Erythropoiesis
(Wintrobe’s Clinical Hematology, 12th Edition (2009), Chapter 6)

Erythropoiesis is the entire process by which red cells are produced in the bone marrow. This process can be divided into various stages, including the commitment of pluripotent stem cell progeny into erythroid differentiation, the erythropoietin-independent or early phase of erythropoiesis, and the erythropoietin-dependent or late phase of erythropoiesis. The whole mass of these erythroid cells has been termed the erythron, a concept that emphasizes the functional unity of the red cells, their morphologically recognizable marrow precursors, and the functionally defined progenitors of erythroid precursors. Haematopoietic stem cells in the bone marrow of are capable of both self-renewal and differentiation producing progenies with potential for differentiation into red cells, granulocytes, and megakaryocytes.
Erythroid Progenitors

Erythroblasts in the bone marrow are generated from proliferating and differentiating earlier, more immature erythroid cells termed erythroid progenitors. These progenitor cells cannot be identified morphologically, but they are detectable functionally by their ability to form in vitro colonies of erythroblasts. The development of tissue culture techniques for cloning hematopoietic progenitor cells in semisolid culture media in vitro has led to the recognition of at least two erythroid progenitors, the colony-forming unit–erythroid (CFU-E) and the burst-forming unit–erythroid (BFU-E). These progenitors can grow in culture media and give rise to colonies of well-hemoglobinized erythroblasts.

· Colony-forming Unit–Erythroid

The CFU-E is an erythroid cell closely related to the proerythroblast. Morphologically, CFU-E purified from progenitor cell cultures appear as immature cells with fine nuclear chromatin; a well-defined, large nucleolus; a high nuclear–cytoplasmic ratio; a perinuclear clear zone; and basophilic cytoplasm with pseudopods. On electron microscopy, this cell appears as a primitive blast with dispersed nuclear chromatin, a prominent nucleolus, and an agranular cytoplasm containing clumps of mitochondria and frequent pinocytotic vesicles. 
Under the influence of low concentrations of erythropoietin (EPO), it gives rise in 5 to 8 days in culture to colonies of 8 to 32 well-hemoglobinized erythroblasts. The majority of the CFU-E  are in a phase of active DNA synthesis (S phase).  CFU-E is the most EPO-sensitive cell, carrying the highest density of EPO receptors (EPORs) on its surface, and it is also absolutely dependent on EPO for its survival. In the absence of EPO, CFU-E undergo programmed cell death (apoptosis).

The size of the CFU-E compartment depends on the levels of circulating EPO. Anemia associated with high EPO levels or administration of EPO leads to expansion of the CFU-E compartment, whereas transfusion-induced polycythemia leads to low EPO levels and to significant reduction of the CFU-E compartment. 

· Burst-forming Unit–Erythroid

The BFU-E is an erythroid progenitor that is much more immature than the CFU-E, and it is more closely related to the multipotent hematopoietic stem cell, as indicated by its cell size and the relatively low percentage of these cells in active DNA synthesis (0 to 25%). Morphologically, the BFU-E appears as a very immature blast cell with slightly oval, moderately basophilic cytoplasm with occasional pseudopods, very fine nuclear chromatin, and large nucleoli. After 6 to 7 days in culture, cells generated from human BFU-E have all the functional characteristics of CFU-E. In contrast to CFU-E, BFU-E are also detectable in the peripheral blood at a concentration of 0.02 to 0.05% of mononuclear blood cells. From both in vitro and in vivo experiments, it has been well established that the early stages of BFU-E proliferation and differentiation are EPO independent. BFUs-E can survive in vitro (for 48 to 72 hours) in the absence of EPO, but they are absolutely dependent on IL-3 for their survival. Only 20% of blood BFU-E expresses a very low density of EPORs. 
There are a variety of cells between BFU-E and CFU-E that form a continuum of erythroid progenitors at different stages of differentiation with properties between those of BFU-E and those of CFU-E. These cells share properties from both CFU-E and BFU-E. They have a proliferative potential lower than BFU-E but higher than CFU-E, their cycling status is also intermediate between CFU-E and BFU-E, and they do not exhibit IL-3 dependence, but they show relative EPO dependence. Thus, it becomes clear that, during erythroid development, early progenitors of high proliferative potential in a relatively low cycling status with absolute dependence on IL-3 and responsiveness to but not dependence on EPO differentiate progressively through various stages into later progenitors of low proliferative potential with a high cycling status that are IL-3 independent and totally EPO dependent.

