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Abstract

:

In principle, an oncogene is a cellular gene (proto-oncogene) that is dysfunctional, due to mutation and fusion with another gene or overexpression. Generally, oncogenes are viewed as deregulating cell proliferation or suppressing apoptosis in driving cancer. The cancer stem cell theory states that most, if not all, cancers are a hierarchy of cells that arises from a transformed tissue-specific stem cell. These normal counterparts generate various cell types of a tissue, which adds a new dimension to how oncogenes might lead to the anarchic behavior of cancer cells. It is that stem cells, such as hematopoietic stem cells, replenish mature cell types to meet the demands of an organism. Some oncogenes appear to deregulate this homeostatic process by restricting leukemia stem cells to a single cell lineage. This review examines whether cancer is a legacy of stem cells that lose their inherent versatility, the extent that proto-oncogenes play a role in cell lineage determination, and the role that epigenetic events play in regulating cell fate and tumorigenesis.
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1. Introduction


There are more than 200 types of cancer that are documented according to where they first develop and their similarity to a histological cell type within the tissue of origin. In this case, cancers may be viewed as an abundance of cells that resemble one partially mature or mature tissue cell type. The cancer stem cell theory states that the hierarchy of cells within a cancer is sustained by cancer stem cells (CSCs) [1]. They arise in a tissue-specific stem or progenitor cell that is able to give rise to the different types of functional cells within a tissue. It is well-known that chronic myeloid leukemia (CML) originates in a hematopoietic stem cell (HSC) [2], but paradoxically the offspring of the leukemia stem cells (LSCs) are restricted to development just along the granulocyte pathway. Similarly, acute erythroid leukemia is also an HSC disorder, and the leukemia cells belong to the erythroid lineage only.



The advent of panels of monoclonal antibodies to cell surface markers has led to the description of hematopoietic progenitor cell (HPC) compartments and advanced leukemia sub-typing regarding the cell of origin. Some leukemias are assigned to a lineage-committed HPC within a longstanding branching map for the offspring of HSCs. For example, common pre-B acute lymphoblastic leukemia (ALL) is seen as arising in a B-lineage-committed cell and T-cell acute lymphoblastic leukemia (T-ALL) in a T-lineage-committed cell, whilst CML and acute myeloid leukemias (AML) are still seen as arising in an HSC [3]. However, later studies have revealed an HSC origin for some leukemias that are thought to arise in a lineage-committed HPC. Replicating common pre-B ALL in mice requires HSC-like cells-lacking B-cell markers [4]. Genome-wide analysis identified a multipotent fetal liver HSC as giving rise to immature B-cells in infant B-ALL [5]. The hallmark PML–RARα oncoprotein in acute promyelocytic leukemia is present in patients’ HSCs, indicating an HSC origin [6].




2. Lineage-Affiliated Hematopoietic Stem and Progenitor Cells can Still Adopt a Different Pathway


An understanding of how normal stem cells “choose” to develop towards the end-cell type is clearly important to unravel whether this process is deregulated in CSCs. Classic and long-standing tree-like models depict HSC development as a preferred step-wise and progressive restriction to an end-cell fate via a series of intermediate HPCs. In newer models, HSCs choose a lineage much earlier in a continuum model they “choose” directly from a spectrum of all of the end-cell options (Figure 1) [7]. In keeping with the model, adult human HSCs are mostly a mixture of cells with different lineage-affiliated signatures [8]. Mouse HSCs are a mixture of lineage-affiliated cells that selectively express the cell surface receptors for the lineage-affiliated cytokines erythropoietin (Epo), macrophage colony-stimulating factor (M-CSF), granulocyte colony-stimulating factor (G-CSF), and granulocyte/macrophage colony-stimulating factor (GM-CSF) [9]. The transplantation of single-mouse HSCs that express the megakaryocyte-affiliated von Willebrand factor into an irradiated mouse reveals the existence of HSCs that are biased towards platelet and myeloid development [10]. Surface markers have been used to purify HSCs that are myeloid- and lymphoid-biased, as revealed by transplantation into irradiated mice [11].



