypothesis by conducting a series of experiments which analyzed the roles of the Wnt pathway in the self-renewal and differentiation CD133+ UCBSCs (CD133+ cells) in culture.  We used an operational definition of self-renewal as the maintaince of the CD133 marker (CD133+) and differentiation was defined as loss of the CD133 marker (CD133-).  My approach was first to isolate CD133+ and CD133- fractions of cells that had been cultured for 7 days by sorting cells via immunomagnetic bead re-isolation.  Second, we used immuoblotting to assess total protein levels of the Wnt pathway proteins GSK-3β, β-catenin, and TCF-4, as well as phosphorylation levels which defined the kinase activity of GSK-3β.  Transcriptional activity of TCF-4 was evaluated by performing TCF-4 reporter assays and RT-PCR for its transcriptional targets.  Third, the Wnt pathway was induced in CD133+ cells through pharmacological inhibition of GSK-3β.  Fourth, the multipotency of different conditions was investigated by colony forming assays.  Based on studies on ESCs, we anticipated that Wnt signaling would increase CD133+ self-renewing cells compared to in CD133- differentiated cells and would increase the percent of self-renewing multipotent CD133+ cells.  
[bookmark: _Toc199574255][bookmark: _Toc206835063][bookmark: _Toc256004802]Significance of Hypothesis 2
Before I began my dissertation, several pathways and factors had been identified as important for maintaining the self-renewal of ESCs and bone marrow HSCs 46,65,66. However, there was very little, if any knowledge on how signaling pathways contributed to self-renewal or differentiation of UCBSCs in culture.  Multiple reports had described effects of different cytokines on self-renewal of immature UCBSCs, but the reports did not delve into the signaling mechanisms including potential Wnt signaling 43,50,67-69.  Thus, my project provides the first information on the role of the Wnt signaling mechanisms in self-renewal and differentiation in UCBSCs.  
New information about the regulation of self-renewal and differentiation in UCBSCs could also have direct clinical applications.  For example, activation of the Wnt pathway through inhibition of GSK-3β could result in increased self-renewal of CD133+ cells.  If this occurs, then a novel method to grow CD133+ cells would have been discovered for use in hematopoetic transplantations.  On the other hand, activation of the Wnt pathway through inhibition of GSK-3β could predispose CD133+ cells to differentiate into one or more hematopoetic lineages (erythroid, granulocyte, monocyte, or megakarocyte).  If this occurs, then this information would be relevant to the development of hematopoietic cells treating hematopoietic diseases.  
[bookmark: _Toc199231444][bookmark: _Toc256004803]
Chapter 2
[bookmark: _Toc256004804]Methods
[bookmark: _Toc199231445][bookmark: _Toc256004805]CD133+ Cell Isolation and Culture
All chemicals in this study were purchased from Sigma (St. Louis, MO) unless otherwise mentioned. Mononuclear cells were isolated by diluting umbilical cord blood five fold into ACD-A buffer (Dulbecco’s Phosphate-Buffered Saline without calcium and magnesium (PBS), 10 % Anticoagulant Citrate Dextrose Solution (ACD-A) and 0.5 % Bovine Serum Albumin (BSA) at pH 7.0), layering over a Ficoll-Paque solution (density:1.077 g/cm3, GE Healthcare, Uppsala, Sweeden) then centrifuging for 30 min at 1400 rpm (Figure 2.1).  The mononuclear layer was collected, washed, and centrifuged again as above.   
A CD133 immunomagnetic positive selection kit (Miltenyi Biotech Inc, Bergisch Gladbach, Germany) was used to isolate CD133+ cells from the mononuclear layer.  The cells were blocked with non-specific immunoglobulins, then incubated in ACD-A buffer with anti-CD133 microbeads (100 μl antibody / 108 cells) for 30 min at 4°C.  Cells were passed first through a large, and then a small, magnetic column in which positive cells bound to the column and negative cells flowed through.  After washing the column with ACD-A buffer, the magnet was removed and cells were eluted with ACD-A buffer to release the CD133+ fraction.  CD133+ cells were cultured in suspension in 6 well ultra low adherence cluster plates (Corning Incorporated, NY) at 37º C, 5 % CO2 humidified atmosphere in Iscove’s-modified Dulbecco’s medium (IMDM, Invitrogen, Carlsbad, CA) supplemented with 10 % fetal bovine serum (FBS) (Es-CultTM-Tested FBS, StemCell Technologies Inc., Vancouver, Canada) in the presence of the human recombinant cytokines (Pepro Tech, Inc., Rocky Hill, NJ) thrombopoietin (10 ng/ml), flt3-ligand (50 ng/ml), and c-kit ligand (20 ng/ml).  Cells were seeded at a density of 50,000 cells / ml of medium.  Media and cytokines were replenished weekly.  Cells were treated with vehicle control (Dimethyl Suloxide (DMSO)) or 0.25 μM (2’Z,3’E)-6-Bromoindirubin-3’-oxime (BIO) daily (Calbiochem, San Diego, CA).  