Anemia can induce an increase in the cycling of BFU-E without affecting their numbers, and in vitro EPO can induce BFU-E into DNA synthesis. Administration of EPO is associated with an increase in the concentration and cycling status of marrow BFU-E; however, these changes are also seen in granulocytic-monocytic, and megakaryocytic colony-forming units (CFU-GM, CFU-MK), and multilineage progenitors, indicating that, at the early progenitor cell level, the marrow responds to EPO as an organ in a non–lineage-specific manner. All this evidence indicates that the early stages of erythropoiesis at the BFU-E level are EPO independent, and dependence on EPO develops at a stage between BFU-E and CFU-E.

In the presence of EPO and under the influence of other factors acting on early hematopoietic cells, such as interleukin-3 (IL-3), granulocyte-macrophage colony-stimulating factor (GM-CSF), thrombopoietin, and stem cell factor, it gives rise in 14 to 16 days in culture to clusters of many erythroid colonies containing a total of 500 to more than 5,000 well-hemoglobinized erythroblasts. 
· Erythroid Precursors

Erythroblast is a term first used by Ehrlich to refer to all forms of nucleated red cells, pathologic as well as normal. He classified erythroblasts into two main categories: A normal series, the normoblasts, and a pathologic series, the megaloblasts. The least mature recognizable erythrocyte precursor cell is known as the pronormoblast or proerythroblast. Cells characteristic of subsequent stages of maturation are called normoblasts or erythroblasts. The various stages of maturation, in order of increasing maturity, are known as pronormoblasts, basophilic normoblasts, polychromatophilic normoblasts, and orthochromatic normoblasts. 
Cytoplasmic maturation is assessed by the change in staining characteristics, as the deep blue color from the high RNA content of immature cells gives way to the red color characteristic of hemoglobin. Nuclear maturation is evaluated by the disappearance of nucleoli and the condensation of chromatin as nuclear activity ceases. Electron microscopy has added a number of details to the understanding of normoblast structure. At the pronormoblast stage, ferritin can be found in the cytoplasm. Its morphologic importance depends on the fact that the presence of ferritin helps to distinguish erythrocyte precursors from other immature cells.
The cytoplasm of erythrocyte precursors contains ribosomes, but for the most part, these remain free within the cytoplasm rather than being part of a well-defined endoplasmic reticulum. Ribosomal RNA accounts in large part for the deep blue staining that is characteristic of younger cells (pronormoblast to polychromatophilic erythroblast). Mitochondria in erythroid cells are most numerous in the earlier stages of maturation and are located in an almost circular fashion around the nucleus. They sometimes contain ferritin particles. These vesicles are believed to arise by a process termed pinocytosis or rhopheocytosis, whereby macromolecular substances are brought into the cell. Other cytoplasmic structures found in the young normoblast include a Golgi apparatus and occasional, randomly oriented microtubules.
Stages of normoblastic differentiation
-The pronormoblast or proerythroblast is a round or oval cell of moderate to large size (14 to 19 μm diameter). It possesses a relatively large nucleus and a rim of basophilic cytoplasm. Nucleoli are present and may be prominent. A small, pale area may be found in the cytoplasm, probably corresponding to the Golgi apparatus. The nuclear chromatin is somewhat more coarse than that in myeloblasts or lymphoblasts. A number of mitochondria are seen in the cytoplasm with supravital stains or electron microscopy. At this stage, only very small amounts of hemoglobin are present that cannot be detected by Giemsa stain. 
-The basophilic normoblast or basophilic erythroblast is similar to the pronormoblast except that the nucleoli are no longer visible and the cell is somewhat smaller (12 to 17 μm in diameter). Condensation of chromatin (formation of heterochromatin) begins in this stage. On light microscopy, the chromatin may appear coarse and granular. The ribosomes reach their maximum number during this stage, and, as a consequence, the cytoplasm is deeply basophilic. The color changes during subsequent stages reflect the increasing cytoplasmic concentration of acidophilic hemoglobin and the decreasing number with eventual disappearance of ribosomal RNA.
-The first faint blush of hemoglobin, as indicated by one or more pink areas near the nucleus in dry fixed preparations, introduces the next stage, which is called the polychromatophilic normoblast or erythroblast. Increasing condensation of nuclear chromatin is observed during this stage. Nucleoli are not visible. The nucleus is smaller as is the cell as a whole. The maximum number of mitochondria is found in the early phases of this stage, but as hemoglobin becomes more plentiful, mitochondria decrease in number. 
-When the cytoplasm possesses almost its full complement of hemoglobin, the cell is termed an orthochromatic normoblast or erythroblast and their color is the same as that of mature red cells. The orthochromatic normoblast is the smallest of the nucleated erythrocyte precursors. In this stage, the nucleus undergoes pyknotic degeneration, the chromatin becomes greatly condensed, and the nucleus shrinks. The nucleus may appear to be an almost homogenous mass. Finally, the nucleus is extruded.
-After the nucleus has been extruded, the cell is known as a reticulocyte. These cells are somewhat larger than mature erythrocytes. They contain certain cytoplasmic organelles, such as ribosomes, mitochondria, and the Golgi complex and have special staining characteristics. Such cells may appear uniformly blue or gray (diffuse basophilia), or various basophilic shades may be intermingled with pink-staining portions (polychromatophilia or polychromasia). Certain supravital staining techniques cause the ribosomal RNA to precipitate or aggregate into a network of strands or clumps that have been termed reticulum. The presence of “reticulum” led to the term reticulocyte. Both terms are misleading because true endoplasmic reticulum does not exist in reticulocytes. The amount of reticulum in reticulocytes decreases as the cells mature.
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Proliferation and Maturation of the Erythron