There are near-neighbor relationships in the continuum model between the cell lineages (Figure 1), enabling HSCs and HPCs that affiliate to a fate to step-sideways to differentiate towards an end-cell type that does not belong to the initial lineage chosen. Alternative trajectories for mouse HSCs and HPCs were revealed by RNA sequencing of single cells [12]. Mouse HPCs that are biased towards megakaryocyte development can take a “sideways step” to erythropoiesis [13]. HSCs that have progressed in some way along a pathway are still able to divert along another pathway, because T-cell progenitors can give rise to macrophages and natural killer cells [14]. This flexibility is important for a demand for an increased production of, for example, granulocytes or platelets. The hematopoietic cytokines drive their emergency production, and for many years, they were viewed as ensuring the survival and expansion of lineage-committed HPCs. Some are now known to instruct cell lineage. The M-CSF is required for T-cell progenitors to give rise to macrophages [14] and instructs myeloid fate in HSCs [15] and macrophage fate in granulocyte/macrophage HPCs [16]. Epo instructs an erythroid lineage bias in HSCs and HPCs [17]. The G-CSF and the GM-CSF instruct the neutrophil development of granulocyte/macrophage HPCs [16,18].



In addition to producing the different types of cells with a tissue, a cardinal feature of stem cells is that they self-renew and can produce a lifetime supply of cells. A feature of cancers is their unlimited capacity to divide in order to sustain a tumor. This is reminiscent of the self-renewal of stem cells, and therefore, stem cells have been viewed for some time as a primary target of transformation for cancer, as brought to the fore by the cancer stem theory [1]. For cancers arising in a stem cell, it is reasonable to assume that CSCs retain stemness, a capacity to self-renew. There are also no findings to support the notion that an oncogene can convert a progenitor cell that is clearly lineage-committed and lacking self-renewal, particularly an HPC, to the stem cell-like state that is needed to sustain cancer. As to stemness, common networks of proto-oncogenes and tumor suppressors influence normal stem cell self-renewal and survival and the survival and proliferation of cancer cells. For example, the proto-oncogene Bmi-1 promotes stem cell self-renewal and is required for cancer cell proliferation [19]. Activating KRAS mutations drive colorectal cancer and optimize transformation by imposing a stem-like state [20]. Raf1 plays a role in the survival of HSCs, and for breast and colon cancers, the level of expression is an indicator of the success of chemotherapy [21]. Many known human proto-oncogenes include growth factors, their receptors and signal transducers, transcription factors, and bcl2, a regulator of cell death. Their involvement in regulating the behavior of normal cells and deregulating the behavior of cancer cells is well documented. As following, the focus of this review is a category of oncogenes that appear to restrict the lineage versatility of normal stem cells, so that CSCs give rise to only one type of cell.




3. Lmo2-Mediated Lineage Restriction of LSCs


Some oncogenes deregulate the inherent ability of HSCs and HPCs to divert along another pathway by restricting LSCs to a single cell lineage. The Lmo2 gene encodes a LIM-only transcription factor that is a frequent target for chromosomal translocation in T-ALL [22]. The expression of the human Lmo2 oncogene was restricted to HSCs/HPCs in transgenic mice under the control of the stem cell-specific promotor Sca1. The mice developed an aggressive T-ALL with a genetic signature that is analogous to the human lineage-restricted disease (Figure 2). Lmo2 had functioned in a “hit-and-run” manner, because expression is only maintained in HSCs/HPCs. Further strains of transgenic mice were developed that restrict the Cre-mediated activation of Lmo2 to allow expression at different stages of B lymphocyte development. They reveal that B-cells are sensitive to transformation by Lmo2, and unexpectedly, ectopic expression within committed pro-B-cells and germinal-center B-cells, led to an aggressive T-ALL. Lmo2 can, therefore, impose a T-cell developmental program on committed B-cells or at least initiate reprogramming into leukemic T-cells and seems to have a set mode of action in provoking leukemia [23].