[image: ]
[image: ]
[bookmark: _Toc199231477][bookmark: _Toc206988847]Figure 2.1:	Isolation of CD133+ cells from umbilical cord blood.
[bookmark: _Toc199231448][bookmark: _Toc256004806]Immunocytochemistry for Intracellular Proteins
Cells in suspension were centrifuged, washed in PBS, fixed with 4 % paraformaldehyde, and spotted directly onto microscope slides.  The slides were washed 2 X in Rinse Buffer ( 20 mM Tris-HCL, ph 7.4, 0.15 NaCl, 0.05 % Tween-20 (0.05 % TBST)), treated with 0.1 % triton X-100/PBS for 10 min at Room Temperature (RT), washed 1 X in Rinse Buffer, and blocked with Blocking Buffer (0.1 % saponin, 0.1 % NaN3, 2 % FCS in PBS) for 30min.  Primary antibodies were diluted 1:100 in Blocking Buffer and were incubated with slides for one hour at RT or overnight at 4°C, were washed 3-4 X in Rinse Buffer, and then incubated with a 1:200 dilution of appropriate secondary antibodies in Blocking Buffer.  Goat anti-human Oct-4A IgG (sc-8628, Santa Cruz Biotechnology, Santa Cruz, CA) was used with Alexa 594-conjugated rabbit anti-goat IgG (Invitrogen).  For peptide competition, a 25-fold molar excess of the 10 residue peptide immunogen (sc-8628P, Santa Cruz Biotechnology) was pre-incubated with antibody for 1 hr at 4º C.  Anti-human Sox-2 rabbit monoclonal IgG (Chemicon Int, Temecula, CA) was detected with FITC-conjugated sheep anti-rabbit IgG (Chemicon Int.).  Slides were washed 3 X in Rinse Buffer and then confocal imaging was performed on a ZEISS LSM 510 UV meta laser scanning confocal microscope.
[bookmark: _Toc256004807]Reverse Transcriptase- Polymerase Chain Reaction (RT-PCR) Analysis
Total RNA was extracted using the RNAqueous-Micro Kit (Ambion Inc, Austin) according to the protocol.  Briefly, cells in suspension were centrifuged, washed in PBS, resuspend in 1 ml of TRI REAGENT per 1*10^6 cells, and incubated for 5 min at RT.  RNA was then extracted by adding 0.2 mls of chloroform per ml of TRI REAGENT, mixed, and incubated for 15 min at RT.  Samples were then spun at 12,000xg for 10 min, and supernatants were transferred to a new tube.  Isopropanol (0.5 mls of per ml of TRI REAGENT) was added, mixed, incubated at RT for 10 min, and spun at 12,000 x g for 10 min.  Samples were washed with 75 % ethanol and air-dried.  RNAs were quantified and checked for purity by a spectrophotometer (an A260:A280 ratio between 1.8 and 2.0).  
1-5 μgs of RNA with acceptable ratios were used to synthesize cDNA by the superScriptTM III First Strand Synthesis System (Invitrogen) according to the protocol.  Briefly, each μg of RNA, was combined with Oligo DT primers (2.5 μl), dNTPs (2.5 μl), and RNase free water (up to 15 μl), and then incubated at 65°C for 5 min followed by 1 min on ice. The following master mix was added to the sample: 10X RT buffer (2.5 μl), MgCl2 (5 μl), DTT (5 μl), RNase OUT (1 μl), and AMV Reverse Transcriptase (1 μl), and then incubated at 50°C for 50 min.  The reverse transcriptase was then inactivated at 95°C for 5 min and the sample stored at -20°C.
cDNA was analyzed by semi-quantitative RT-PCR.  2-4 μls of cDNA sample were used for each individual PCR reaction.  PCR was performed using the taq DNA polymerase Kit (Fisher) according to the manufacture’s protocol.  Briefly, a master mix containing 10X buffer (5 μl), dNTPs (2 μl), primers (2.5 μl), and taq DNA polymerase (0.5 μl) and water (up to 50 μl) was used for all reactions.  The primers were Oct-4A (Oct-4 5’e1a/3’e1 (Lee et al. 2006) and Oct-4_F/R (Liedtke et al. 2008)), Oct-4B (Oct-4 5’e1b/3’e1 (Lee et al. 2006) (Sigma), Hs_Sox-2_1, Cyclin D1, and GAPDH (Qiagen).  
The following cycling conditions were used to amplify the cDNA. cDNA and primers were denatured, and Taq Polymerase was activated at 94°C for 2 min. Amplification was carried out by 40 cycles consisting of 50 sec at 94°C, 30 sec at 63°C and 30 sec at 72°C.  At the end of 40 cycles an additional 5 min at 72°C extension step was added.  PCR products were separated on a 1.5 % agarose gel by electrophoresis.  In each experiment, a negative control without DNA or primers was run in parallel.  
[bookmark: _Toc199231450][bookmark: _Toc256004808]Flow Cytometry
Flow cytometry was used to detect cell surface markers.  Approximately 100,000 cells were washed in PBS, resuspended in 90 μl of PBS, and then incubated with 10 μl of anti-human CD34-FITC, anti-human CD38-FITC (StemCell Technologies), anti-human CD133-PE or -APC (Miltenyi), anti-human CD45 (Autogen Bioclear, England), anti-human CD81, anti-human CD71, anti-human CD14, anti-human CD15, or anti-human CD56 (eBioscience, San Diego, CA) at 4° C for 30 min.  Negative controls were incubated with 10 μl of mouse anti-human IgG isotype control FITC, PE, or APC (StemCell Technologies).  Cells were centrifuged, washed, fixed with 0.5 % paraformaldehyde, and kept refrigerated until flow cytometry analysis. Cells were read within one week using a BD FACS Canto (BD Biosciences, Rockville, MD) with excitation/emission for FITC at 488/530, APC at 633/660, and PE at 488/585 nm.  
Flow cytometry of the intracellular marker, Oct-4A, was performed using the intracellular cytokine staining protocol (eBiosciences).  Briefly, cells were fixed in 100 μl of 5% parformaldehyde, vortex, and incubated at RT for 25 min.  The next steps were performed in Permeabilization Buffer.  The cells were washed 2 X, and then incubated with 1:100 dilutions of the primary antibody, goat anti-human Oct-4A IgG (sc-8628, Santa Cruz), for 20 min at RT.  For the peptide competition, a 25-fold molar excess of the 10 residue peptide immunogen (sc-8628P) was pre-incubated with antibody 1 hr at 4º C.  Cells were washed 3-4 X and incubated with 1:200 dilutions of secondary, antibody, Alexa 594-conjugated rabbit anti-goat IgG (Invitrogen).  Cells were washed, resuspended in PBS, and read within one week using a BD FACS Canto (BD Biosciences, Rockville, MD) with excitation/emission for FITC at 488/530.
[bookmark: _Toc256004809]Cell Proliferation and Viability 
To determine the cell proliferation rate and the viability, cells were counted and assessed using trypan blue staining.  Suspended cells were transferred to a 50 ml conical tube, in which 10 μls of cells were combined with 10 μls of trypan blue.  10 μls of the mixture were pipetted onto a hemocytometer and counted manually under an upright phase contrast microscope.  Two separate aliquots were counted and averaged to determine the cell number.  The total fold increase was calculated by the (# of Cells at Day 7 or 14) / (# of Cells at Day 0).  The fold increase of CD133+ cells was calculated by the (% of cells positive for CD133 via flow cytometry) * (total fold increase).
[bookmark: _Toc256004810]Sorting CD133 Progeny
Cells were sorted after 7 days in culture into CD133+ and CD133- populations by two techniques: the previously mention CD133 immunomagnetic positive selection technique or by the FACS Aria (BD Biosciences):  For the FACs Aria, cells were process the similar as flow cytometry of cell surface markers but were not fixed with paraformaldehyde.  Instead, cells were analyzed and were sorted immediately by the FACS Aria.  Non-viable cells were gated out before the analysis was performed.  In each technique, the purity of the populations was evaluated by flow cytometry.  
[bookmark: _Toc199231451][bookmark: _Toc256004811]Colony Forming Assay
Following the manufacturer’s protocol (StemCell Technologies), 1.2x104 cells were washed and resuspended in 300 μl of IMDM with 2 % FBS.  This mixture was combined with 3 mL of MethoCultTM GF H4434 (1 % Methylcellulose, 30 % FBS, 1 % BSA, 10-4 M 2-Mercaptoethanol, 2 mM L-glutamine, 50 ng/ml rh Stem Cell Factor, 10 ng/ml GM-CSF, 10 ng/ml rh IL-3, 3 U/ml rh Erythropoietin, and Iscove’s MDM ).  In duplicate, the final mixture was gently vortexed and 1.1 mL of the mixture was plated on 35 mm dishes using 16 gauge blunt-end needles.  Cells were incubated as described above for 13-16 days and scored according to the Human Colony Forming Cell Assay technical manual (Stem Cell Technologies) (Figure 2.2).  The number of CFU-E, BFU-E, CFU-GM, and CFU-GEMM were counted, and percent of colonies was determined by the following formula (# of colony forming unit type / total number of colonies).  
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[bookmark: _Toc199231479][bookmark: _Toc206988848]Figure 2.2:	Example of the Different Types of Colony Forming Units.
Top left: Colony Forming Unit Erythrocyte (CFU-E), bottom left: Granulocyte/Macrophage (GM) top right: Blast Forming Unit - Erythrocyte (BFU-E), and bottom right Granulocyte/Macrophage/Erythrocyte (GEMM)
[bookmark: _Toc199231452][bookmark: _Toc256004812]Transfection
Using the human CD34 cell nucleofector kit (Amexa, #VPA-1003), cells were transfected with a TCF-4 luciferase reporter plasmid according to the manufactures protocol. The percent of cells transfected was determined by co-transfection with a green fluorescent protein (GFP) plasmid.  The different conditions were normalized by co-transfection with a Renilla luciferase reporter plasmid (gift of Dr. Chunming Liu laboratory).  Briefly, cells were spun down at 290 RPM for 10 min in 50 ml conical tubes.  The pellets were re-suspended in 100 μl of CD34+ nucleofector solution with 1 μg of TCF-4 luciferase reporter plasmids, 0.5 μg of GFP plasmids, and 0.5 μg of Renilla luciferase reporter plasmid, and then transferred into a cuvette to undergo electroporation.  The program selected was U001.  Next, the sample was transferred to tubes with 500 μl of pre-warmed RPMI 1640 media (Invitrogen) for 10 min and then transferred to a prepared 6 well plate with 1.5 mls of RPMI 1640 media supplement with 10 % FBS.  
The TCF-4 and Renilla activity was determined by a Luciferase Reporter Assay for TCF-4 (#E1510, Promega) or Renilla Luciferase Reporter Assay (#E2810, Promega).  24 hours after transfection, the percent of cells positive for GFP was evaluated (Figure 2.3).  The sample was then washed in PBS, lysed in 25 μl of the appropriate lysis buffer and frozen at -20°C.  Later, 25 μl of Renilla or Luciferase Assay Reagent was added to the samples, and they were analyzed immediately by a scintillation counter.  Renilla and TCF-4 activity were analyzed in separate tubes.  Each sample was performed in triplicates, and the results were averaged.
[bookmark: _Toc199231453][bookmark: _Toc256004813]Immunoblot Analysis
To collect the total cell protein, cells were rinsed in PBS, lysed in 30 μl per 1*106  cells of RIPA buffer (PBS, Np-40, DOC, and SDS) with PMSF and protease inhibitors (PI cocktail, Benzamidine, Na3PO4, NaF, and NaPP) on ice for 30 min, and then centrifuged at 13000 RPMs to collect the supernatant.  Protein lysates were quantified by using the Bio-Rad Protein Assay.  0 μg, 1 μg, 2 μg, 5 μg, 10 μg, or 20 μg of gamma-globulin was resuspend with 200 μl BIO-Rad Protein Dye and water up to 1 ml.  The Bradford program on a spectrophotometer was used to create a protein standard curve, and then protein samples were analyzed.  
For electrophoresis, approximately 30 μg of total cell protein was diluted in a 4 X NuPAGE LDS buffer with 10% β-mercaptoethanol (Sigma) and heated at 70°C for 10 min.  Sample were vortexed, centrifuged, and then loaded on one dimensional NuPage 4-12 % Bis –Tris Gel and electrophoresed at 80 volts for 3-4 hours.  Gels were then transferred to a PVDF Nitrocellulose Filter Paper (Invitrogen) by electrophoreses at 30 Amps for ~1.5 hours at 4°C. 
The nitrocellulose membranes were blotted in 10 % milk, 1X TBS for 30 min at RT.  The following primary antibodies were diluted in 5 % milk, 0.5% TBS-tween: total GSK-3β (#9315, Cell signaling 1:1000), pSer 9 GSK-3β (#9336, Cell Signaling 1:1000) and phospho GSK-3β_216/279 (#05-413 Upstate 1:1000); β-catenin (C7082, Sigma 1:2000); γ-catenin (P8087 Sigma 1:1000); TCF-4 (#MAB-3755, Upstate 1:1000); and β-actin (Sigma).  Membranes were washed 3 X in TBS, incubated with the appropriate secondary antibody, anti-mouse or anti-rabbit horse radish peroxidase-conjugated secondary antibody (SouthenBioTech, Birmingham, Alabama), diluted 1:1000-1:5000 in 5 % milk, 0.5% TBS-tween for 1 hr, and then washed another 5-6 X in 1% TBS-tween.  
Immunoreactive bands on membranes were determine by addition of equal amounts of detection reagent one and detection reagent two from the chemiluminescent western blot detection kit (Amersham ECL Western Blotting Systems, Little Chalfont, UK).  Membranes were exposed to Kodak BioMax XAR film (KODAK, St. Louis, MO) and the protein bands of interest were normalized to β-actin levels.
[bookmark: _Toc199231454][bookmark: _Toc256004814]Statistics
Results were presented as means ± SD from at least three different experiments. Significant differences between groups were analyzed by t-Test (two samples assuming unequal variance using the Microsoft Excel software).  P values less than 0.05 were considered significant.
[bookmark: _Toc256004815]
Chapter 3
[bookmark: _Toc256004816]Role of Embryonic Stem Cell Markers in CD133+ Cells
[bookmark: _Toc256004817]Introduction
The POU domain containing Oct-4, previously known as Oct-3/4, is comprised of two splice variants that code for isoforms Oct-4A and Oct-4B 4.  Oct-4 is thought to endow self-renewal and pluripotency of the ESC phenotype in mice and humans 1.  As ESCs differentiate and lose pluripotency, expression of Oct-4 is down-regulated 7,71-77.  Furthermore, over-expression allows ESC to regain the ESC primitive phenotype indicating this marker can reprogram self-renewal mechanisms 5,74-77.
We recently reported that lineage negative stem cells (CD133-, CD34-, CD45-, CD33-, and CD7-) isolated from human umbilical cord blood expressed many ESC markers, including Oct-4, thus raising the possibility that this transcription factor might confer ESC-like pluripotency and indefinite self-renewal to this type of stem cell 47.  However, while lineage negative cells have the potential to generate all three developmental lineages, we were unable to demonstrate indefinite self-renewal 21.  Furthermore, Oct-4 is expressed on hematopoietic, mesenchymal, follicular, breast, liver, pancreatic, kidney, and gastric adult stem cells 2,47,72,78,79.  These observations continue to leave open the potential for Oct-4 to confer self-renewal in some adult stem cells.  However, Lengner et al. recently demonstrated that Oct-4 is not even essential for self-renewal and maintenance of mouse somatic stem cells 80.  Thus, the ability of Oct-4 to confer self-renewal has been under much scrutiny lately 2,4,47,70,72,80-82.  This is primarily due to the complexity of the Oct-4 gene(s) and the existence of two isoforms with different functions.
The two isoforms, Oct-4A and Oct-4B, have both common and distinct structural and functional domains 4.  Most importantly, Oct-4A has a transactivation function that is lacking in Oct-4B, thereby providing completely different potential roles in conferring ESC-like properties mediated through gene expression.  Thus, while the isoforms have identical central POU DNA binding domains and C-terminal domains, the N-terminal domains are different.  Further, the A isoform resides in the nucleus, possesses a functional N-terminal transactivation domain, and induces target gene expression while the B isoform is cytoplasmic and has no transactivation domain.  Finally, only the A isoform is responsible for stemness properties 83 and sustains stem cell renewal  4.
A significant challenge has arisen due to this complexity because many studies have used primers for Oct-4 that inadvertently amplified pseudogenes and/or antibodies that did not distinguish between the Oct-4A and Oct-4B isoforms.  Antibodies that recognize regions common to both isoforms 4,7 are unable to distinguish which isoform is present in any given cell.  Unlike Oct-4A, Oct-4B lacks a transactivation domain and may not confer self-renewal.  However, a goat anti-human Oct-4A antibody was raised to an undisclosed 10 amino acid peptide from within residues 10 to 60 in the 134 amino acid N-terminal domain of Oct-4A that does not exist in Oct-4B.  This peptide immunogen is an excellent reagent to demonstrate Oct-4A specificity by pre-incubating the antibody with excess peptide prior to immunocytochemistry or flow cytometry.
Detection of the Oct-4 mRNA has been equally problematic.  Several primers have been reported for the analysis of Oct-4 mRNA expression, but many code for Oct-4 pseudogenes 70.  Primers specific for Oct-4A mRNA coding sequences have been recently reported wherein the 5’ primer only anneals to sequences coding for the N-terminal domain of Oct-4A that do not exist in Oct-4B.  Thus, tools are available for specific detection of Oct-4A mRNA that does not identify Oct-4B mRNA.
In order to test the hypothesis that expression of Oct-4A confers self-renewal in adult cord blood stem cells, we analyzed expression in CD133+ stem cells during growth that either maintained expression of the CD133 marker or lost the marker during differentiation along the hematopoetic lineage.  Using tools specific for Oct-4A, we show that Oct-4A mRNA and protein were expressed in all freshly isolated CD133 cells.  Expression of both Oct-4A mRNA and protein was maintained during proliferation in culture during which CD133 and other adult stem cell markers were down regulated while differentiated hematopoetic markers were induced, all the while maintaining multipotent capacity to give rise to hematopoetic lineages.  Therefore, our results indicate that expression of Oct-4A mRNA or protein neither implies nor confers ESC-like properties in human umbilical cord blood CD133 stem cells or differentiated progeny.  It will be important to use the specific tools described here to understand the role of Oct-4A in other adult stem cells to better define the emergent, but undiscovered, properties of Oct-4A.

