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    Crucial findings in research and clinical application results have proved stem cell to be endowed with dual characteristics, on one hand exploited for beneficial regeneration processes and source of uncontrolled tumoral proliferation, on the other.




    Statistics predicts that there will be over 20 million new cancer cases worldwide by the end of 2014, because the incidence of major cancers and population growth are steadily increasing. Hence we will be facing 56% more cancer cases diagnosed in 2030 in comparison to 2012 [1, 2].




    In contrast to cancer world-wide statistics, where there are clear and accurate statistics, the figures for tissue regeneration domain are more on the economic side. Therefore the global tissue engineering and regeneration market is estimated to $20.8 billion in 2014 and will triple in 2019 [3].




    In this global image of human diseases, stem cells are walking a thin thread, balancing two competing ideas: one is stem cell as main tumorigenesis player and the other is stem cells as the crucial regeneration trigger. Between these two sides of the barricade stands the book that I am kindly inviting you to decipher.




    Almost all of the chapters are elaborating on issues that stem cells are endowed with. Preserving the genetic information and retaining the proliferative potential of the tissue in which these cells reside are sustained by their capacity to self-renew and the ability to differentiate into different cell types. Stem cells have a long life span, slow cycling, but their quiescence may turn into high proliferation ability when exposed to certain stimuli. Various factors, including the ones resident in their niche can influence the fate of stem cells.




    You will discover the latest up-dates in hematopoietic stem cells, cancer stem cells in oral pathology, stem cells that are involved in skin’s regeneration and tumorigenesis, in neurodegeneration and brain tumours, in endocrine pathology, how the immune system controls stem cells, the proteomics behind these cells and the latest technologies involved in stem cells identification.




    The book raises its voice in the chorus of publications that would enhance the information regarding stem cells development as therapy approaches in precision medicine.




    

      Giovanni Pellacani


      Department of Dermatology,


      University of Modena


      Modena MO, Italy
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    The proposed book will enrich the previous publications regarding stem cell, by promoting information in two research/clinical renewable areas, such as regeneration and tumorigenesis. Recent information gathered both from research and clinical application proved stem cell to have a “Janus face” characteristics, on one hand exploited for beneficial regeneration processes and source of uncontrolled tumoral proliferation, on the other. Therefore, these cells while used in experimental regeneration they can induce unwanted tumorigenesis pathways.




    In this respect, signal transduction, stem cell markers, immune-related processes, “omics” technologies as up-dated identification, as well as pharmacological trends will emphasize the relationship between research and clinical behaviour of this controversy.




    This book is emerging from the need to create a clear image regarding the complex mechanisms governing the involvement of stem cell in both regeneration and tumorigenesis.




    The giants of cellular biology, have shown that the reawakening of pluripotency inherent in all cells have challenged forever our notions of cellular identity. The implications of the new reprogramming paradigm in biomedicine is steadily enhancing our understanding of cell differentiation and prospects for cellular therapies and in vivo regeneration.




    The multi-authored book that we propose focuses specifically on various approaches in terms of organ and specific pathways that trigger the two opposite ways that a stem cell can follow. By definition, a stem cell has both self-renewal and multi-potentiality abilities. For this unique dual capacity, stem cells interpret signalling pathways in specialized ways. Adult stem cell for the treatment of damaged or diseased tissues relies on the ability of stem cells to produce paracrine factors that have a trophic effect on existing tissue cells, improving their functional capacity and develops the complex process of regeneration. On the other side of the barricade, the notion of cancer stem cells gained prominence in recent years but whether they are only the initiators and/or perpetuator of neoplasia, is still a matter of intense debate. Local factors from the microenvironment (niche) can sustain the self-renewal potential and possibly guide towards multiple stem cell populations.




    The chapters will follow the balance between regeneration and tumorigenesis focusing several tissue and systems types: neuro-, haemato-, oro-, dermato-, digestive, endocrine domain. Chapters that focus on the immune processes that regulate and control the stem cell duality and state of the art identification omics technologies and pharmacological approaches. This viewpoint will have as central pillar the stem cell and its capacity to be main target for solving system medicine issues.




    This e-book begins with the chapter elaborated by Chen et al. showing that the discovery of hematopoietic stem cells (HSCs) ushered in a new era in stem cell and life science research. The therapeutic benefits of HSCs have long been recognized; as bone marrow transplants have saved many lives, and with an increasing understanding of HSC biology and its translation to the clinic, studies of HSCs will continue benefit the health of humans and our curiosity of life in general.




    The chapter elaborated by Slootweg and Zurac focuses on the epithelial stem cells in oral mucosa. Normal epithelial stem cells are characterized, their location, methods of identification and stemness markers are presented. The concept of cancer stem cells in oral cancer, their origin and markers are discussed along with cancer stem cells niche and the interference with treatment. The chapter discuss the role of oral stem cells in oral mucosa wound repair.




    The chapter dedicated to skin stem cells elaborated by Caruntu et al. highlights the main characteristics of processes like regeneration and tumorigenesis in skin. The chapter describes the skin regeneration pathways and it elaborates on an interesting link regarding regeneration triggering tumorigenesis in cutaneous tissue. Stem cells that can trigger non-melanoma and melanoma skin cancers are described in separate sections.




    The chapter focusing on adult pituitary stem cells elaborated by Gheorghișan-Galateanu shows the recent reports of potential populations of stem cells in the pituitary. The nature of pituitary stem cells remains a matter of debate. The variety of markers and approaches used to identify pituitary progenitors and stem cells makes it difficult to compare results and integrate the findings.




    There are two chapters that focus on stem cells in brain. One chapter elaborated by Enciu shows the neuroregeneration of mammalian brain, where a functional stem cell niche and proper molecular cues is needed. Neural stem cells have been initially considered, as a putative source for lost neurons, but in terms of cognitive rescue, the results have been disappointing. The chapter discusses the regenerative potential of stem cells therapy in the modified cellular and molecular context of the aged brain.