Does Lmo2 play a role in T-cell development? From studies of conditional knockout mice, Lmo2 does not have a mandatory role [24], but knockout mice do not exclude a regulatory role. Lmo2 is expressed within immature CD4/CD8 double-negative thymocytes and aberrant Lmo2 expression in committed and immature T-cells in the thymus led to self-renewal, an accumulation of early precursors, and transformation of T-cell precursors to T-ALL (Figure 2) [25]. Whilst we do not know how ectopic Lmo2 expression imposes a T-cell fate within B-cells in transgenic mice, Lmo2 can influence the availability of fate options within cells. The transient expression of Lmo2 together with the five transcription factors Run1t1, Hlf, Prdm5, Pbx1, and Zfp37 confers a multilineage potential onto committed lymphoid and myeloid progenitors and differentiated myeloid (monocyte, macrophage, and granulocyte) cells. The reprogrammed cells are termed induced-HSCs [26].



A caveat to Lmo2 setting the lineage of LSCs to T-cell development in the transgenic mice is that Lmo2 might transform an HSC/HPC that has already “chosen” a fate. Lmo2 expression might therefore enforce a pre-existing lineage disposition rather than setting the fate of a multipotent LSC. In either case, the oncogene appears to ensure that differentiating leukemia cells belong to only one lineage. It is important to bear in mind that HSCs and HPCs have alternative trajectories, with other options remaining latent. That lymphoid leukemia rarely, if ever, diverts into a myeloid leukemia supports the notion that the fate of LSCs is indeed fixed. Additionally, Lmo2 expression in transgenic mice leads to an aggressive T-ALL, and perhaps, it is unlikely that Lmo2 expression changes a progenitor cell into a stem cell-like state for cancer.




4. BCR-ABLp190- and BCR-ABLp210-Mediated Lineage Restriction of LSCs


Depending on the breakpoint within the BCR gene partner, there are two major isoforms of the oncogenic BCR–ABL protein. Leukemia cells from around three quarters of cases of Philadelphia-chromosome-positive B-ALL express BCR–ABLp190, whilst the remaining patients’ cells express BCR-ABLp210 [27]. BCR-ABLp210 is the hallmark of CML, and BCR-ABLp190 is expressed in only 1% to 2% of patients who are a high-risk group [28]. The c-ABL proto-oncogene encodes a cytoplasmic tyrosine kinase, and the BCR-encoded sequence interferes with the negative regulation of the ABL tyrosine kinase. BCR–ABL is a constitutively active kinase that interacts with cell signaling pathways to deregulate cell behavior.



Restricting the expression of the BCR–ABLp190 and BDR–ABLp210 oncogenes in transgenic mice to HSCs, via the Sca1 promotor, leads to human-like B-ALL and CML, respectively [29,30,31]. However, how BCR–ABLp190 and BDR–ABLp210 might set the lineage fate of LSCs and their descendants towards these different pathways is unknown. The two fusion proteins are closely related, but the global phosphorylation analysis of murine pro-B Ba/F3 cells that were engineered to express either BCR–ABLp190 or BDR–ABLp210 has revealed differential signaling through BCR–ABLp190 and BDR–ABLp210. Protein–protein interaction analyses were undertaken for the transfectants of Ba/F3 cells and primary murine multipotent cells. BCR–ABLp190 was observed to interact with cytoplasmic molecules, and BCR–ABLp210 interacted with molecules that were close to the cell membrane. These differences might underlie the differential effects of the two oncogenes in the transgenic mice [32]. BCR–ABLp210 can contribute towards the establishment of a myeloid fate, because forced expression within embryonic stem cells differentiating towards HSCs and HPCs changes the balance of lineage development towards a dominance of myeloid over erythroid fate, indicating that BCR–ABLp210 antagonises erythroid development [33]. However, this does not explain why the leukemia cells in CML belong to only the neutrophil pathway.




5. RUNX1-Mediated Lineage Restriction of LSCs


RUNX1 is a transcription factor, and there are different classes of human RUNX1 mutations with each leading to a distinct disease phenotype [34]. Oncogenic RUNX1 proteins arise via either mutation within the DNA-binding or the transactivation domains or translocations that result in fusion proteins. Mutations involving RUNX1 are involved in 14% of AML cases [35]. The inducible expression of different types of RUNX1 fusion oncoproteins in mouse embryonic stem cell-derived blood progenitors influences the development of these cells. The four mutant proteins examine disrupted terminal differentiation, as revealed by colony-forming assays. The two fusion oncoproteins that cause a greater change in gene expression disrupt the balance of lineage priming within progenitors, as revealed by differential chromatin accessibility analysis at promotor elements. RUNX1–EVI1 expression does not cause the loss or gain of a cell lineage, but lineage priming is disrupted whereby chromatin accessibility sites associated with B-cells and megakaryocytes are gained and ones associated with erythroblasts and monocytes are lost. For cells that express RUNX1–ETO, accessibility sites associated with B-cell development and common myeloid progenitors are, gained and ones associated with megakaryocytes are lost [36].