[bookmark: _Toc256004818]Results
[bookmark: _Toc256004819]CD133+ Cord Blood Stem Cells Produce Progeny with Phenotypes that Maintain or Lose the CD133 Marker
We first examined the phenotype of CD133+ cells isolated from umbilical cord blood by positive immunomagnetic bead selection.  Flow cytometry of adult stem cell markers indicated these freshly isolated cells were 94-96% positive for CD133 and CD34 (Figure 3.1A).  These cells grew vigorously in culture, expanding more than 200-fold in 14 days (Figure 3.1B).  During expansion, the adult stem cell markers CD133 and CD34 were dramatically decreased such that by 7 days, only 30% of the cells expressed CD133 or CD34 with nearly complete loss by 14 days (Figure 3.1A).  Expression of CD133 in the expanded cultures was confirmed using immunomagnetic bead column re-isolation (data not shown).
[bookmark: _Toc256004820]CD133- Cells, but Not CD133+ Cells, Lose Proliferative Potential
Since the loss of adult stem cell markers clearly indicated that the majority of CD133+ cells were not capable of indefinite division to produce identical progeny in cell culture, we tested the proliferative potential of these progeny.  After 7 days in culture, FACS was used to sort CD133+ and CD133- populations while discarding cells in a window of overlap of the two markers (Figure 3.2A-C).  Purity of the day 7 CD133+ (Figure 3.2B) and CD133- (Figure 3.2C) populations was determined to be > 99 % via flow cytometry.  When these two populations were separately cultured for another week, the CD133+ fraction expanded ~ 4-fold while the CD133- population remained at one fold p<0.02 (Figure 3.2D).
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[bookmark: _Toc206988849]Figure 3.1:	Analysis of CD133+ cells expansion and expression of CD markers.
CD133 cells were isolated via immunomagnetic bead isolation from human umbilical cord blood and cultured for up to 14 days.  Freshly isolated cells (black), and cells cultured for 7 (grey) or 14 days (white), were analyzed by flow cytometry for the presence of the adult stem markers CD133, and CD34 (A).  Freshly isolated cells, and cells cultured for 7 or 14 days cells were counted with trypan blue and the fold expansion was calculated (B).  The data are representative of at least three separate experiments.
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[bookmark: _Toc206988850]Figure 3.2:	Analysis of CD133+ cells growth potential.
After 7 days in culture, CD133 cells were analyzed via flow cytometry.  Day 7 cells (A) were stained with human anti-CD133-PE and sorted into CD133+ (B) and CD133- (C) cells via FACS.  The bars represent the CD133+ and the CD133- fraction compared to the human anti-IgG-PE control.  The two separate populations (CD133- and CD133+) were grown for another 7 days and counted with trypan blue (D).  *, p<0.02.  The data are representative of at least three separate experiments.
[bookmark: _Toc256004821]CD133- Cells, but Not CD133+ Cells, Gain Hematopoetic Differentiation Markers
Flow cytometry was used for further phenotypic characterization of these cell populations.  CD133+ population from freshly isolated mononuclear cells and CD133+ cells population after 14 days in culture expressed the marker CD81 but none of the markers of hematopoetic differentiation (CD3, CD14, CD19, and CD56).  In contrast, the CD133- population began losing the marker CD81 (18% negative for CD81), and gaining the markers of differentiation CD14 (11% positive) and CD56 (18% positive) without a change in CD 3 or CD19 (Figure 3.3).
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[bookmark: _Toc206988851]Figure 3.3:	Flow cytometry analysis for markers of adult hematopoietic stem cells and differentiation along the hematopoietic lineage.
Mononuclear cells and day 14 CD133 cells were co-stained with anti-human PE-labeled CD133 or non-specific IgG and anti-human APC labeled CD81, CD3, CD14, CD19, CD56, or non-specific IgG and analyzed by flow cytometry.  The flow cytometry results were then quantified for CD81 (dark grey), CD3 (light grey), CD14 (white), CD19 (striped), and CD56 (black). The flow cytometry is representative of three replicate experiments.
[bookmark: _Toc256004822]Differentiated CD133- Cells have Multipotency Similar to CD133+ Cells
In order to test whether the differences between CD133+ and CD133- populations correlated with potential to give rise to the hematopoetic progenitor lineages, we performed colony forming assays.  Freshly isolated CD133+ cells were cultured for 7 days and separated into the positive and negative fractions via FACS.  Both of these populations produced all four hematopoetic lineages (Figure 3.4A).  The relative potential to generate CFU-GEMM and CFU-E did not change as cells differentiated from CD133+ to CD133-.  However, the percentage of BFU-E increased significantly while the CFU-GM decreased during differentiation of CD133+ into the CD133- population.  The CD133- population also produced a significantly lower number of total colonies (Figure 3.4B).
[bookmark: _Toc256004823]Differentiated CD133- Cells, in addition to CD133+ Cells, Express Oct-4A
We previously showed that lineage negative (CD133-, CD34-, CD45-, CD33-, and CD7-) umbilical cord blood-derived stem cells expressed Oct-4, at the time considered a canonical, consensus marker for pluripotent and self renewing ESCs.  We then showed that these lineage negative cells, in addition to the less primitive cord blood CD133 and CD34 cells, also expressed SSEA-4, another consensus ESC marker 40,47.  While others have confirmed expression of SSEA-4 in similar differentiated lineages 84,85, expression of Oct-4 has come under intense scrutiny due to the specificity of tools used to evaluate the mRNA and protein.  This is particularly important since the Oct-4 has many pseudogenes and two protein isoforms, Oct-4A and Oct-4B.
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[bookmark: _Toc206988852]Figure 3.4:	Colony forming assay of CD133+ and CD133- cells.
After 7 days in culture, CD133 cells were separated into CD133 positive (CD133+) and CD133 negative (CD133-) populations via FACS and subjected to a colony forming assay.  The number of colonies of the four different hematopoietic lineages was counted and express as a percent of the total number of colonies (A) (colony forming unit-erythrocyte (CFU-E) (black), blast forming unit-erythrocyte (BFU-E) (dark gray), colony forming unit-granulocyte macrophage (CFU-GM) (light gray), and colony forming unit-granulocyte erythrocyte macrophage megakaryocytic (CFU-GEMM) (white)).  The total number of colonies were also calculated (B).  *, p<0.02.  Each assay was performed in duplicate and in three replicate experiments.
In order to determine if the mRNA for the Oct-4A and Oct-4B isoforms was present, we performed RT-PCR with primers specific for the coding sequences of the two isoforms 4.  We showed that the A (Oct-4 5’e1a/3’e1) and B (Oct-4 5’e1b/3’e1) mRNAs were present in CD133+ cells from fresh isolates and from re-isolation after 7 days in culture (Figure 3.5).  In addition, Oct-4A mRNA was expressed in CD133- cells after 7 days in culture and in CD133- cells at 42 days, the longest time tested.  We confirmed these expression results, and excluded detection of Oct-4 pseudogenes, using specific primers previously shown to detect only the Oct-4A gene (Oct-4_F), not pseudogenes 70.
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[bookmark: _Toc206988853]Figure 3.5:	Expression of Oct-4A and B mRNA in CD133+ and CD133- cells by RT-PCR.
Freshly isolated CD133+ cells, day 7 CD133+, day 7 CD133- cells, day 14 CD133- cells and day 42 cells were analyzed via RT-PCR for Oct-4A (Oct-4 5’e1a/3’e1 and Oct-4_F/R ), Oct-4B (Oct-4 5’e1b/3’e1), and GAPDH.

Since this is one of the first reports of Oct-4A mRNA expression in adult stem cells, hematopoetic stem cells, or cord blood stem cells of primitive (CD133+) or differentiated (CD133-) phenotypes, it was imperative to further substantiate these observations by analyzing protein expression.  Towards this goal, we performed immunocytochemistry using an antibody raised against a peptide corresponding to a region within the unique N-terminal domain of Oct-4A that is not present in the Oct-4B isoform (Figure 3.6B, AB).  As an additional control for immunocytochemistry specificity, the antibody was pre-incubated in the presence of a 25-fold molar excess of the peptide immunogen prior to application to the fixed cells (Figure 3.6B, AB+peptide).  Using this approach, we tested expression of the Oct-4A isoform in freshly isolated CD133+ cells (Figure 3.6B), re-isolated CD133+ (Figure 3.6C) and CD133- (Figure 3.6D) cells after 7 days in culture, and human cheek cells (Figure 3.6E).  The cord blood derived stem cells, whether CD133+ or CD133-, expressed Oct-4A immunoreactivity that was competed by the peptide immunogen.  As expected, the differentiated human cheek cells were negative for Oct-4A.  Interestingly, Oct-4A was localized to the cytoplasm throughout the time in culture.  In addition, expression levels of Oct-4A varied from cell to cell.
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[bookmark: _Toc206988854]Figure 3.6:	Expression of Oct-4A protein in CD133+ and CD133- cells by immunocytochemistry.
The cells were stained with anti-human Oct-4A IgG without (AB) (B-E) or with (AB+peptide) (A) preadsorption by the peptide immunogen followed by Alexa-594 conjugated secondary antibody (top panels).  Freshly isolated CD133+ (B), day 7 CD133+ (C), day 7 CD133- (D), and human cheek (E) cells were analyzed for Oct-4A (Right panels).  Nuclei are shown by DAPI staining (Left panels).  All images were captured with confocal fluorescence microscopy and are representative of the entire slide.    The data are representative of at least three replicate experiments.
Since expression of the Oct-4A isoform has not previously been demonstrated using this unique approach of immunocytochemistry with specificity demonstrated by peptide immunogen competition, we extended these studies to flow cytometry.  Freshly isolated CD133+ cells expressed the Oct-4A isoform in ~ 96% of the cells (Figure 3.7A).  Specificity of this result was demonstrated by a complete lack of shift with peptide competition.  After culture for 7 days, immunomagnetic re-isolation, and specificity determination with peptide pre-incubation with the Oct-4A antibody, expression of the Oct-4A isoform was seen in 87% of the CD133+ cells (Figure 3.7B) and 89% of the CD133- cells (Figure 3.7C).  These flow cytometry results confirm PCR and immunocytochemistry expression of the Oct-4A isoform in CD133+ cells and differentiated CD133- cells. [image: ]
[bookmark: _Toc206988855]Figure 3.7:	Expression of Oct-4A protein in CD133+ and CD133- cells by flow cytometry.
Freshly isolated CD133+ (A), day 7 CD133+ (B) ,and day 7 CD133- (C) cells were analyzed for Oct-4A.  The cells were stained with anti-human Oct-4A IgG without (clear) or with (gray) preadsorption by the peptide immunogen followed by Alexa-488 conjugated secondary antibodies.  The data are representative of at least three replicate experiments.