Within the erythron, cellular maturation and proliferation proceed simultaneously. All identifiable erythroid progenitors and the morphologically identifiable erythrocyte precursors are functionally destined to mature; thus, they are incapable of self-maintenance. Maintenance of the erythron at a given size and its expansion on demand are functions of the stem cell compartment. It takes approximately 12 to 15 days for a cell at the BFU-E stage to mature into erythroblasts. Within 6 to 8 days, a BFU-E proliferates and differentiates into a CFU-E, which needs another 5 to 7 days to proliferate and develop into basophilic erythroblasts, a period during which the CFU-E undergoes three to five successive divisions. Probably, three to five cell divisions also occur during the maturation of erythroid precursors. Thus, 8 to 32 mature red cells are derived from each pronormoblast. Cell division ceases at the stage of polychromatophilic erythroblasts. Orthochromatic normoblasts cannot synthesize DNA and, therefore, cannot divide.

Hemoglobin synthesis continues as the cell matures further into the stage of basophilic erythroblast, the polychromatophilic erythroblast stage and the orthochromatic stage and persists at a very low rate in the reticulocyte after denucleation. Mature red cells, being devoid of ribosomes, are unable to synthesize hemoglobin.

The factors leading to cessation of nuclear activity are not fully understood, but this may be related to intracellular hemoglobin concentration. Hemoglobin is found within the nucleus, possibly gaining entrance through pores in the nuclear membrane. After reaching a critical concentration, nuclear hemoglobin may cause chromosomal inactivation and nuclear condensation. According to this hypothesis, the number of cell divisions and the ultimate erythrocyte size are related to the rate of hemoglobin synthesis. 

Within the marrow, denucleation may sometimes occur as the erythroblast traverses the endothelial cell that forms the sinus wall. The normoblast cytoplasm and small organelles (ribosomes and mitochondria) squeeze through endothelial, cytoplasmic pores, but the more rigid nucleus cannot conform to this pore size then the nucleus is engulfed by a macrophage. The cell may remain within the marrow as a reticulocyte for several days. After release, the reticulocyte may be sequestered for 1 to 2 days in the spleen. Here, additional maturation may occur. 

Control of Erythropoiesis

Under normal conditions, the process of erythropoiesis results in a red cell production rate such that the red cell mass in the body stays constant. This indicates that there are control mechanisms by which the size of the red cell mass is tightly regulated. These control mechanisms are better understood for the later rather than the earlier phases of erythropoiesis. The glycoprotein hormone erythropoietin (EPO) has been established as the major humoral regulator of red cell production. 

It is evident that a well-balanced mechanism exists that maintains the erythron within “normal” limits and mediates the response to a variety of normal and abnormal situations. Alterations in the concentration of hemoglobin in the blood lead to changes in tissue oxygen tension within the kidney. 
Tissue hypoxia is the fundamental stimulus to erythropoiesis. However, hypoxia does not exert its effects by a direct action on the marrow, but instead acts by inducing the elaboration of EPO. The nature of the tissue oxygen receptors (or oxygen sensor) has only recently been understood. These sensors are located within the kidney because production of EPO can be induced by renal artery constriction or by hypoxic perfusion of the isolated kidney.