    The other chapter focusing on brain, developed by Cruceru and Popa presents a quick view of the entangled signaling pathways involved in the cancer stem cells in brain tumors with aggressive behavior such as glioblastoma, presenting possible targets for future personalized therapies with improved outcome.




    The chapter that brings data regarding the main issues triggered by the immune response in stem cell approaches is elaborated by Neagu and Constantin. The chapter characterizes the immunogenicity of stem cells, where major histocompatibility expression is the immune mould that can drive toward regeneration or tumorigenesis. The chapter shows the processes that are involved in stem cells modulating the immune system elements. Immune cells are important players for stem cell differentiation in both regeneration and tumorigenesis processes.




    New proteomic insights in this domain are elaborated by Tanase et al. showing the studies on stem cells and protein interactions using proteomics approaches. Development of stem cell approaches has evolved in the post-genomic era and the implementation of proteomic applications represent the great challenge. Current proteomics studies of stem cell signaling pathway can lead to the discovery of molecular mechanisms that govern cell-cell interaction and/or with stem cell niche.




    The last chapter elaborated by Larisa-Emilia Cheran et al. gives an overview of the new micro- and nano-technologies designed to monitor stem cell differentiation in the context of their potential applications in disease modeling, tissue engineering, regenerative medicine, as well as drug screening and toxicology.




    The reader will gain a good insight on the complexity and controversy surrounding the “stem cell paradigms”, namely the dual stem cell behaviour, regeneration versus tumorigenesis. Intimate processes like stem cells promoting the maintenance of other stem cells, background for optimization of tailored therapy intending the close collaboration between bench and bedside will be the crucial target in personalized medicine.
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      Abstract




      The discovery of hematopoietic stem cells (HSCs) ushered in a new era in stem cell and life science research. Much of the technology and knowledge that has been gained through HSC studies is now applied in many fields of biology and has fundamentally changed our understanding of stem cells. For example, cell identification and purification using cell surface markers, which were developed and fine-tuned in HSC studies, are now routinely used to investigate the developmental stages of different cell populations not only in hematopoiesis but also in the development of other organs and in tumor biology. The therapeutic benefits of HSCs have long been recognized as bone marrow transplants have saved many lives, and with an increasing understanding of HSC biology and its translation to the clinic, studies of HSCs will continue to benefit the health of humans and our curiosity of life in general. In this chapter, we will briefly describe the discovery, regulation, and therapeutic application of HSCs. We apologize that many studies are not included here due to the nature of this review.
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      Hematopoietic Stem Cells (HSCs)




      

        Hematopoiesis




        Blood accounts for ~7% of the weight of the human body; the peripheral blood of an adult human averages five liters and is composed of different types of blood cells suspended in plasma. Erythrocytes (red blood cells) comprise the vast majority proportion of blood cells, representing 45% of whole blood by volume, whereas leukocytes (white blood cells) account for approximately 0.7%; and plasma accounts for approximately 50% of the blood volume. Different types of blood cells vary significantly in terms of life span, for example, a few hours for certain granulocytes, 120 days for red blood cells, and many years for certain lymphocytes. As a tissue, an adult human’s blood contains 3x1013 cells, with approximately 1012 cells being replenished every day, making blood one of the most highly regenerative tissues. The process of regenerating new blood cells, or hematopoiesis, is one of the most actively studied topics and has led to knowledge of the detailed regulation of hematopoiesis and the discovery of hematopoietic stem cells.


      




      

        The Discovery of Hematopoietic Stem Cells (HSCs)




        It is currently accepted that the regeneration of blood cells begins with the self-replication and differentiation of hematopoietic stem cells (HSCs). However, the actual discovery of HSCs did not occur until more than a hundred years after the concept of HSCs was introduced in the 19th century, when anatomists noticed a wide variety of cellular morphologies while examining human bone marrow. In the early 20th century, the Russian scientists A. Maximow et al. postulated that hematopoiesis in humans could be characterized as a cellular hierarchy that was derived from one precursor cell, the hematopoietic stem cell [1]. However, no direct evidence or substantial experiments supported the existence of the HSC until much later. Extensive research on the hematopoietic system did not begin until the end of World War II.




        The atomic bombing on Hiroshima and Nagasaki caused numerous deaths due to the severe failure of hematopoietic function resulting from the lethal dosage of ionizing radiation. Scientists began studying the damage caused by ionizing radiation, especially to the hematopoietic system, and how to repair such damage. Jacoboson et al. discovered that certain cells from the bone marrow (BM) and spleen of mice could completely reconstitute the hematopoietic system of recipient animals that had suffered a lethal dosage of ionizing radiation [2, 3], indicating the existence of cells with self-renewal capacity that were transplantable. Further evidence of hematopoietic cell self-renewal came in 1951 when Lorenz et al. discovered that after the injection of spleen cells or bone marrow cells from radiation-free donors into recipients who had received ionizing radiation, the patients’ hematopoietic function improved, and none died [4]. In the same year, Brecher et al. confirmed that the transplantation of bone morrow from rats that had not received radiation could fully repair the severe bone morrow failure of rats that had suffered lethal radiation [5]. The existence of hematopoietic stem cells was demonstrated by these series of studies, which also confirmed that the failure of the hematopoietic system could be reestablished via cell transplantation, indicating the existence of hematopoietic stem cells and their transplant ability.




        In the 1960s, the existence of a multi-lineage hematopoietic stem cell pool was confirmed by a series of in vivo clonal repopulation tests, which represented the regenerative ability of hematopoietic stem cells [6, 7]. The visible colony-forming unit-spleen (CFU-S) assay was also developed to identify the multipotent cells of different blood lineages [7]. Nonetheless, due to the poor understanding of the hematopoietic system, results obtained with the CFU-S were incorrectly interpreted as confirmation of the existence of hematopoietic stem cells in mice. Furthermore, it was not clear whether HSCs consisted of one type of cells that can differentiate into all other types of mature cells or two or more different cell types that have different functions. Nevertheless, the CFU-S and transplant assays were the foundation for later functional studies of HSCs and progenitor cells.