[bookmark: _Toc256004824]Differentiated CD133- Cells, in addition to CD133+ Cells, Express Sox-2
[image: ]
[image: ]In order to determine if CD133+ and CD133- cells expressed other ESC markers, we performed RT-PCR and immunocytochemistry for Sox-2.  mRNA was present for Sox-2 in freshly isolated CD133+, as well as, CD133+ and CD133- cells cultured for 7 days, and 42 days (Figure 3.8 top).  In addition, freshly isolated cells were immune-positive for Sox-2 (Figure 3.8 bottom) as well as CD133 cells culture for 7 days and up to the last date tested, 42 days.  Furthermore, Sox-2 was present in both the nucleus and cytoplasm of each freshly isolated cell but in the cytoplasm after 7 or 42 days in culture.
[bookmark: _Toc206988856]Figure 3.8:	Expression of Sox-2 in CD133+/- stem cells in culture.
Freshly isolated CD133 cells, day 7 CD133+, day 7 CD133- cells, and day 42 cells were analyzed via RT-PCR for Sox-2 (Top).  Freshly isolated CD133 cells were analyzed via immunocytochemistry (Bottom). The cells were stained with anti-human Sox-2 IgG or control IgG followed by FITC-conjugated secondary antibodies (center panels).  Nuclei are shown by DAPI staining (left panels).  The DAPI and FITC stained images were then merged (right panels).  All images were captured with confocal fluorescence microscopy and represented the entire slide.  The data are representative of at least three replicate experiments.
[bookmark: _Toc256004825]Discussion
In the present study, we showed that freshly isolated human umbilical cord blood CD133+ stem cells, as well as the heterogeneous progeny that either retained the CD133 marker (CD133+) or lost the CD133 marker (CD133-), expressed the Oct-4A isoform mRNA detected by RT-PCR and protein detected by immunocytochemistry and flow cytometry.  Thus, Oct-4A was expressed regardless of the presence of the CD133 marker.  During extended expansion in culture, most cells lost the CD133 cell surface marker and gained numerous markers of hematopoetic differentiation, indicating a lack of self-renewal.  However, these differentiated cells maintained the expression of Oct-4A.  This surprising finding prompted us to further explore the relationship between expression of Oct-4A, growth, and proliferative potential of CD133 cells.  Indeed, only CD133+ cells maintained growth potential compared to CD133- cells while both populations exhibited similar potential to generate all hematopoietic lineages.
In the ESC literature, the first marker described as essential for self-renewal or maintenance of the ESC phenotype was Oct-3/4, now known as Oct-4 1,71,86.  These first studies were performed using primers, often amplifying pseudogenes, and antibodies that did not distinguish the different forms of Oct-4 or the Oct-4A and Oct-4B isoforms.  With recent reports, discoveries, and delineation of isoforms-specific tools, the bar has been raised to clearly understand isoform-specific expression.  Nonetheless, in the absence of Oct-4, the inner cell mass was restricted to the trophoblast lineage and lacked ESCs 6.  Nanog was then discovered to maintain pluripotency, clonal expansion properties of ESCs, and Oct-4 levels 74.  Next, Sox-2 was reported to be implicated in establishment of early cell fate decisions and activated by Oct-4 73.  Recently, Oct-4 and Sox-2 have been shown in several cell types, thus bringing into question the universal role of Oct-4 and Sox-2 in identification of pluripotent, self renewing stem cells 72,78,79,87,88.
Our findings that CD133+ and CD133- cells expressed Oct-4A mRNA and protein while not reflecting the unique properties of ESCs could be related to several phenomena.  Niwa et al. showed that the precise levels of Oct-4 governed its function and that its presence was insufficient to maintain ESCs properties 1.  In addition, Lengner et al. have demonstrated that Oct-4 is not essential for self-renewal and maintenance of somatic stem cells 80.  Our studies on human stem cells derived from umbilical cord blood further expand this evolving story to another species and another source of adult stem cells.  Oct-4A protein was seen in both the nucleus and cytoplasm by immunocytochemistry while immunoreactivity was specifically competed by peptide immunogen in both compartments.  Further, as cells grew in culture, the ESC marker, Sox-2, shifted from the nucleus to the cytoplasm.  This could be a novel explanation for why Oct-4A and Sox-2 do not correlate with self-renewal of CD133 cells.  Alternatively, while Oct-4A and Sox-2 were present, they may not be in an active conformation.  In mice, Nagano et al. have shown that several factors, including Oct-3/4 and Sox-2, had numerous post-translational modifications such as acetylation and phosphorylation that correlated with functional activity 89.  Zhang et al. showed that Oct-4 sumoylation was required for self-renewal 90.  Therefore, there are many possibilities to explain why the presence of Oct-4 is insufficient to drive self-renewal in CD133 cells.
One of the defining characteristics of the ESCs phenotype is the capacity for unlimited, indefinite, self renewing division to produce identical progeny.  While expansion of CD133 cells has been extremely successful, the extent to which CD133 cells undergo division to produce identical progeny remains relatively unexplored.  Progenitor cells isolated from umbilical cord blood have been expanded in standard two dimensional culture, in co-culture with mesenchymal stem cells 36, and in suspension with the use of three dimensional culture 40,47.  A cocktail of Flt-3, TPO, and SCF was developed which gave rise to the highest fold expansion of cell growth 43.  It was later shown that Flt-3 and TPO were thought to inhibit differentiation and to maintain multipotency while SCF enhanced proliferation 69,91,92.  However, it had not yet been reported whether human cord blood CD133+ stem cells undergo indefinite division in culture to produce identicaldaughter cells.  Here, we showed that CD133+ cells initially expressed adult stem cell markers (CD133 and CD34) which were then lost during rapid expansion in tissue culture.  Furthermore, only those cells that maintained expression of CD133 retained the ability to proliferate.  Therefore, the decreased growth rate of the population of cells derived from CD133+ cells was due to the dilution of CD133+ cells by the new progeny population of CD133- cells that did not divide.  These results clearly demonstrated that the significant expansion of CD133+ cells to produce predominantly CD133- cells is due to heterogeneity in self-renewal.  The relatively minor increase in the total number of CD133+ cells suggested that perhaps a small percentage self-renew.  However intriguing the possibility, the data showed that the potential for self-renewal was rapidly lost, thereby suggesting new culture conditions will be required to further expand this population.
CD133 cells were multipotent, expressed Oct-4 and Sox-2, and were able to differentiate into all three embryonic layers 2,93.  Therefore to improve hematopoietic transplantation and future tissue engineering efforts, expansion of CD133+ cells while maintaining self-renewal and proliferative capacity has recently become a key object of exploration.  The presence of Oct-4A and Sox-2 in CD133+ and CD133- cells suggests they may have the potential to maintain multipotency during expansion.  However, this is not the case as we showed cells generated by expansion of CD133 cells retain multipotency in culture, but had lost the ability to form colonies in colony forming assays by 8 weeks in culture 67.  To determine if the CD133- cell population had lost this hematopoetic multipotency, we separated CD133+ cells from CD133- cells after 7 days in culture and tested them in the colony forming assay.  While the multipotency capacities were identical, the CD133- population generated fewer total colonies than the CD133+ cells, presumably because of the reduced growth we showed.  Therefore, the presence of the CD133 marker neither defined not conferred hematopoetic multi-lineage potential.
As CD133 cells divided to produce non-identical progeny in culture, the cells formed a new population of differentiated cells.  In the niche of the bone marrow, adult hematopoietic stem cells received signals to divide into differentiated daughter cells as they populate the hematopoetic hierarchy.  The differentiated daughter cells had decreased proliferative potential and produced fewer hematopoietic lineages.  The four lineages (erythrocyte, monocytes, lymphocytes, and megakarocytes) had been extensively characterized as expressing adult stem cell markers or markers of hematopoietic differentiation 36.  Since we showed that CD133+ cells created a heterogeneous population via limited self-renewal while maintaining hematopoetic potency, we looked for an emergence or disappearance of hematopoietic markers.  After two weeks in culture, a new differentiated population emerged that lost the adult stem cell markers (CD34 and CD133) while gaining markers of differentiation (CD14 and CD56), all the while expressing Oct-4A.  These cells may contribute to decreased total colony numbers formed from the day 7 CD133- population of cells in the colony forming assay.
CD133+ cells have a great potential for tissue engineering and transplantation in regenerative medicine.  The key limitation for therapeutic applications of stem cells lies in the quantity of stem cells available for transplantation 22.  Umbilical cord blood was previously shown to have multipotency equivalent to bone marrow, greater regenerative potential, and less HLA restrictions 22.  Thus, the ideal situation would be to increase the number of CD133 cells through self-renewal to produce identical progeny.  If the differentiation of CD133 cells could be inhibited, one would have an expanded population of very pure, multipotent stem cells.  The CD133 cells could then be directed to differentiate along a specific lineage and could be very useful for many diseases.  Unfortunately, expression of Oct-4A does not appear to be a marker for these properties in human umbilical cord blood CD133 stem cells and their differentiated progeny.
[bookmark: _Toc256004826]Conclusion
We have shown that umbilical cord blood-derived stem cells expressing the CD133 surface marker also express Oct-4A mRNA and protein.  The CD133+ cells that initially expressed adult stem cell markers (CD133 and CD34) lost them during rapid expansion in culture and gained markers of differentiation (CD14 and CD56), all the while expressing Oct-4A in nearly every cell.  Furthermore, only the small number of cells that maintained expression of CD133 retained the ability to proliferate.  However, both the CD133+ and CD133- populations retained the ability to differentiate into all hematopoetic lineages.  These results clearly demonstrate that the massive expansion of multipotent CD133 human umbilical cord blood-derived stem cells produces predominantly non-identical progeny, and that the presence of Oct-4A does not imply indefinite division through self-renewal.
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Chapter 4
[bookmark: _Toc256004829]Inhibition of GSK-3β Causes Proliferation of Differentiated Umbilical Cord Blood Stem Cells
[bookmark: _Toc256004830]Introduction
Umbilical cord blood stem cells afford a unique opportunity for gene therapy and hematopoietic replacement 22.  Stem cells collected from the umbilical vein of a newborn infant can proliferate in culture and can be transplanted into irradiated human bone marrow to produce all the components of blood 36,94.  However, a current limitation is the inability to generate large quantities of cells for hematopoietic transplantation studies.
Primitive cord blood stem cells were first identified by the stem cell marker CD34.  Later, a subset of CD34+ cells that co-express the CD133 marker was shown to have increased proliferative capacity 43.  However, CD133+/CD34+ cells in culture divide to produce cells that retain or lose these markers 43,95. While many different culture techniques increase the percentage of cells expressing CD34/CD133 68,96,97, culture conditions that exclusively yield self-renewal remained unknown.
The Wnt pathway is critical for the self-renewal and proliferation of bone marrow and embryonic stem cells (ESCs), but human umbilical cord blood stem cells have not yet been studied.  In ESCs, activation of the Wnt pathway via inhibition of glycogen synthase kinase 3β (GSK-3β) maintained the embryonic phenotype 63,65.  In CD34+ hematopoietic stem cells from the bone marrow, over-expression of β-catenin 63 or treatment with ATP-competitive GSK-3β inhibitors 98 increased symmetric expansion of primitive CD34 cells.  Addition of lipid-modified Wnt3a to CD34 bone marrow stem cells also increased symmetric expansion 64.  Additionally, constitutive activation of β-catenin led to exhaustion of the long-term stem cell pool and inhibited differentiation 99,100.  Therefore, it is possible that activation of the Wnt pathway through inhibition of GSK-3β would increase self-renewal of human umbilical cord blood stem cells.
In the canonical Wnt pathway, GSK-3β (a serine-threonine kinase) forms a multiprotein complex with Axin-1 and Adenomatosis Polyposis Coli (APC).  Phosphorylation of GSK-3β on Try216 or Ser9 increases or decreases, respectively, the kinase catalytic activity of GSK-3β 58-60.  Activation of GSK-3β leads to phosphorylation of β-catenin, targeting it for degradation.  Stimulation of the Wnt signaling pathway inhibits GSK-3β so that β-catenin is not phosphorylated and, thus, not targeted for degradation.  Stabilized β-catenin then translocates to the nucleus, binds the transcription factor T-cell factor-4 (TCF-4), and induces expression of Wnt pathway target genes.  Therefore, activation of GSK-3β leads to decreased TCF-4 transcriptional activity reflecting silencing of the Wnt pathway.
Pharmacological inhibition of GSK-3β activation provides a specific approach to directly activate the Wnt pathway.  (2’Z,3’E)-6-Bromoindirubin-3’-oxime (BIO) is a small organic molecule that inhibits GSK-3β by preventing phosphorylation on Tyr216, thereby inhibiting degradation of β-catenin and activating Wnt target genes.  Furthermore, previous studies have shown that BIO-mediated activation of the Wnt pathway maintains self-renewal of mouse and human embryonic stem cells and rat cardiac stem cells 63,65,101.
Freshly isolated human umbilical cord blood CD133+ stem cells either undergo self-renewal (retain the CD133 marker) or differentiation (lose the CD133 marker) in culture 43,95.  These findings prompted us to further explore the signaling pathways regulating self-renewing and differentiating growth.  As the Wnt pathway was discovered to play a role in self-renewal of bone marrow hematopoietic stem cells (HSCs)63,64,98, we hypothesized that differentiation of CD133 cells in culture was due to down regulation of the Wnt pathway activity.  Consequently, we tested whether activation of the Wnt pathway is crucial to maintain self-renewal, maintain multipotency, and inhibit differentiation in CD133+ cells.  We found that in CD133 cells, inhibition of GSK-3β ‘tipped the balance’ towards a differentiated hematopoietic state that continued to proliferate and maintain multipotency.
[bookmark: _Toc256004831]Results
[bookmark: _Toc256004832]Wnt Activity during Differentiation of CD133+ Cells
As CD133 cells grow in culture, CD133+ cells differentiate by losing the adult stem cell markers, CD133 and CD34.  After 7 days in culture, the cells are approximately 30 % CD133+/CD34+ and 70 % CD133-/CD34-.  By fourteen days in culture, cells are only 2-4 % CD133+/CD34+ (Figure 3.1).  Because the Wnt pathway promotes self-renewal of bone marrow HSCs 63,64,98, we hypothesized that a decrease in Wnt pathway activity is a key mechanism for CD133 differentiation.
To explore the Wnt pathway in CD133+ cells, we harvested freshly isolated cells and cells cultured for seven days that self-renewed to produce more CD133+ or differentiated to produce CD133- cells.  After 7 days, cells were sorted by immunomagnetic bead re-isolation into CD133+ and CD133- populations (Figure 3.2A-C).  Purity of the day 7 CD133+ (Figure 3.2B) and CD133- (Figure 3.2C) populations was determined to be > 90 % via flow cytometry.  We first investigated phosphorylated and total levels of GSK-3β (Figure 4.1A).  As CD133 cells differentiated in culture, total GSK-3β protein levels increased in both CD133+ and CD133-.  Phosphorylation on the activating site Tyr216/279 on GSK-3β increased to a greater extent in the differentiated CD133- cells.  In contrast, phosphorylation on the inhibitory site Ser 9 increased in both CD133+ and CD133- cells.  Interestingly, β-catenin expression was not detected in CD133+ or CD133- cells, which was not a consequence of an inadequate antibody since we were able to detect β-catenin in later studies.  Protein levels (Figure 4.1A)  and the activity (Figure 4.1B) of TCF-4, a transcriptional co-activator of β-catenin, declined significantly as cells differentiated from CD133+ to CD133- cells (p<0.05).  As expected, the decrease in TCF-4 protein levels corresponded with a decrease in the mRNA levels of the TCF-4 target gene Cyclin D1 (Figure 4.1C).  Thus, alteration of Wnt pathway mediators led to diminished activity of the Wnt pathway as CD133+ cells differentiated into CD133- cells.
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[bookmark: _Toc206988857]Figure 4.1.	Expression of Wnt signaling proteins in CD133+ cells.
CD133 cells were isolated at day 0 and treated daily with BIO or vehicle for 7 days.  After 7 days in culture, vehicle-treated cells were separated into CD133+ and CD133- cells via CD133 immunomagnetic bead separation. Western blot analysis was performed for total GSK-3β, phosphorylation of Tyr216 and Ser9 on GSK-3β, β-catenin, TCF-4, and β-actin. (A).  Cells were co-transfected with TCF-4 and Renilla reporter constructs.  Levels of the TCF-4 reporter activity were normalized to control Renilla activity.  * p<0.05 (B).  RT-PCR analysis for Cyclin D1 and GAPDH in CD133+ day 0 cells, CD133+ and CD133- day 7 cells, and BIO-treated cells (C).
[bookmark: _Toc256004833]GSK-3β Inhibition
Since previous studies demonstrated that activation of the Wnt pathway promoted hematopoietic and ESC self-renewal and growth, we activated the Wnt pathway by inhibiting GSK-3β with BIO 62.  For these experiments, BIO-treated cells were not separated into CD133+ and CD133- populations.  As previously demonstrated in ESCs 65, we also found that BIO inhibited phosphorylation of GSK-3β Tyr216 and led to the accumulation of β-catenin.  BIO had little effect on phosphorylation of GSK-3β Ser9, total GSK-3β or TCF-4 protein levels (Figure 4.1A).  As expected with Wnt pathway activation 102, BIO also preserved transcription of the TCF-4 target gene Cyclin D1 (Figure 4.1C).