EPO induces erythroid progenitor cells to differentiate into pronormoblasts, thereby bringing about expansion of the erythroid marrow and an increase in red cell production. This, in turn, leads to an increase in the size of the erythron and an increase in tissue oxygen levels. 
Tissue oxygen tension depends on the relative rates of oxygen supply and demand. Oxygen supply depends on several factors including (a) blood flow, (b) blood hemoglobin concentration, (c) hemoglobin oxygen saturation, and (d) hemoglobin oxygen affinity. Each of these factors may be altered to compensate for a deficiency in one of the others. 
Erythropoietin

EPO is a glycoprotein hormone produced by the kidney, and it is the major humoral regulator of red cell production. EPO was originally purified from the urine of patients with aplastic anemia. The gene encoding EPO has been localized on human chromosome 7. 
These rare EPO-producing cells are found in the interstitium of the renal parenchyma, outside the tubular basement membrane, mostly in the inner cortex and outer medulla. The nature of these interstitial peritubular EPO-producing cells remains controversial; however, the bulk of experimental evidence indicates that these cells are fibroblastlike type I interstitial cells. In liver, mRNA is detected in hepatocytes. 
The number of the interstitial renal EPO-producing cells increases in response to anemia, indicating that increased demands for EPO are met by an increase in the number of EPO-producing cells rather than by an increased synthesis of EPO by a preset number of cells. Thus, it appears that EPO is synthesized de novo in response to hypoxia and that there is no detectable storage of the hormone.  Increased levels of circulating EPO do not seem to exert any negative effect on EPO production.

Results of several studies have shown that the EPO gene contains sequences that are oxygen sensitive and are involved in the regulation of EPO gene expression. These oxygen-sensitive sequences of the EPO gene, can confer to cells the ability to respond to hypoxia by an increase of the protein encoded by the reporter gene. The ligand for this oxygen-sensitive enhancer was identified as a protein of 120 kd termed hypoxia-inducible factor 1 (HIF-1). This DNA-binding protein is tightly regulated by the oxygen tension and is considered to be the physiologic regulator of EPO transcription. HIFs are transcription factors consisting of two subunits, HIF-1α and HIF-1β. The concentration and transcriptional activity of HIF-1α increase in a geometric fashion on exposure to hypoxia. 
In addition to EPO, a large number of genes (glucose transporters, glycolytic enzymes, vascular endothelial growth factors, and many others) are activated during hypoxia to aid the cell in adapting to hypoxic conditions. 
Erythropoietin Receptors

The most important control point of erythropoiesis is the interaction of EPO with the receptor for EPO. EPO binds to its receptors (EPORs) on the cell surface. EPOR is related to a large family of receptors, the hematopoietic receptor superfamily, that includes receptors for interleukins-2 through -9, granulocyte colony-stimulating factor, and granulocyte-macrophage colony-stimulating factor, and receptors for other factors such as growth hormone and prolactin. 

The erythroid cell that is the most sensitive to EPO is a cell between the CFU-E and the proerythroblast, and this erythroid cell can be considered the primary target of EPO action. These cells express the highest density of EPORs on their membrane and are absolutely dependent on EPO for their survival. Their density increases as the BFU-E matures to CFU-E. EPORs are not expressed on reticulocytes or red cells. Specific EPORs are expressed on erythroleukemic cell lines, in fetal liver tissue and in megakaryocytes.
After binding of EPO to its receptor, the hormone is rapidly endocytosed and degraded. Whether the receptor is also degraded or recycles to the membrane is not known, although experimental evidence favors degradation. Two EPOR molecules bind to one EPO molecule. JAK2 kinase molecules associated with each receptor are activated by the physical process of bringing the inactive (or low-activity) kinases in close proximity by a shift in receptor conformation, such that these low-activity kinases cross-phosphorylate each other to gain full activity. The activated JAK2 kinase then phosphorylates tyrosine residues of the EPOR cytoplasmic domain, causing activation of JAK2,  that activates the STAT proteins. Activated STAT1 and STAT5 dimerize, and are transported to the nucleus to mediate gene transcription. Recent studies showed that both the MAP kinase cascade and PI3-kinase cascade are activated after EPO activation of the EPOR. Binding of EPO is followed by a series of biochemical events, including increase in Ca2+ uptake, internalization of the hormone, increase in total RNA synthesis, glucose and iron uptake, rate of transcription of the α- and β-globin gene, expression of transferrin receptors, and eventually increase of hemoglobin synthesis. All of these changes result in an increased rate of erythroid differentiation, ending with an increase in the reticulocyte production and an eventual increase in the red cell mass. In the absence of EPO, erythroid cells undergo programmed cell death. 
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In addition to erythroid cells, EPO affects megakaryocytes and their progenitors CFUs-MK. Its various effects on megakaryopoiesis and thrombopoiesis may be explained by the extensive homology between EPO and thrombopoietin, the major humoral regulator of platelet mass 
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