      




      

        The Identification of HSCs




        In the late 20th century, the rapid advancement of molecular biology, immunology, flow cytometry, and other technologies aided in breakthrough discoveries in the areas of hematopoietic system and hematopoietic stem cells. Indeed, the general understanding of the development and function of hematopoietic system and its relationship with hematopoietic stem cells progressed very rapidly. It has now been firmly established that the hematopoietic system is a developmental hierarchy that consists of multi-potent hematopoietic stem cells at the peak, progenitor cells in the middle, and all types of terminally differentiated mature cells at the bottom (Fig. 1).




        Hematopoietic stem cells were first purified from mice based on their cell surface markers using flow cytometry. Thy-1lowLin-Sca+ cells, which represent 0.05% of the cells in mouse bone marrow, are able to reconstitute the hematopoietic system completely in mice that have been exposed to lethal radiation, and produce all the defined myelolymphoid lineages [8]. This study pioneered the use of cell surface markers combined with flow cytometry technology to isolate distinct hematopoietic stem cell populations and study their functions. Following this work, further studies revealed that even a single hematopoietic stem cell can give rise to long-term hematopoiesis and produce a steady-state pool of between 20,000 and 100,000 hematopoietic stem cells and over 109 blood cells daily in mice [9, 10]. Numerous studies since then have focused on using cell markers combined with flow cytometry, transplantation, and functional analyses to examine different cell populations of the hematopoietic system. The development of hematopoietic cells starting from HSCs to mature cells can now be mapped based on their cell surface markers (Fig. 1) [11-15].




        Human [16] and murine [8] hematopoietic stem cells are extremely rare, constituting less than 0.1% of bone marrow cells. Murine HSCs were identified by the surface markers c-Kit+, Thy-1.1low, lineage marker-/low, Sca-1+, Slamf1+, Flk2-, and CD34- [8, 14, 15, 17-19]. The profile of human HSCs consists of CD34+ and Thy-1+, but lacks CD38-, CD45RA-, and mature lineage markers [16].These cells are capable of giving rise long-term hematopoiesis after transplantation in mice or human xenogenic mouse models [20-22]. Clinical trials have also confirmed that blood formation can be rescued and sustainable hematopoiesis can be maintained in recipients upon autologous HSC transplantation [23].




        Compared with other precursor cells and mature effector cells, the most prominent features of hematopoietic cells are their self-renewal ability and differentiation potential. Through self-renewal, the total number of HSCs remains at a stable level to maintain normal hematopoiesis; through differentiation, HSCs can give rise to all types of mature cells, each of which has a unique physiological function.




        
[image: ]


Fig. (1))


        The diagram of hematopoietic development. Hematopoietic stem cells (HSCs) are stem cells that have self-renewal capability and give rise to all types of blood cells. Long-term HSCs will give rise to MPP (multi-potential progenitor) cells and then develop into either CMP (common myeloid progenitor) or CLP (common lymphoid progenitor) cells. CMPs will further develop into MEP (megakaryocyteerythrocyte progenitor) or GMP (granulocyte-macrophage progenitor) cells. The developmental process will eventually produce all the effector cells or mature blood cells, including red blood cells (erythrocytes), megakaryocytes, neutrophiles, Stem Cells between Regeneration and Tumorigenesis, Stem Cells in Hematopoietic Process and Therapy Tools 9 basophils, eosinophils, monocytes, macrophages, dendritic cells, T cells, B cells, and natural-killer cells.

      


    




    

      Biological Regulation of Hematopoietic Stem Cells




      The self-renewal and differentiation potential of HSCs are regulated by many signal transduction pathways. The ability to isolate HSCs and other specific cell populations has enabled detailed studies of the function and regulation of these cells. During the past few decades, with the advance of many other technologies, such as gene transfer and mouse genetic models, many labs have been able to study in detail the regulation of HSCs and other progenitor cells. Here, we briefly summarize some of the studies.




      

        HSC Niche




        The self-renewal, differentiation, apoptosis, and even migration of HSCs depend on the unique microenvironment, or the hematopoietic stem cell niche, which is the anatomical location in which HSCs reside and self-renew in the bone marrow. The fundamental role of the HSC niche is to maintain HSCs in a quiescent state to control self-renewal and differentiation into progenitors. The precise controls over the fate of HSCs are ensured by specific interactions between the niche and HSCs. When migrating out of the niche, HSCs cease to self-renew and start to differentiate into progenitors, ultimately differentiating to mature blood cells. Although the concept of the HSC niche was proposed more than 30 years ago [23], the HSC niche was observed only when Askenasy et al. applied fluorescent labeling to bone marrow cells of recipient mice [23]. The HSC niche was defined as a three-dimensional functional unit composed of stromal tissue, extracellular matrix, and bone surface. The stromal components are a mixture of tissues and various types of cells, including blood vessels, endothelial cells, adipocytes, and other stromal cells. Specific membrane-bound and secreted paracrine factors are also present in the niche. Specialized osteoblasts are the principle cellular components of the HSC niche and produce certain factors: Angiopoietin 1 and thrombopoietin are produced to maintain HSCs in a quiescent state; Wnt and interferon γ to induce proliferation; CXCL12 to control migration and localization; SCF, thrombopoietin, and interleukins to maintain vitality. High concentrations of extracellular calcium have also been reported to participate in the HSC-niche interaction [24].


      




      

        Molecular Pathways in HSC Regulation




        In both adult mice and humans, most HSCs are maintained in a quiescent state. The balance between proliferation and self-renewal is regulated by many signaling pathways, some of which have been extensively studied, including the PI3K, Wnt, and Hedgehog (Hh) pathways. Here, we briefly describe the impact of some of these pathways on HSCs and hematopoiesis.




        

          PI3K Signaling Pathway




          In response to a number of extracellular signals, PI3K is activated and generates 3’ phosphoinositide lipids, which elicit cellular responses by acting upon downstream targets, such as the mTOR signaling pathway and the Akt/Foxo pathways. The tumor suppressor protein PTEN is the major lipid phosphatase and can weaken PI3K signaling by dephosphorylating 3’ phosphoinositide lipids. PTEN deficiency or activated PI3K will promote tumorigenesis.