[bookmark: _Toc256004834]GSK-3β Inhibition: Growth
Since we were able to activate the Wnt pathway, we next determined the effects of BIO on growth.  In the presence of BIO, cell proliferation did not decrease significantly compared to controls from day 0 to day 14 (Figure 4.2A).  Next, we compared proliferation of cells treated with BIO for 7 days to cells cultured in vehicle for 7 days and separated into CD133+ and CD133- cells by immunomagnetic bead re-isolation (Figure 3.2).  CD133+, CD133-, and BIO-treated cells were grown for another 7 days and were counted using trypan blue.  The CD133+ and BIO-treated population expanded ~ 4-fold while the CD133- population remained quiescent (p<0.02) (Figure 4.2B).  Trypan blue exclusion indicated ell death was not present in any of the populations (data not shown).
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[bookmark: _Toc206988858]Figure 4.2.	GSK-3β inhibition effects on cell growth.
Vehicle (dark grey) and BIO (light grey) treated CD133 cells were counted with trypan blue staining after 7 and 14 days in culture (A).  After 7 days in culture, vehicle-treated CD133 cells were separated into CD133+ and CD133- cells via CD133 immunomagnetic bead separation.  The two separate populations (CD133- and CD133+) and BIO-treated cells were grown for another 7 days continuing vehicle or BIO treatment and then counted with trypan blue * p<0.02 (B).
[bookmark: _Toc256004835]GSK-3β Inhibition: CD133 Marker
We next determined the role of BIO in maintenance of the CD133 adult stem cell marker.  The percentage of cells that remained CD133+ after seven days was determined by flow cytometry and immunomagnetic bead re-isolation.  After 7 days, vehicle treated cells were 30% CD133+ whereas BIO-treated CD133- cells were completely negative for the CD133 marker (Figure 4.3).
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[bookmark: _Toc206988859]Figure 4.3.	GSK-3β inhibition effects on the CD133 marker.
Vehicle and BIO-treated CD133 cells were counted using trypan blue staining after 7 days in culture and then analyzed by flow cytometry for the presence of the CD133 adult stem markers (CD133+, grey; CD133-, black).

[bookmark: _Toc256004836]GSK-3β Inhibition: Adult and Differentiation Hematopoietic Markers
In order to confirm that BIO-treated cells actually differentiated down the hematopoietic lineage, we determined if BIO-treated cells expressed hematopoietic differentiation markers.  We analyzed BIO- and vehicle-treated cells by flow cytometry for hematopoietic differentiation markers including CD3 (T-cells), CD14 (macrophages), CD15 (granulocytes), CD19 (B-cells) and CD56 (NK cells).  Freshly isolated CD133+ cells and CD133+ cells after 14 days in culture did not express any of the markers of differentiation (CD3, CD14, CD15, CD19, and CD56).  On the other hand, some of the BIO- and vehicle-treated CD133- cells gained the markers of differentiation CD14, CD15 and CD56 (Figure 4.4).  There was no change in CD3 or CD19 (data not shown).
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[bookmark: _Toc206988860]Figure 4.4.	GSK-3β inhibition effects hematopoietic differentiation markers.
Cells cultured with vehicle control or BIO for 14 days and then analyzed by flow cytometry for the co-expression of the adult stem cell marker CD133 and the markers of hematopoietic differentiation (CD14, CD15, CD56) (Day 0 cells, black; Day 14 CD133+ vehicle, dark grey; Day 14 CD133- vehicle, light grey; Day 14 CD133- BIO, white).  Flow cytometry is representative of one analysis of three separate experiments.
[bookmark: _Toc256004837]Multipotency of BIO-Treated Cells
To further clarify where BIO-treated CD133- cells fall within the hematopoietic hierarchy, we determined the level of multipotency.  Freshly isolated CD133+ cells were cultured for 7 days, and then separated into positive and negative fractions via FACS.  Colony forming assays were performed on vehicle-treated day 7 CD133+ and CD133- populations and BIO-treated cells.  Each of these populations differentiated into all myeloid lineages (Figure 4.5A).  The proportion of GEMM did not change as cells changed from CD133+ to CD133‑ in vehicle-treated cells.  However, BIO-treated cells had increased potential for CFU-GEMMs.  In addition, the potential for C/BFU-E increased significantly at the expense of CFU-GM in CD133- vehicle- and BIO-treated cells compared to CD133+ (p<0.02).  After 7 days, the CD133‑ vehicle- and BIO-treated cells had a significantly lower number of total colonies (p<0.02) (Figure 4.5B).
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[bookmark: _Toc206988861]Figure 4.5.	GSK-3β inhibition effects on multipotency in a colony forming assay.
The percent of colony forming units in cells after 7 days with BIO- or vehicle-treated cells separated into CD133+ and CD133- cells (A).  Colony Forming Unit-Granulocyte/Macrophage/Erythrocyte /Megakarocyte (CFU-GEMM) (black), Colony Forming Unit-Granulocyte/Macrophage (CFU-GM) (grey), Colony/ Blast Forming Unit-Erythrocyte (C/BFU-E) (white). The total number of colonies were counted on 7 day populations (B) (p<0.02).
[bookmark: _Toc256004838]Discussion
The canonical Wnt pathway is important in development.  The pathway was first recognized for its function in the development of body axes and subsequent patterning during gastrulation 52.  Later, the role of the Wnt pathway in the development of the inner cell mass into the mesoderm and, subsequently, into HSCs was demonstrated 53,54.  Since then, many reports support the hypothesis that the Wnt pathway is important in proliferation, differentiation, and self-renewal of HSCs 63,64,98,103.  For example, co-incubation of HSCs with transfected stromal cells that expressed Wnt ligands (Wnt1, Wnt5a, or Wnt10b) increased the percentage of primitive stem cells 64,103.  Furthermore, HSCs could be regulated by adding extracellular factors such as lipid-modified Wnt3a 64,104.  In addition to extracellular stimulation, intracellular modulation of the Wnt axis has been performed by transfection with constitutively active β-catenin or inhibition of GSK-3β with pharmacological compounds such as LiCl, CHIR-911, or BIO in HSCs and ESCs 64,65,98.  However, the effect of activating the Wnt pathway on proliferation, self-renewal, and differentiation of cord blood stem cells, in particular CD133 cells, remains unknown.
In our novel study of cord blood CD133 cells, we undertook an approach to understand the role of Wnt signaling in differentiation and self-renewal.  Instead of focusing on extracellular ligands, we concentrated on the effects of an endogenous intracellular Wnt signaling protein, GSK-3β.  During inactivation of the Wnt pathway, GSK-3β forms a multi-protein complex with Axin-1 and APC.  Phosphorylation of GSK-3β on Tyr216 increases the kinase activity of GSK-3β 58-60 that mediates phosphorylation of β-catenin, targeting it for degradation.  Hence, one method to activate the Wnt pathway is to inhibit the phosphorylation of Tyr216 to decrease GSK-3β kinase activity towards and, thereby, stabilizing, β-catenin.  β-catenin can then translocate to the nucleus to activate TCF-4-induced transcription of target genes such as Cyclin D1.  Through GSK-3β inhibition, we determined that BIO treatment increased β-catenin levels and levels of the TCF-4 transcriptional target, Cyclin D1.
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]We tested the role of GSK-3β kinase activity in self-renewal and differentiation of CD133 cells.  We found that phosphorylation of Tyr216 on GSK-3β was increased specifically in the CD133- differentiated population.  This finding is the first to correlate GSK-3β kinase activity with stem cell differentiation.  We were unable to detect β-catenin in the control stem cells. Therefore, we could not correlate increased GSK-3β kinase activity with decreased β- or -catenin, as previously published literature suggested 55,105,106.  Neither β- nor -catenin are essential for normal hematopoiesis in mice 107 and, therefore, may not be essential for self-renewal of CD133 stem cell development.  Another possibility is that GSK-3β is fully active in CD133+ and CD133- cells to the extent that β- and -catenin are produced but continuously degraded.  This latter theory seems the most plausible since we showed that BIO treatment decreased GSK-3β kinase activity leading to increased β-catenin levels from previously undetectable levels.
We next determined the activity of one of the transcriptional mediators of the Wnt pathway, TCF-4.  While little is known about the role of TCF-4 in hematopoietic stem cells, it has been described in intestinal stem cells where the loss of TCF-4 resulted in differentiated, non-proliferative cells in intestinal crypts 108.  TCF-4 is also known to co-activate the transcription of many genes, including Cyclin D1, through interactions with β- and -catenin 102,109.  Our findings demonstrated that TCF-4 expression and activity dramatically decreased as CD133 cells underwent differentiation and Cyclin D1 was down regulated.  Surprisingly, TCF-4 levels were unchanged by inhibition of GSK-3β even though Cyclin D1 mRNA was increased (data not shown).  Our study strongly suggests that the Wnt pathway is activated in cells that maintain the CD133 marker and deactivated in cells that lose the CD133 marker and gained the markers CD14, CD15, and CD56 during differentiation.
Since previous reports indicate that GSK-3β inhibition increases self-renewal of stem cells, we tested the effects of GSK-3β inhibition on both self-renewal and differentiation of CD133 cord blood stem cells 65,98.  As expected, BIO treatment activated the Wnt pathway by inhibiting phosphorylation of Tyr216 on GSK-3β and increased expression of both Cyclin D1 and previously undetected β-catenin.  BIO activation of the Wnt pathway led to an increased rate of loss of adult stem cell markers.  Therefore, GSK-3β inhibition inhibited self-renewal of CD133+ cells and committed the cells down the hematopoietic lineage.
Previous studies showed that cord blood CD133 cells are multipotent in colony forming assays 95.  These assays demonstrate the potential of a precursor to form erythroid cells (C/BFU-E), myeloid cells (CFU-GM), or all myeloid lineages (CFU-GEMM). We found that BIO-treated cells were able to produce all myeloid lineages with an increased CFU-GEMM potential that was maintained after 14 days (data not shown).  The main limitation to rapid repopulation of the bone marrow after irradiation is the numbers of multipotent stem cells 110.  Although further studies are required to delineate comprehensive effects of BIO, we speculate that treatment would expand the CFU-GEMM population in cord blood stem cells, thereby, decreasing the time to repopulate the bone marrow.  In addition, BIO-treated cells had a significantly increased erythroid potential.  This is similar to a recent study (Nostro et al.) showing that activation of the Wnt pathway through either addition of the Wnt3 ligand or β-catenin over-expression in mouse Flk1+ mesodermal progenitors increased the frequency of primitive erythroid colony formation, and inhibition of the Wnt pathway completely blocked primitive erythroid colony formation53.  Therefore, our findings highlight the importance of GSK-3β inhibition in directing cells down the hematopoietic pathway.
Previous reports on hematopoietic bone marrow stem cells emphasized an association between self-renewal and proliferation in response to activation of the Wnt pathway.  We demonstrated that only the CD133+ cord blood stem cell population possessed the ability to undergo self-renewal and retained the ability to proliferate.  However, we were surprised to find that BIO-induced differentiation of cord blood stem cells did not reduce the ability of the cells to proliferate.  Previously in hematopoietic bone marrow stem cells, activation of the Wnt pathway was shown to selectively increase self-renewal of HSCs, with only the primitive, undifferentiated cells undergoing proliferation 63,98.  However, we now demonstrate a distinct separation between self-renewal and proliferation in cord blood stem cells with GSK-3β inhibition.  While further studies are required to delineate the molecular mechanisms of these responses, we speculate that persistence of proliferation is driven by the increase in Cyclin D1 expression mediated by GSK-3β inhibition.
Proliferation of differentiated cells is commonly noted in many cancers.  Our study on GSK-3β inhibition provides an additional example of how activation of the Wnt pathway contributes to cancer.  Through GSK-3β inhibition, we show increased expression of two oncogenes, β-catenin and Cyclin D1.  Activation of the Wnt pathway through over-expression of β-catenin and Cyclin D1 has been shown to predict poor prognosis in patients with acute and chronic myeloid leukemia 111,112,113.  Therefore, activation of the Wnt pathway could result in proliferation of differentiated hematopoietic cells in hematological malignancies and provide insight to potential intervention strategies in the future.
Our results provide evidence that activation of the Wnt pathway leads to differentiation and proliferation of human cord blood CD133- cells, results that are strikingly different from previous findings in hematopoietic stem cells 64,103,104.  These differences may be due to the unique properties of umbilical cord blood stem cells compared to those from  bone marrow and peripheral blood 20.  Cord blood stem cells have increased growth potential in culture, increased number of colonies in a colony forming assay, and predisposition to form all hematopoietic lineages.  Moreover, these cells differentiate into all three germ layers and hence, may be more primitive than bone marrow and peripheral blood stem cells 2,93.
These differences suggest that cord blood stem cells use growth and differentiation signaling pathways distinct from other stem cells 20.  For example, GSK-3β inhibition may lead to major alterations in the Hedgehog and Notch pathways giving rise to different phenotypes114,115.  Furthermore, inhibition of GSK-3β alone is insufficient to maintain self-renewal of CD133 cells.  Other key components of the Wnt pathway, like TCF-4, may need to be present to maintain self-renewal.  TCF-4 was down regulated with the loss of CD133 and BIO treatment was unable to restore expression implying that β-catenin may not be activating TCF-4 transcription in these cells.  Finally, it is unclear which population of stem cells is targeted by GSK-3β inhibition.  Some studies indicate that GSK-3β inhibition may commit more primitive CD133+ cells down the hematopoietic pathway, whereas other investigations focused on cells potentially committed to the hematopoietic lineage 54.  Due to these differences, it will be necessary to establish a more thorough understanding of the signaling pathways regulating differentiation of cord blood stem cells.  Only then will it be possible to clearly understand the molecular mechanisms regulating important properties of cord blood stem cells such as sustained proliferation, multi-lineage differentiation, and self-renewal.
[bookmark: _Toc256004839]Conclusion
We investigated the role of the Wnt pathway in proliferation, differentiation, and self-renewal of human cord blood CD133+ stem cells.  We demonstrated that Wnt signaling was down regulated as CD133+ cells differentiated (lost the marker CD133 and gained the markers CD14, CD15, and CD56).  Activation of the Wnt pathway through inhibition of GSK-3β accelerated differentiation of CD133+ cells down the hematopoietic lineage with enrichment of CFU-GEMM and C/BFU-E populations.  Sustained proliferation of these differentiated cells represents a novel dissociation of the molecular mechanisms subserving self-renewal and proliferation in umbilical cord blood stem cells.

[bookmark: _Toc206835149][bookmark: _Toc256004840][bookmark: _Toc205000879][bookmark: _Toc199593036]
Chapter 5
[bookmark: _Toc206835150][bookmark: _Toc256004841]Discussion
[bookmark: _Toc206835151][bookmark: _Toc256004842]Summary of Major Results
[bookmark: _Toc206835152][bookmark: _Toc256004843]Unifying Concept
The unifying concept of my dissertation is that signaling mechanisms regulating umbilical cord blood stem cell (UCBSC) properties are similar to signaling mechanisms regulating embryonic stem cell (ESC) properties.  Based on this concept, I developed two hypotheses on CD133+ cells isolated from UCBSCs (CD133+ cells):  Hypothesis 1 is that Oct-4 confers self-renewal and multipotency in a subset of CD133+ cells.  Hypothesis 2 is that activation of the Wnt pathway is crucial to maintain self-renewal and multipotency, and as well as inhibit differentiation in CD133+ cells.  .  This project was designed to explore these hypotheses by conducting a series of experiments which analyzed self-renewal, multipotency, and differentiation in CD133+ cells.  Specifically, we defined self-renewal as the maintaince of the CD133 marker (CD133+), multipotency as the ability to differentiate into all myeloid lineages, and differentiation as the loss of the CD133 marker (CD133-).  
[bookmark: _Toc206835153][bookmark: _Toc256004844]Results for First Hypothesis
In the first set of studies described in Chapter 3, we discovered that freshly isolated CD133+ cells expressed Oct-4A mRNA and protein.  These cells proliferated rapidly in culture with the production of only a small proportion of CD133+ cells but a much larger proportion of non-self renewing CD133- cells.  Proliferation was also associated with loss of other adult stem cell markers besides CD133, gain of differentiated hematopoietic markers, and maintaince of the potential to generate hematopoietic lineages.  These results are compatible with previous theories on self-renewal and differentiation 116.
However, we were surprised that Oct-4A mRNA and protein were expressed in all cells regardless of the loss of CD133.  This result indicates that Oct-4A, essential to self-renewal in ESCs 1,5-7, neither defines nor confers self-renewal of CD133+ cells and disproves the first hypothesis.
[bookmark: _Toc206835154][bookmark: _Toc256004845]Results for Second Hypothesis  
In the second set of studies described in Chapter 4, we demonstrated that differentiation of CD133+ cells was associated with a down-regulation of Wnt signaling.  These results are consistent with my hypothesis and with the ESC literature 65.  However, (2’Z,3’E)-6-Bromoindirubin-3’-oxime (BIO) treatment inhibited the kinase activity of GSK-3β, activated the Wnt signaling axis, and accelerated differentiation of CD133+ cells to CD133- cells, instead of the predicted decreased differentiation of CD133+ cells.  These results disprove the second hypothesis.  
Our findings led to a novel theory with direct clinical applications.  We found that BIO-treated CD133- cells that differentiated continued to proliferate at a rate parallel to vehicle-treated CD133+ cells that self-renewed.  This is in contrast to vehicle-treated CD133- cells that differentiated and do not proliferate.  In addition, BIO-treated cells produced all myeloid lineages in colony forming assays, with statistically significantly increases in the percentages of colony forming unit–granulocyte, erythrocyte, macrophage, and megakarocyte (CFU-GEMM).  These results indicated that inhibition of GSK-3β by BIO treatment in CD133+ cells leads to their differentiation into hematopoietic progenitor stem cells while maintaining their proliferation potential.  This observation suggests a novel technique to grow hematopoietic progenitor stem cells for hematopoietic transplants. 
[bookmark: _Toc206835155][bookmark: _Toc256004846]Limitations and Alternative Strategies
[bookmark: _Toc206835156][bookmark: _Toc256004847]Umbilical Cord Blood
One limitation of using stem cells from cord blood for experiments is the variability of samples, caused by the differences in pregnancy conditions.  The race of the mother, the sex of the infant, and the duration of the pregnancy all contribute to the variabilities amongst samples 117.  These variables affect the proportion of cell types isolated from the cord blood (stem cells versus monocytes versus lymphocytes) and their intrinsic stem cell properties 117.  
Another limitation of using umbilical cord blood as a source of stem cells for experiments is the low number of stem cells that can be isolated from a cord blood sample.  This limitation also exists when harvesting stem cells from the bone marrow.  A typical cord blood sample consists of approximately 40 mls of blood from which approximately 300,000 CD133+ cells can be isolated.  This limitation restricts the types of experiments that can be performed.  To provide sufficient protein for a western blot, 500,000 cells are necessary to collect enough protein for detection of Wnt pathway proteins.  The limitation also hampers the design of experiments with multiple conditions, such as those comparing concentrations of drugs or a series of time points.  One way of overcoming this limitation is to pool samples derived from several umbilical cords.  
[bookmark: _Toc206835157][bookmark: _Toc256004848]Variability in Tissue Culture
The cell culture environment affects experimental outcomes by affecting signaling pathways that regulate stem cell properties.  These factors include temperature, levels of CO2, humidity, and containers in which cells are cultured, such as 2D plates versus 3D vessels.  Additional factors include the type of media, and growth factors added to the media, such as serum and cytokines 43.  CD133+ cells are typically grown in media with fetal bovine serum (FBS).  Variations are inevitable in FBS obtained from different lots, even if they are from the same company.  In addition, the cocktail of cytokines used to grow CD133+ cells has not been standardized.  In our previous experiments, we added FLT-3, TPO, and SCF to the cell culture media, which resulted in 30 % self-renewal and 70% differentiation.  Cytokine cocktails containing erythropoietin, granulocyte colony stimulation factor, and megakarocyte growth and differentiation factor result in decreased self-renewal and increased differentiation.  Such variations in FBS and cytokines can have a significant effect on signaling pathways and stem cell properties.  
[bookmark: _Toc206835158][bookmark: _Toc256004849]Experimental Methods
Methods to detect expression of mRNA or proteins only capture levels of mRNA and total or phosphorylated proteins at a single time point.  Signaling pathways are constantly changing.  The relevance of signaling cascades is difficult to elucidate without an understanding of the whole cascade of events.  For example, the relevance of elevated levels of phosphorylated proteins, such as Tyr_216 on GSK-3β, for the process of self-renewal is extremely difficult to define when this phosphorylation status is measured at only two time points.  One solution to this limitation is to measure events at multiple time points; however, this is rarely technically feasible due to the limited number of stem cells.  An alternative approach would be to determine real-time changes in mRNA and protein expression through live cell imaging systems.  
[bookmark: _Toc206835159]mRNA Expression
Reverse-transcriptase polymerase chain reaction (RT-PCR) is a technique used to analyze mRNA levels.  In this dissertation project, RT-PCR was used to show that Oct-4A mRNA was present in both self-renewing CD133+ cells and non-self-renewing CD133- cells, whereas Cyclin D1 mRNA was present only in self-renewing CD133+ cells.  However, Niwa et al. showed that the presence of Oct-4A was insufficient to maintain ESC properties, and the levels of Oct-4 governed its role in self-renewal and pluripotency 1.  To determine the effects of changes in the OCT-4 levels on stem properties of CD133+ cells, a different technique will be needed, such as real-time PCR, which quantifies the levels of mRNA. 
[bookmark: _Toc206835160]Protein Expression
Immunoblotting, the standard method to detect total and phosphorylated protein levels, has many limitations.  An immunoblot estimates protein levels by averaging intensity of protein signal from many cells.  When applied to a cell line of identical cells, averaging the protein signal provides a reasonable estimate for protein levels in individual cells (Figure 5.1A).  However, unlike cell lines, CD133+ cells became a heterogeneous population after seven days in culture (Figure 3.1 and 3.3).  When applied to a heterogeneous population, averaging the protein signal may not adequately estimate the protein levels in individual cells.  To address this issue, we sorted cultured cells into two populations: CD133+ and CD133- cells before estimating protein levels in the two populations of cells by immunoblots (Figure 5.1B). We have reason to suspect that heterogeneous protein expression may still exist in these two populations.  In Figure 3.3, we found that CD133- cells are still a heterogeneous population since only a fraction of CD133- cells were positive for markers of differentiation, such as CD15 and CD56.  Thus, observations about protein levels derived from immunoblots must be interpreted cautiously.  A more precise method to evaluate protein levels in a heterogeneous population would be to analyze each individual cell.  