          In the hematopoietic system, PTEN plays an important role in maintaining HSCs and leukemogenesis. When PTEN is deleted using the Mx1-Cre transgenic model, the PI3K signaling pathway is activated; the mice present a transient increase in the proportion of HSCs that are rapidly cycling, which will cause the depletion of normal HSCs [25-28]. The depletion of PTEN also results in the generation of leukemic stem cells [28]. In transplantation assays, PTEN-deficient HSCs only possess the capacity of short-term multi-lineage reconstitution of the hematopoietic system while losing the ability of long-term engraftment. The loss of PTEN will increase significantly with the depletion of the bone marrow HSC pool and break the quiescent state of HSCs. The loss of PTEN also results in the accumulation of HSCs in extramedullary hematopoietic sites that cannot sustain HSC self-renewal [28].


        




        

          mTOR




          mTOR, a member of the PI3K-related kinase family, plays an important role in sensing and responding to environmental changes. Both mTOR complexes, mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2), are associated with the phosphorylation of multiple substrates [29, 30]. Recent research has revealed that the fine-tuning activity of the two mTORCs is responsible for the maintenance of HSCs as well as the suppression of leukemogenesis [31].




          Both the mTOR and PI3K-Akt pathways are down-regulated in the bone marrow niche [32]. mTORC1 suppression is essential for the quiescence of HSCs. The loss of Tscl, an essential component of mTORC1 complex, will induce HSCs to enter into the cell cycle and cause a large depletion of HSCs [33, 34]. Tscl deletion can also increase the concentrations of reactive oxygen species (ROS), which can then active p53. Some studies have suggested that increased mTORC1 activity is to some extent responsible for the decline in HSC function with age [35].




          Rapamycin, an immune suppression drug used in organ transplantation, is an inhibitor of mTOR and is widely used for studying mTOR functions. Recent studies show that rapamycin treatment combined with the activation of canonical Wnt-β-catenin signaling can sustain HSCs in both humans and mice and activate the generation of long-term HSCs [36]. Rapamycin can even rescue the defects of PTEN-deficient HSCs [28]. Interestingly, knocking out Rictor, one essential component of the mTORC2 complex, leads to a decrease in AKT phosphorylation and also restores the function of PTEN-deficient HSCs [37].


        




        

          Protein Tyrosine Phosphatase Shp2




          Shp2, a protein tyrosine phosphatase, participates in many signaling cascades, including the RAS-mitogen-activated protein (MAP) kinase pathways, the PI3K-Akt pathway, and the JAK-STAT pathway, which explains its multiple roles in cell differentiation, division, and migration [38]. Unlike other protein tyrosine phosphatases, which normally inactivate kinases and serve as negative regulators of cell functions, Shp2 up-regulates positive signaling pathways and down-regulates negative signaling pathways in cell proliferation [39].




          Shp2 is important in the initial steps of embryonic stem cell differentiation [40]. In hematopoiesis, when Shp2 activity is lost, HSC function decreases mainly due to reduced HSC dormancy and increased apoptosis. Shp2-deficient HSCs exhibit less quiescence, with fewer cells in the G0 and G1 phases of the cell cycle. Furthermore, p53-independent apoptosis in HSCs and progenitors is increased, resulting in cytopenia in both the peripheral blood and the bone marrow [41, 42]. The number of LSK cells, consisting of long-term hematopoietic stem cells (LT-HSCs), short-term HSCs (ST-HSCs), and multipotent progenitors (MPPs), along with CMPs, GMPs, and MEPs, is remarkably decreased in Shp2-deficient animal models, making Shp2-deficient animals more sensitive to 5-FU, a cell cycle-specific myeloablative drug [42]. Shp2-deficient HSCs also lose the capacity of reconstituting lethally irradiated recipients, generating very few blood cells with compromised homing and initial engraftment [42].


        


      




      

        Ubiquitin Proteasome System




        The ubiquitin proteasome system (UPS) is important for many cellular functions. The UPS regulates HSCs through multiple mechanisms, such as mediating transcription, the cell cycle, and protein quality control [43]. Abnormal UPS function leads to many severe diseases, including hematopoietic malignancies.




        The UPS functions through an enzymatic cascade that includes a ubiquitin-activating enzyme, E1, the ubiquitin-conjugating enzyme, E2, and the ubiquitin-protein ligase—E3 [44]. Several proto-oncogenes, c-Cbl, Itch, and Fbw-7, which function as E3 ubiquitin ligases, regulate HSCs.




        The E3-ligase c-Cbl inhibits the activity of Notch1, c-Kit, and STAT5, which are responsible for the maintenance of HSCs [45]. In Cbl knock-out mice models, the number of HSCs increases without an increase in mature cells [46]. In bone marrow transplantation assays and BrdU incorporation assays, Cbl-/- HSCs exhibit increased reconstitution and proliferation abilities.




        Itch, which belongs to the HECT family of E3 ligases, regulates more than 20 cellular targets, including the Notch signaling pathway. Similar to c-Cbl, Itch-/- mice exhibit enhanced HSC self-renewal and abnormal proliferation in bone marrow transplantation experiments and BrdU assays without increases in mature cells [46]. Itch-/- HSCs exhibit an enhanced hematopoietic recovery capacity under myeloablation by 5-FU, and Itch-/- HSCs also show enhanced progenitor ability in colony-forming assays [47].




        Fbw-7, another known RING finger E3 ligase, regulates over 20 proteins, including Notch and c-myc. A conditional Fbw-7-/- knockout in the hematopoietic system led to an increased number of actively cycling LSKs [48, 49], eventually leading to diminished HSCs [48]. C-Myc, one of the targets of Fbw-7, is suggested to be responsible for the decreased frequency and eventual loss of HSCs. Similar to c-Cbl-/- and Itch-/- mouse models, Fbw-7-/- mice also show the increased cycling of progenitor cells.