[bookmark: _Toc206988862]Figure 5.1:	Schematic of analyzing protein levels by immunoblots.
A schematic comparing homogenous cells versus heterogeneous cells, such as a cell line, in which each cell has equal protein levels (A) or CD133 (+) and CD133 (-) cells after 7 days in culture in which the (-) and (+) subpopulation have different protein levels (B).
Another limitation is the large number of cells required to provide the amount of protein needed for an immunoblot.  For cell lines, this is not an issue since they can be passaged until the number of cells needed is reached.  However, limited quantities of CD133+ cells are available per sample of UCBSCs, as previously mentioned.  Our lab has found that in CD133+ cells abundant cytoplasmic proteins can be detected by immunoblots with an excellent antibody, but it was difficult to detect a less abundant nuclear protein.  In experiments assessing Oct-4A, it was difficulties to harvest enough cells to detect the Oct-4A protein with current antibodies.  This difficulty was overcome by using flow cytometry to detect the Oct-4A protein.
Flow cytometry is an excellent method for determination of total and phosphorylated, intracellular proteins levels.  Flow cytometry quantifies the fluorescent signal in each cell according to the intensity of the fluorescence.  Unlike immunoblots, flow cytometry can distinguish different intracellular proteins in individual cells.  Expression levels of proteins can then be compared in subpopulations of cells (Figure 5.2).  It can distinguish between a condition where there are only a few cells with high protein expression and an abundance of cells with low protein expression versus a condition where all cells exhibit moderate protein expression.  Since an immunoblot is an average of the protein signal, immunoblotting cannot distinguish between these two conditions.  










[bookmark: _Toc206988863]Figure 5.2:	Immunoblotting versus flow cytometry to analyze protein levels.
A schematic comparing to two methods to evaluate populations of cells with homogenous (Condition 1) and heterogeneous (Condition 2) protein signals.  Immunoblot analysis indicates in similar protein levels in condition 1 and condition 2.  Flow cytometry indicates a high, medium, and low protein levels. Condition one has two peaks with a higher and a lower fluorescent intensities, while condition two has one peak with a medium fluorescent intensity.
[bookmark: _Toc206835161]Hematopoietic Assays
Stem cell properties of hematopoietic cells can be characterized by different hematopoietic assays (Figure 5.3).  We used in vitro short-term colony forming assays 118 to compare multipotency of vehicle-treated CD133+ and vehicle-treated CD133- cells and BIO-treated CD133- cells.  BIO-treated CD133- cells produced significantly increased CFU-GEMM potential compared to vehicle-treated CD133+ and CD133- cells.  However, in vitro short-term colony forming assays could not test the ability of BIO-treated cells to self-renewal.  In vivo hematopoietic assays, such as a spleen colony forming assay and a long-term repopulation assay, can determine the ability of cells to self-renew.  These assays can determine the ability of cells to produce all types of hematopoietic cells, to engraft in the bone marrow, and to induce survival of irradiated mice.  














[bookmark: _Toc206988864]Figure 5.3:	Assays used to detect hematopoietic stem cells.

[bookmark: _Toc206835162][bookmark: _Toc256004850]Future Directions
[bookmark: _Toc206835163][bookmark: _Toc256004851]Hematopoietic Transplantations with BIO-treated Cells
[bookmark: _Toc203129488]With regard to translational medicine, the most intriguing observation from this project was that BIO treatment of CD133+ cells resulted in a population of cells that exhibited an increased potential to generate multipotent progenitors while maintaining proliferation.  We were curious if this new population of cells created by BIO-treatment has the ability to self-renew.  If this population of cells self-renews, it would be a strategy to grow progenitor cells for hematopoietic transplants.  Therefore, a new hypothesis would be that inhibition of GSK-3β in CD133+ cells leads to growth of cells capable of short- and long-term self-renewal.  Future experiments to test this hypothesis would not be able to use the CD133+ marker since it is not expressed in BIO-treated cells.  To test self-renewal, functional assays would be a necessary complement, such as in vivo short- and long-term assays.  A common model to perform in vivo assays is non-obese diabetic severe combined immunodeficiency (NOD-SCID) mice.  These mice are genetically engineered to prevent graft rejection and are readily available 119.  
Short-term self-renewal of BIO-treated cells could be tested by Till and McCulloch’s in vivo spleen colony forming (CFU-S) assay 120,121.  Briefly, NOD-SCID mice would be irradiated before tail injection with donor BIO- or vehicle-treated cells.  Two weeks after the injection, the number of mixed colonies formed on the surface of the spleen could be counted.  Formation of colonies derived from BIO-treated cells would indicate if hematopoietic progenitors are present.  Next, cells from the splenic colonies could be harvested and injected into a second group of irradiated mice.  If secondary splenic colonies reform from primary BIO-treated splenic colonies, we would conclude that cells generated from BIO treatment of CD133+ cells undergo short-term self-renewal. 
Long-term self-renewal could be tested by a long term repopulation assay 118.  Briefly, BIO- or vehicle-treated cells would be injected into irradiated NOD-SCID mice.  Three to six months after injection 118, the proportion of positive donor-derived cells isolated from the blood, bone marrow, and spleen could be characterized by flow cytometry to determine the multilineage reconstitution (the percent and type of hematopoietic cells generated).  If BIO-treated cells continuously produce all types of hematopoietic cells, then these cells would undergo long-term self-renewal.  
Evidence supporting this new hypothesis was recently published by Holmes et al. 122.  They found that BIO treatment of CD34+ cord blood cells led to a decreased percent of CD34+ cells, but not total cells, after 5 days in culture 122.  In addition, they compared BIO- to vehicle-treated cells in an in vivo long-term repopulation assay in NOD/SCID mice.  Both groups of mice were found to have similar multilineage reconstitution.  Bone marrow from mice injected with BIO-treated cells had a higher percent of CD34+ cells compared to the control, despite the lower number of CD34+ cells initially injected.  The investigators concluded that BIO treatment “acts to improve the functional capacity of CD34+ cells and sustains the in vivo expansion of the most primitive SCID repopulating cells” 122.  This claim is problematic since their in-vivo assays were terminated after only 6 weeks.  Conventionally, sixteen weeks is the minimal time frame to demonstrate long-term self-renewal, a hallmark factor of primitive HSCs.  Also unlike our results, they did not detect an increase in CFU-GEMMs.  This is important since the cells that produce more CFU-GEMMs are more likely to possess the potential to generate more multipotent progenitors in vivo and, thus could also have an increased potential for multilineage reconstitution in vivo.  
The major differences between our results and theirs could have occurred for the following reasons.  In their experiments, CD34+ cells were used instead of a more immature cell such as CD133+ cells; a lower dose and frequency of BIO treatment were used which may not maintaine the activation of Wnt signaling; cells were cultured for only 5 days after which CD34+ cells were still present 122.  In contrast to their experiments, our experiments used immature CD133+ cells; a higher dose and frequency of BIO treatment which maintained activation of Wnt signaling for up to 7 days; cells were cultured for 7-14 days, and a population of CD133- differentiated but proliferative cells emerged.  It is likely that our approach generates cells that may be more appropriate for future studies.
[bookmark: _Toc206835164][bookmark: _Toc256004852]Role of β-catenin in Differentiation
Inhibition of GSK-3β in CD133+ cells resulted in a complete loss of adult stem cell markers, and a gain of differentiation markers (CD14, CD15, and CD56) (Figure 4.3 and 4.4).  In order to determine possible causes, relevant signaling pathways were compared between vehicle-treated CD133+ cells that self-renewed versus BIO-treated CD133- cells that differentiated after 7 days of culture.  The major difference found was in the expression of β-catenin.  Holmes et al. also found a similar phenomenon after treatment of CD34+ cord blood cells with BIO 122.  Therefore, expression of β-catenin could play an essential role in differentiation of CD133+ cells to CD133- cells.  Future experiments with conditions that increase or decrease β-catenin protein levels could test its role in differentiation of CD133+ cells.  
Since our results found that freshly isolated CD133+ cells do not express β-catenin (Figure 4.1A), they could be transfected with an over-expression plasmid or control plasmid, cultured for 7 days, and then the percent of CD133- cells determined.  If expression of β-catenin is a factor in differentiation of CD133+ cells, we would expect an increase in the percent of CD133- cells compared to the control.  
Since our results found that BIO-treated CD133- cells express β-catenin (Figure 4.1A), freshly isolated cells could be transfected with siRNA to β-catenin, treated with BIO, cultured for 7 days, and then the percent of CD133- cells determined.  If the absence of β-catenin enables self-renewal of BIO-treated cells, we would expect a decrease in the percent of CD133- cells compared to control siRNA.  If a decrease in expression of β-catenin does correspond with fewer cells becoming CD133- cells, then the experiments would have determined that β-catenin does not have an essential role in differentiation of CD133+ cells.
[bookmark: _Toc206835165][bookmark: _Toc256004853]Role of Cyclin D1 in Proliferation 
Freshly isolated CD133+ cells and their CD133+ progeny (but not their CD133- progeny) possessed the ability to proliferate (Figure 3.2).  Surprisingly, BIO-treated CD133- cells continued to proliferate, even though they became CD133- through an unknown mechanism.  A major signaling difference between BIO-treated cells that became CD133- and vehicle-treated cells that became CD133- is the expression of Cyclin D1 mRNA which was expressed only in BIO-treated cells.  Cyclin D1 protein promotes progression through the G1-S phase of the cell cycle through inactivation of the retinoblastoma protein 123.  Consequently, if expression of Cyclin D1 protein correlates with the mRNA expression, Cyclin D1 could play an essential role in proliferation of CD133- BIO-treated cells.  Future experiments that involved increases or decreases Cyclin D1 protein levels could test its role in proliferation of UCBSCs.  
Since CD133- progeny do not express Cyclin D1(Figure 4.1C), freshly isolated CD133+ could be cultured for 7 days, the CD133- fraction could be isolated, transfected with a Cyclin D1 over-expression plasmid or control plasmid, cultured for another 7 days, and then the cell number counted with trypan blue.  If the expression of Cyclin D1 is essential for growth, then an increased growth rate would be found in cells transfected with the Cyclin D1 over-expression plasmid.  In addition, since BIO-treated CD133- cells express Cyclin D1 (Figure 4.1C), freshly isolated cells could be transfected with siRNA to Cyclin D1, treated with BIO, and the cell number counted with trypan blue.  If the absence of Cyclin D1 prevents growth, then a decreased growth rate should be found in cells transfected with the Cyclin D1 over-expression plasmid. 