        VHL, another RING finger E3 ligase, induces the degradation of HIF-1α, a transcription factor that plays an important role under conditions of hypoxia. The HSC niche is maintained at a low-oxygen state for HSC quiescence, and HSCs express a high level HIF-1α to promote survival in this less than favorable environment. Defects in VHL will result in the stabilization of HIF-1α and induce HSC quiescence [50]. The Vhl-/- LSK population is less capable of transplantation, showing defects in homing and accelerated apoptosis compared with the wild-type LSK population [47].


      




      

        Transcription Regulators




        The unique gene expression program determines the fate of HSCs, and its ability to self-renew or differentiate [51]. The changes of gene expression in the differentiation progress of HSCs are generally accompanied by epigenetic changes in gene regulatory regions to drive the cells into a dormant or active state [52]. Transcription regulators such as HoxB4, Bmi1, HLF, HES1, and others, play pivotal roles in determining the fate of HSCs and their differentiation progress.




        Although the molecular mechanism is still not well understood, HoxB4, a homeobox protein, is a known transcriptional factor involved in stem cell biology. After retroviral transduction into mouse hematopoietic stem cells, HoxB4 can increase the total number of HSCs by approximately 1000-fold by activating symmetric self-renewal divisions [53]. However, when human HoxB4 was transduced into CD34+ cells, only a limited expansion of stem cell activity was observed [54]. Furthermore, HoxB4 can force mouse embryonic stem cells, but not human embryonic stem cells, to differentiate into a hematopoietic fate [55, 56].




        Bmi1 is another transcription regulator that participates in stem cell function. Bmi1 knock-down in mice resulted in the gradual loss of proliferative ability in both hematopoietic stem cells and progenitors and thus lead to anemia [57]. Similarly, the knock-down of Bmi1 in human CD34+ cells decreased CD34+ cell clonal potential [57, 58]. Bmi1 over-expression plays an important role in the tumor-initiating cells of a wide range of solid tumors and myeloid leukemia [59]. These observations suggested that the function of Bmi1 is conserved across species in both normal and malignant stem cells. Thus, Bmi1 may be a valid target for therapeutic intervention in various types of tumors [59].
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Fig. (2))


        The summary of pathways regulating hematopoietic stem cells. Hematopoietic stem cells (HSCs) are regulated and influenced by many signaling pathways and molecules, signaling molecules, such as Wnt, c-kit, to downstream signaling molecules, including PI3K, MAPK, Wnt, Notch, and others. Due to space limitation, only molecules described in this chapter are listed here. For many of these molecules and other molecules involved in HSC regulation, mutations or deregulation of these molecules can generate leukemia stem cells and eventually lead to leukemia.



        The Notch pathway is involved in cell proliferation and has been suggested to play an important role in stem cell biology. The over-expression of HES1, an HLF transcription factor in the Notch pathway, can enhance the repopulation potential of hematopoietic stem cells[60]. When CCN3 (NOV), one of the extracellular modulators of the Notch pathway, binds to the extracellular region of Notch, Hes1 expression is significantly increased[61]. A reduction of NOV is often accompanied by the decreased expression of HES1. Although Notch does not appear to have an obligatory function in adult hematopoietic stem cells, the constitutive activation of the Notch pathway nonetheless promotes the proliferation and inhibits the differential potential of hematopoietic stem cells [62].




        The Wnt pathway regulates many cellular functions, including HSCs. Wnt recombinant proteins can increase the expansion of HSCs in vivo [36]. When the exons encoding the negative regulatory sequences of β–catenin are deleted using the Mx1-Cre model, Wnt signaling is acutely activated. This event leads to a transient increase in the number of LSK cells as well as the number of LSK cells in the cell cycle [63, 64]. Furthermore, HSCs lose the ability to sustain hematopoiesis, which may result in bone marrow failure within a few weeks due to the depletion of HSC function and the developmental block of multiple progenitors [64, 65].


      


    




    

      Therapeutic Application of HSCs




      As described above, the discovery of HSCs is closely linked to their therapeutic application. Bone marrow transplants were attempted even before the identification and isolation of HSCs. As the first cell therapy or organ transplantation, bone marrow transplantation has saved numerous lives since its introduction. Furthermore, our understanding of HSCs and stem cell biology has improved tremendously. Although bone marrow transplants and the most current HSC therapies do not utilize highly purified HSCs, the long-term benefits of transplantation are the result of HSC engraftment. More and more studies are focusing on applying the highly purified HSCs in clinic. The interplay between basic research of HSCs and their application in clinic has and will continue to benefit patients.




      

        Hematopoietic Cell Transplantation (HCT) (or Bone Marrow Transplantation)




        Replacement of a patient’s malfunctioning HSCs with normal HSCs from a healthy donor is a logical therapeutic approach for hematopoietic diseases, such as immunodeficiency, autoimmunity, hemoglobinopathies, and hematologic malignancies, which are largely the result of defective HSCs. The first successful hematopoietic cell transplantation (HCT) was performed in 1956 when Donnal and colleagues intravenously infused bone marrow from healthy donors into patients exposed to radiation and chemotherapy [66].




        Two types of HCTs, allogeneic and autogeneic, are currently used in the clinic. Allogeneic bone marrow transplantation is an alternative treatment option for hematological disorders that are incurable with standard therapies. This procedure involves the replacement of a patient’s HSCs with normal donor HSCs, provided that sufficient hematopoietic chimerism is achieved, HCT can effectively reverse non-malignant genetic hematologic disorders such as sickle cell anemia, (thalassemia, and primary immune deficiencies [67].


      




      

        HCT and Immuno-Diseases




        One major function of hematopoiesis is to generate a large amount of immune cells as a defense mechanism. However, over- or self-active T cells and/or B cells can lead to autoimmune diseases, such as diabetes mellitus type 1 (DM1), multiple sclerosis (MS), and systemic lupus erythematosus (SLE). Although these diseases are multi-factorial, often involving environmental components, they are frequently associated with genetic deficiencies in which HSCs differentiate to generate self-reactive effector T-cells and/or B-cells that recognize and attack host tissues [68]. Theoretically, such diseases can be cured by elimination of the self-reactive T/B-cells in hosts, followed by transplantation and generation of a new non-self-reactive T/B cell compartment from a disease resistant donor(s).




        In the current transplantation procedures, host immune cells are generally eliminated first, along with other cells. Thus, autoimmune disease will be suppressed initially either autologous or allogeneic HCT. However, for autologous HCT, the transplanted HSCs can again differentiate into self-reactive immune cells in the recipient, leading to relapse. Indeed, this has been observed in mouse models. In the NOD mouse model of spontaneous autoimmune diabetes mellitus, syngeneic transplantation of purified HSC offered no long-term survival benefit [69]. Clinically, the outcome of autologous transplantation for autoimmune diseases is mixed. Depending on environmental factors, the long-term remission of disease was observed in some patients, whereas symptom relapse was observed in others [70]. Allogeneic HSC transplantation is likely to be the more effective therapy, at least according to a pilot study. When the NOD mouse model with spontaneous autoimmune diabetes mellitus was transplanted with allogeneic HSCs, non-self-reactive immune cells were generated, all HSC chimeras showed decreased or no sign of hyperglycemia with the attenuation of islet lesions, demonstrating that allogeneic HSC transplants can help allo- and autoimmunity [69]. HCT and HSC transplantations have also effectively blocked the disease pathogenesis of DM1 [71], MS [72] and SLE [73, 74].


      




      

        Drawbacks of HCT Transplantation




        Although allogeneic HCT is likely the most effective therapy for many intrinsic blood or immune diseases, the procedure is rarely performed in the clinic due to its high mortality rate, approximately 10-20%, which is far too high for routine clinical operation [75]. Thus, allogeneic HCT is restricted to life-threatening disorders, including hematologic malignancies and bone marrow failures, when HCT is the only therapeutic option.




        Graft vs. host disease (GvHD) is one of the most frequent and severe complications after allogeneic HCT [76]. It is a complex inflammatory response in which the immune cells in the graft recognize the host as “foreign” and attack the host’s body cells, especially the immune system, skin, liver, and gut [77, 78]. Although the possibility and severity of GvHD can be decreased by choosing a transplantation donor with increased matching histocompatibility [79], the risks and outcome of GvHD still remain beyond acceptable, dramatically limiting the application of hematopoietic cell transplantation.




        Recent studies suggest that GvHD can be alleviated by the transplantation of mesenchymal stem cells (MSCs) [80], which are also present in the bone marrow. MSCs are composed of adherent, fibroblast-like cells involved in the maintenance of mesenchymal tissues. Clinical trials have demonstrated that using MSCs for severe, steroid-resistant GvHD treatment achieved positive results [81, 82]. The intravenous infusion of MSCs in leukemia patients promoted HSC engraftment and platelet recovery speed and lowered the incidence of GvHD[83, 84]. MSCs possibly modulate immune cell responses through the secretion of transforming growth factor-beta (TGF-β), prostaglandin E2, and indoleamine 2,3-dioxygenase, resulting in the suppression of T-cell proliferation and activation [85, 86].




        Another potential solution to GvHD is to purify HSCs prior to transplantation. Although the term hematopoietic stem cell transplantation (HSCT) and hematopoietic cell transplantation (HCT) are often used interchangeably in the literature, the two actually differ greatly with regard to clinical methodology. HCT refers to the transplantation of bone marrow, composed of mixed types of hematopoietic cells, including stem, progenitor, and mature blood cells. HSCT refers to the transplantation of highly purified HSCs [87]. Both methods rely on HSCs to reconstitute hematopoiesis in the recipient, yet it is the cell populations other than HSCs that make HCT different from HSCT.




        The purification of HSCs is the only effective path to purge contaminating hematopoietic populations, mainly host-reactive mature T-cells, from transplantable HSC populations [88]. HSC purification prior to transplantation eliminates GvHD and leads to shortened immune reconstitution, further increasing transplantation safety [89]. The efficacy of this approach was verified clinically in both autologous and allogeneic transplantation. In clinical cases of autologous purified HSC transplantation, a long-term hematolymphoid repopulating capacity was observed while the recipient remained free of metastasized cancer cells [90]. In allogeneic transplantation, as T-cells are removed from the transplantable purified HSCs, the complete elimination of GvHD was observed [91].




        Although GvHD can be avoided by implementing HSC transplantation, this approach has its own drawbacks. Prior to HSCT, recipients must undergo a myeloablative conditioning process such as irradiation and high-dose chemotherapy. Such conditioning prepares the recipient for transplantation and eradicates tumor cells given a malignant situation, yet side effects are reported, such as infertility, secondary malignancies, endocrine dysfunction and organ damage [92]. Additionally, HSC purification also means the elimination of other bone marrow cell populations, without which engraftment can be difficult to achieve. For example, T-cell depletion prior of HSCT has resulted in increased graft failure [93].


      




      

        Organ Transplantation




        In addition to hematological diseases, HCT transplantation has also shown promise in the transplantation of other organs. The use of HCT may dramatically abrogate the complications of solid organ transplantation, extend organ longevity, decrease infection probability, and eliminate the life-long administration of immune-suppressive drugs.




        Although immune-suppressive drugs have improved the success rate of organ transplantation significantly, immune rejection is still a very challenging problem that must be addressed in organ transplantation. Experiments with rodents have shown that immune tolerance was induced and hematopoietic chimeras were created in the process of bone marrow transplantation, leading to the acceptance of skin grafts from donors [94]. These studies revealed the possibility of applying HCT as a therapeutic modality for organ transplantation, which currently requires lifelong administration of immune-suppressive drugs after organ transplantation [95-97].




        The permanent transplant tolerance resulting from HCT is attributed to the elimination of donor-reactive T cells. Generation of new immune cells in a chimeric microenvironment from donor HSCs leads to the deletion of reactive immune effector cells against both host- and donor-reactive antigen receptors [77, 98]. In recent trials of kidney/bone marrow transplant patients, long-term immune tolerance to donor tissues by the host was observed [96, 99]. Recent studies of allo-transplantation of purified HSCs either prior to or concurrent with the transplantation of matched donor heart tissue proved to be effective for the prevention of injury and subsequent rejection of donor organs [100].