[bookmark: _Toc206835166][bookmark: _Toc256004854]Conclusions
Early attempts to expand UCBSCs ex-vivo before transplanting them were disappointing, mainly due to predominant expansion of mature, rather than immature, cells 124.  Thus, strategies are needed which can identify and then expand immature UCBSCs.  Since embryonic stem cells are very immature cells with well known abilities to self-renew, we turned to the literature on ESCs to gain insight about stem cell properties that might also regulate expansion of immature UCBSCs.  
Reports on ESCs properties had identified several key proteins, such as Oct-4A, Sox-2, and Nanog that play an essential role in maintaining stem cell properties 4,71,73,74.  Since Oct-4A was reported to be essential to self-renewal and pluripotency in ESCs, I proposed that Oct-4A would be a key protein to identify a pure population of immature UCBSCs and play a role in their self-renewal.  However, I found that Oct-4, Sox-2 (Chapter 3), or Nanog (data not shown) neither defined, nor conferred self-renewal of CD133+ stem cells.  We also found similar negative results for additional embryonic cell surface markers, SSEA-3, SSEA-4, Tra-1-60, and Tra-1-81 (data not shown).  Even though these embryonic stem cell markers were found in UCBSCs, their predicted role in self-renewal did not apply to CD133+ stem cells.
The literature contained reports about several pathways and factors that were important to maintain self-renewal of ESCs 65,66.  Two of these pathways were investigated, the Wnt pathway through inhibition of GSK-3β (Chapter 4) and the MAPK pathway through inhibition of Erk (data not shown).  In addition, CD133+ cells were treated with various other factors deemed important, such as bFGF 125, Noggin 126, and GDF-3 (data not shown) 127.  We found that none of these pathways affect to self-renewal of CD133+ cells.  
All the results for this project indicate that the pathways regulating UCBSC properties are not the same as those pathways regulating ESCs properties.  While the literature on ESCs can serves as a starting point, many of these findings about ESC properties do not apply to UCBSCs.  Consequently, a whole new body of knowledge is needed to define the properties of UCBSCs. 
One approach is to perform a global analysis of mRNA and protein levels in CD133+ cells undergoing self-renewal versus differentiation.  Freshly isolated CD133+ could be cultured for 7 days, sorted into CD133+ and CD133- fractions, and then analyzed through multiplex analysis, such as microarrays and mass spectrometry.  Multiplex analyses could identify differences between mRNA and protein expression in CD133+ and CD133- populations.  Such differences would generate a list of potential candidates for future experiments to investigate their role in the self-renewal and multipotency.  Perhaps then, we will be able to answer the important question of how to identify and expand immature UCBSCs.
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A. EDUCATION
2000 - 2002	B.A. Biology with Highest Honors at University of Texas at Austin

6/2003 -  Present	M.D.-Ph.D. Student; University of Texas Medical Branch, Galveston, TX.
			 

B. UNIVERSITY HONOR PROGRAMS
2001-2002			Dean’s Scholars:  Natural Science Honor’s program

Induction: Dec. 2002		Phi Beta Kappa Honor’s Society
 

C. ENRICHMENT PROGRAM 
11/2002 – 6/2003	University de Lille, France. Department of Molecular and Cell Biology. Laboratory of Dr. Jean-Jaques Curgy. The study of H19 gene regulation.  

D. PUBLICATIONS

1.  Poster Presentations
M Howe, A Johnson   Over Expression and Purification of the NMD3 Protein.  Margaret Howe, Arlen Johnson.  Undergraduate Poster Session, UT Austin, Spring 2001. 

M Howe; P Overbeek.  The Rescue Gun Metal Mice.  Undergraduate Poster Session, UT Austin, Spring 2002.

M Howe, N Berteaux,.  JJ Curgy.  Potential roles of the H19 gene over-expressed in cancer cells.  Lillois Cancer Research Reunion Research, Lille, France July 2003. 

[bookmark: OLE_LINK1][bookmark: OLE_LINK2]M. Howe, J. Zhao, Y. Bodenburg, R. Tilton, L. Denner.   The Role of the Wnt Pathway in Self-Renewal and Differentiation of Umbilical Cord Blood-Derived Stem Cells. Keystone March 2007

M.C. Howe, J. Zhao, Y. Bodenburg, C. McGuckin, N. Forraz, R.G. Tilton, R.J. Urban, and L. Denner.  Expression of Embryonic and Adult Stem Cell Markers during Expansion of CD133+ Umbilical Cord Blood-Derived Stem Cells.  American Cell Biology December 2007

2. Oral Presentations
M Howe, N Berteaux, JJ Curgy. “Regulation of the H19 Gene Expresion by the E2F1 Transcription Factor.”  International Medical Students Congress, Leiden, Holland, Feb 2003.	

M. Howe, J. Zhao, Y. Bodenburg, R.G. Tilton, R.J. Urban, and L. Denner.  “The Role of GSK-3β in Self-renewal and Differentiation of CD133+ Umbilical Cord Blood-Derived Stem Cells.”  Southern Regional Meeting, New Orleans, LA.   February 2008 

M. Howe, J. Zhao, Y. Bodenburg, R.G. Tilton, R.J. Urban, and L. Denner.  “Inhibition of GSK-3β Causes Proliferation of Differentiated Umbilical Cord Blood Stem Cells”  National Student Research Forum, Galveston, TX.   April 2008 

Y. Zhao; S.J. Haidacher; M. Howe; J. Zhao; R. Tilton; R. Urban; L. Denner.  "Stem Cell Proteomics: Mass Spectrometry-Based Identification and Quantification of Differentially Regulated Proteins in Growth and Differentiation of Umbilical Cord Blood CD133+ Stem Cells," Endocrine Society's Annual Meeting, March 2008

Y. Zhao; S.J. Haidacher; M. Howe; J. Zhao; R. Tilton; R. Urban; L. Denner. “Molecular Mechanisms of Stem Cell Growth and Differentiation Using Bioinformatics Anaylsis of Quantitative Differential Expression of Proteins and Phosphoproteins.”  US HUPO Conference, March 2008

3. News Video Clip
Channel 11 KHOA, 5.25.07 New discovery could cure type-one diabetes 6:14pm

4. Papers Published
L. Denner, Y. Bodenburg, J. Zhao, M. Howe, J. Cappo, R. Tilton, J. Copland, N. Forraz, C. McGuckin, and R. Urban.   Directed Engineering of Adult Umbilical Cord Blood Stem Cells to Produce C-Peptide and Insulin.  Cell Proliferation, June 2007

M Howe, J Zhao, Y Bodenburg, CP McGuckin, N Forraz, RG Tilton, RJ Urban, and L Denner.  Oct-4A Isoform is Expressed in Human Cord Blood-Derived CD133 Stem Cells and Differentiated Progeny.  Cell Proliferation

5. Papers Submitted
M Howe, J Zhao, Y Bodenburg, RG Tilton, RJ Urban, and L Denner.  Activation of Wnt Signaling in Primitive CD133+ Cord Blood Cells Accelerates Differentiation, Stimulates Proliferation of Differentiated Derivatives, but Maintains Multipotency.  Stem Cell

E. HONORS
Spring and Fall 2001, 2002	University Honor’s List 

Spring 2001			Diplôme d’honneur in French

Fall 2001			Undergraduate Research Fellowships

Spring 2006, 2007		Certificate of Appreciation for Tutoring

Fall 2007-Spring 2008	Bromberg Scholar – Chosen to be a mentor and teacher of basic laboratory skills to high school student enrolled in “Bench Tutorials: A Scientific Research and Design Program.” 

September 2007	GSBS Associates Travel Award Presented in Memory of Christina Fleischmann

[bookmark: OLE_LINK3][bookmark: OLE_LINK4]February 2008	SAFMR/SSCI Student Research Award Winner

Fall 2008	GSBS Shirley Patricia Parker Scholarship Award

F. EMPLOYMENT
Summer 2001	Summer Medical And Research Training Program, Baylor College of Medicine.  Houston, TX

Summer 2005 	Tutor medical students for the cardiovascular and pulmonary medical school courses

Spring 2006 	Tutor medical students for the neuroscience medical school course

G. LEADERSHIP 
Fall and Spring 2004, 2005	Secretary of the Surgery Society at UTMB

Fall and Spring 2005, 2006	Co-chair of MD/PhD Seminar Series

Fall and Spring 2005, 2006	Chair of the MD/PhD Recruitment Committee 

Fall and Spring 2006-2008	Student Representative MD/PhD Admissions Committee

August 2007-Spring 2008	Treasure of Tri Island – A triathlon club for Galveston County

H. COMMUNITY ACITIVITIES
Spring 2001 – Spring 2002	Volunteer at University Health Center: Three hours per week, alternate between clinic and Medical records.  In clinic I bring patients back to room, take vital signs-pulse, temperature, blood pressure etc, and prep patient for doctor.  In medical records I pull charts and put charts together for appointments, 

Fall and Spring 2001, 2002	Mentor and tutor for a sixth grader at Ortega Elementary.  I ate lunch with my student each week.  We talk, Play games, and have lots of fun.   Once a week after school, I help children with their math homework.  

Fall 2003	Frontera de Salud – Service org. founded and staffed by medical, nursing and allied health students committed to bringing primary healthcare to the under-served.

Spring 2004-present	Volunteer at St. Vincents – A free clinic run by medical students for the uninsured patients of Galveston

August 2007-present	Tri Island – A triathlon club for Galveston County
		Lone Star Triathlon March 2007
		Iron Babe Triathlon August 2007

April 2008	MS 150 – A fundraiser to support multiple sclerosis research, 180 mile bike from Houston to Austin

I. RESEARCH EXPERIENCE
1/1999 – 5/2000		University of North Texas at Denton, Department of Molecular Biology. Laboratory of Dr. Robert Benjamin. Investigation of Metabolic Engineering of Cottonseed Oil.	

Summer 2002		University of North Texas Health Science Center at Fort Worth, Department ofPhysiology. Laboratory of Dr. Fred Downey.  Investigation of Blood FlowHeterogeneity in the Left Ventricle.

Summer 2001		Baylor College of Medicine, Department of Molecular and Cell Biology.  Laboratory of Dr. Paul Overbeek. Expression Patterns of Pax 6, Cre in the Lens and Retina and the Rescue of Gunmetal Mice with BAC Gene Rab geranylgeranyl transferase. 

10/2000 – 5/2002		University of Texas at Austin, Department of Molecular Biology. Laboratory of Dr. Arlen Johnson. Investigation of the NMD3 protein.  

11/2002 – 6/2003		University de Lille, France. Department of Molecular and Cell Biology. Laboratory of Dr. Jean-Jaques Curgy. The study of H19 gene regulation.  

6/2003 – 8/2003		Graduate Assistant.  University Texas Medical Branch at Galveston.   Laboratory of Dr. Jeffrey Ceci.  The study of the Tpl2 oncogene.  

5/2004 – 6/2004 		Graduate Assistant.  University Texas Medical Branch at Galveston.   Laboratory of Dr. Randall Urban.  Investigation of Growth of Umbilical Cord Blood-Derived Stem Cells on Surgesis.

6/2004 – 12/2008		Cell Biology/Cancer Track Ph.D program at the University Texas Medical Branch at Galveston.   

6/2005 – 12/2008 		Laboratory of Drs. Randall Urban, Larry Denner, and Ronald Tilton.  Signaling Pathways Regulating Self-Renewal and Differentiation of CD133 Umbilical Cord Blood Stem Cells.
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