      




      

        Viral Infection




        HSC transplantation may also be an effective therapeutic strategy for viral infections that are not curable by standard therapy, such as HIV. For example, Timothy Ray Brown, an HIV-infected patient, was treated with HCT using donors with a CCR5 delta32 mutation, which renders T-cells impenetrable to HIV, and was reported to be cured of HIV in 2009 [101]. Such a practice illustrates the potential therapeutic use of HCT in such “incurable” diseases, and its long-term outcome is promising. However, as donor(s) who is both resistant to viral infection and matched for transplantation is extremely difficult to find, its application is very limited [102].


      




      

        HSC Gene Therapy




        Another application of HSCs is gene therapy for various genetic hematolymphoid diseases. Indeed, curing human disease by gene introduction into cells, thereby eliminating the cause of the disease, has long been a goal for scientists and physicians, and HSCs are among the most promising targets in gene therapy due to their unique capacity for self-renewal and ability to reconstitute the entire blood system. This special capability ensures that even with a small portion of HSCs transfected with the corrected target gene would be able to provide normal blood function for the whole body. The application of HSC gene therapy began in the 1990s, though the results were disappointing, mainly due to the low efficiency of gene transfection. Only after improvements in gene transduction efficiency and vector design since 2000 did HSC gene therapy demonstrate success in clinical trials. To date, HSC gene therapy has been employed with success in a small number of patients suffering from X-linked severe combined immunodeficiency (SCID-X1) [103, 104], adenosine deaminase deficiency (ADA-SCID) [105, 106], adrenoleukodystrophy (ALD) [107], thalassemia, chronic granulomatous disease (CGD) [108, 109] and Wiskott-Aldrich syndrome (WAS) [110]. We describe here just a few examples of HSC gene therapy in immuno-deficient disorders.


      




      

        HSC Gene Therapy for SCID-X1




        SCID-X1 is an X-linked inherited disease caused by a mutation in the gene encoding the γ common subunit of interleukin-2, -4, -7, -9, and -15 receptors [111]. Patients with X-SCID lack mature T and natural killer (NK) cells and subsequently have defective B cell function, leading to severe immunodeficiency. These patients suffer from infection very early in life and usually die in early childhood [112, 113]. The first report of successful HSC gene therapy was reported in 2000 for SCID-X1, offering tremendous optimism to the field [103]. In this work, autologous bone marrow CD34+ cells were transduced with a complementary DNA of the wild-type gene in a replication-defective Moloney retrovirus-derived vector, and re-infused into the patients without any myeloablation [103]. During a 10-month follow-up period, T and NK cells with γC transgene expression were detected. In addition, the T, B, and NK cell counts and functions, including antigen-specific responses, were similar to those of the same age healthy children [103]. During a long-term 9-year follow-up, the immunodeficiency associated with SCID-X1 in 9 patients receiving HSC gene therapy was completely corrected [104].




        However, 3 years after receiving HSC gene therapy, clonal vector-associated leukemias occurred in several patients in the pioneering SCID-X1 HSC gene therapy trial [114, 115]. In the 2 youngest patients, aberrant LMO2 gene expression activated by proviral insertions was discovered in leukemic cells [114]. Up to 2008, 5 of 20 patients, have unfortunately developed T cell leukemias between 23 and 68 months after receiving the gene therapy with γ-retroviral vectors since 1999 [116, 117]. Among the 5 leukemia cases, 1 death occurred, and 4 were treated with chemotherapy and/or allogeneic transplantation [118, 119]. The insertion of the proviral enhancer-activated proto-oncogene LMO2 and CCND2 was documented in 4 and 1 patient, respectively [118, 119].


      




      

        HSC Gene Therapy for ADA-SCID




        ADA-SCID is another immuno-deficiency disease caused by ADA mutations. Although several trials of HSC gene therapy were performed for ADA-SCID in the 1990s, because of the low HSC transduction efficiency and/or transgene expression, no significant immunologic improvements or clinical benefits were achieved [120, 121] until 2002 [106]. In the 2002 trial, 2 patients, for whom enzyme replacement therapy was unavailable, received an infusion of CD34+ HSCs transfected with a normal human ADA gene in γ-retroviral Moloney murine leukemia virus (MLV) vector [106]. Sustained engraftment of the modified HSCs was observed, as was the differentiation of multiple cell populations [106]. According to another long-term follow-up study reported in 2009, 9 of 10 patients in this clinical trial had immune reconstitution and normal T cell function [105]. However, different from the SCID-X1 trial, no patients had developed clonal hematopoietic malignancies, with a median period of 3 years and the longest period of 9 years [116, 122], even though the insertion sites were identified as proximal to proto-oncogenes or genes involved in cell proliferation or self-renewal, including LMO2 [123]. These data suggested that insertions in potentially dangerous genomic sites per se are not sufficient to induce proviral-insertion-associated leukemia. The properties of the transduced progenitor, the underlying disease, and the transgene characteristics could all contribute to the likelihood of clonal leukemia progression [124].


      




      

        HSC Gene Therapy for β-Thalassemia




        β-thalassemias are inherited anemias, caused by mutations in the β-globin-coding region or its promoter/enhancer region. The disease is characterized by the lack of or reduced β-globin protein production. For the severely ill patients, allogeneic hematopoietic stem cell transplantation offered the only potential for a lifelong cure, however, with the risk of rejection or graft-versus-host disease [125]. The use of autologous HSCs with HSC gene therapy offers another potential alternative for these disorders.




        In 2007, a β(E)/β(o)-thalassemia patient received autologous CD34+ cells transduced with HIV-based lentiviral vector to express wild-type β-globin [126]. Twelve months after the treatment, the patient became transfusion independent for the following 21 months.




        Most of the therapeutic benefits resulted from a dominant myeloid/erythroid clone containing an insertion in HMGA2. Further analysis revealed that the integrated vector caused the transcriptional activation of HMGA2 in erythroid cells. However, no evidence of further expansion or a malignant or pre-malignant state was observed [126]. It remains unclear whether the observed clonal dominance was coincidental or would occur in additional patients or whether these safety-modified lentiviruses will still lead to unacceptable toxicity.




        One drawback that prevents the wide use of gene therapy in clinical settings is that it is highly individual specific. Gene therapy is also limited by the lack of appropriate methods to achieve reliable gene transduction without insertional mutagenesis [127]. Intensive research efforts are being conducted to solve these issues, including the use of iPS cells.


      




      

        iPSC-based Hematologic Disease Treatment




        Bone marrow transplantation is the most successful and widely used approach for hematopoietic and lymphatic system regeneration, which relies on the self-renewal and multi-lineage differentiation ability of hematopoietic stem cells. However, the scarcity of HSCs and the lack of efficient methods for HSC ex vivo expansion significantly limit the broad application of HSCs in both clinics and basic research. However, induced pluripotent stem cell (iPSC) technology has provided a promising alternative for HSC-based therapy.




        Human embryonic stem cells (ESCs) differ from HSCs in that they can be maintained and expanded in culture while maintaining normal karyotypes and pluripotency. However, ESCs are not patient specific. Furthermore, as ESCs are derived from the blastocyst stage of early embryos, ethical issues are raised concerning the use of human ESCs. iPSCs overcome these limitations of ESCs.




        Through the retro-viral delivery of four genes into fibroblast cells, Yamanaka’s group generated the induced pluripotent stem cells (iPSCs) [128, 129]. Later, different groups confirmed that iPSCs can be generated from many other types of mature cells [128, 129]. iPSCs have the same properties as ESCs, but the source cells can be easily obtained theoretically from any individual. Although the retro-viral delivery method is still one of the most reliable and widely applied approaches for iPSC generation, due to safety concerns, several virus-free methods have been developed, such as the direct delivery of synthetic modified mRNA [130], administration of drugs [131], or introduction of reprogramming proteins [132].




        Pluripotent iPSCs provide a powerful alternative for establishing models for organ development, function and disease [133]. iPSCs are patient-specific and disease-specific, retaining all the genetic identify of the parental cells. iPSCs are clonally derived and expandable and can theoretically differentiate into all cell types. Compared to most adult stem cells, iPSCs are more susceptible to genetic modifications [133]. Although only developed recently, iPSCs have already demonstrated their great therapeutic potential.


      




      

        iPSCs in Blood Diseases




        Patient-specific iPSCs is perhaps the best option for blood cell therapy. Autologous iPSC-derived cells are unlikely to cause immune rejection or GvHD when transplanted. Diseases with monogenic mutations are ideal targets for iPSC-based cell therapy, as iPSCs can be easily modified genetically. Several iPSC-based blood diseases have been studied as potential therapy approach in human [134-139].




        Sickle cell anemia mouse model is the first demonstrated proof-of-principle study [140]. In this study, iPSCs were derived from mouse skin fibroblasts using transcription factors. The human sickle hemoglobin allele was then knocked into the iPSCs, which then differentiated into hematopoietic progenitors in vitro. The humanized sickle cell anemia mice were able to be rescued by the transplantation of these iPSC-derived hematopoietic progenitor cells [140].




        X-linked chronic granulomatous disease (X-CGD) is an inherited immuno-deficient disease caused by mutation of gp91phox, resulting in a lack of reactive oxygen species (ROS) production in mature neutrophils. iPSCs were generated from an X-CGD patient[137], and transduced with gp91phox. Stable expression of gp91phox was achieved, and neutrophil ROS production was restored [137].




        In addition to inherited disease modeling, iPSCs also show potential in acquired disease modeling, such as myeloproliferative neoplasms (MPNs), aplastic anemia, myelodysplastic syndrome (MDS), and many types of leukemias. As most disease-associated genetic mutations of such diseases occurred in hematopoietic lineages, iPSCs generated from fibroblasts would not recapitulate the disease. Polycythemia vera (PV), caused by an acquired JAK2-V617F somatic mutation, was studied using iPSC model[134]. iPSCs were generated from peripheral blood CD34+ cells of PV patients. The iPSCs with JAK2-V617F mutations showed a normal phenotype, karyotype, and pluripotency with an enhanced erythropoiesis, recapitulating the major clinical feature in PV patients [134]. Thus, further genetic manipulation of iPSCs may be able to cure this disease.


      




      

        Potential of iPSCs in Drug Development




        The potential application of iPSCs in drug development is also limitless. Traditional drug development relies on cell line-based and animal-based pre-clinical testing. Although many developments in drug screening technologies, such as genetic animal models, have helped to hasten drug development, direct relevance to human disease is still lacking in these systems, resulting in high failure rates for drug development [141]. Disease-specific iPSCs, which can provide a large quantity of disease specific cells in vitro, can be a vital source or at least a supplement to the current technologies in drug development. This property is especially useful when access to primary patient samples is limited. Indeed, the application of iPSCs in drug screening has been reported [142]. Although iPSC technology is only in an early stage, the future of its application is bright and promising.




        

          Summary




          Studies of HSCs have enriched our understanding of hematopoiesis, which begins from HSCs at the top of the developmental hierarchy. The balance between the self-renewal and differentiation of HSCs is regulated by many different signaling pathways and the interactions between HSCs and their niche. Improvements in technology for isolating and studying HSCs are a prerequisite for investigating HSCs and are closely intertwined with our understanding of these cells. Recently, many extremely powerful technologies, such as single-cell sequencing and single-cell mass cytometry, have been developed or are in development to enable scientists to study HSCs in a more detailed manner. These studies will help us understand the finely tuned regulation of HSCs.




          Along with the progress of understanding HSC biology, the clinical application of HSCs is expanding. Therapeutic approaches using stem cells are no longer limited to traditional bone marrow transplantation. Indeed, clinicians have found many ways to harness the power of HSCs in an effort to help patients. However, the translation of much of the basic research is still lagging. With the overwhelming amount of information generated from basic research, bench scientists and clinicians need to interact more closely and work together to translate their studies from bench to the bedside. Such a partnership will help translate knowledge into improving the health of patients and all human beings.
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