At least two oncogenic “hits” are needed for leukemia. The first oncogene modifies an HSC or HPC, to convert it into a preleukemic (leukemia-initiating) cell. The second insult or perhaps more hits converts the preleukemic cell or a descendant into an LSC that sustains leukemia. In the case of childhood B-ALL, an environmental insult seems to be essential to turn preleukemic cells into leukemia [37]. The need for two hits adds complexity to unravel the role of oncogenes in driving lineage priming or restriction of LSCs. ETV6/RUNX1 can trigger B- and T-cell leukemias. The initiation of ETV6/RUNX1 expression in HSCs and maintenance in their offspring in transgenic mice (ETV6-ETV6-RUNX1 × Sca1-Cre) leads to the development T-ALL (34.4%) and B-ALL (6.3%), when the mice are exposed to natural infections in a non-specific pathogen-free environment. The penetrance is low, and perhaps ETV6/RUNX1 restricts preleukemia cells to the eventual emergence of lymphoid ALL. The second environment event is needed for overt leukemia that also dictates the phenotype. When ETV6/RUNX1 expression is targeted to committed B-cells in transgenic mice, they fail to develop B-ALL even when they are exposed to natural infections or when loss of Kdm5c, which is associated with ETV6/RUNX1 B-ALL, is also introduced into committed B-cells. For B-ALL, ETV6/RUNX1 expression and a second event have to occur at the pro-committed B-cell stage of the development with the second event determining cell phenotype [38].



The need for two hits is germane per se to the lineage restriction of LSCs to only one pathway, because perhaps there is a need to close all of the options and ensure the adoption of one. Induced pluripotent stem cells are generated by introducing the four transcription factors, i.e., Oct4, Sox2, Kif4, and c-Myc [39], the generation of these cells is somewhat inefficient, and the generation time was slow. The network that controls and fine-tunes the establishment and maintenance of pluripotency in a stem cell is, therefore, likely to be a more complex interplay of factors. The first “hit” to this network might cascade to destabilise and collapse multipotency, and the second hit facilitate the adoption of one pathway.



RUNX1 influences the lineage trajectory of hematopoietic cells. It plays a key role during the endothelial-to-hematopoiesis transition at the onset of blood cell development [40,41]. RUNX1 binds to chromatin primes for hematopoietic differentiation and represses endothelial cell fate. RUNX1 binding and elevated histone acetylation are essential to the correct pattern of the binding of transcription factors for hematopoiesis, for example, binding of the myeloid/lymphoid-affiliated PU.1 [42,43]. At later stages of hematopoiesis, RUNX1 together with other factors, such as GATA1 (for erythropoiesis), can balance the lineage outcome of HPCs. RUNX1 represses erythroid gene expression during megakaryopoiesis [44], and expression is normally downregulated during erythropoiesis. The RUNX1 DNA-binding (RBD) mutant proteins, which are associated with poorly differentiated AML, disrupt erythropoiesis, when the retroviral vector transduces into murine bone marrow or human cord blood cells, perhaps by antagonizing RUNX1 function [45].




6. Oncogene-Mediated Lineage Restriction of Solid Tumors


Ewing’s sarcoma is the second most common malignant bone tumor of children and adults. The reciprocal translocation t11;22 occurs in most cases of Ewing’s sarcoma, giving rise to the oncogenic chimeric protein EWS-FLI-1 [46]. The EWS-FLI-1 protein has the amino terminus of EWS, a member of the TET family of RNA-binding proteins, and the carboxy terminus of Friend leukemia integration 1 transcription factor (FLI-1), a member of the E26 transformation-specific (ETS) family, and is able to bind to DNA in a sequence-specific manner. Ewing’s sarcoma seems to arise from a mesenchymal stem cell or neural crest cell, and EWS-FLI-1 expression in primary human mesenchymal cells triggers a gene expression profile resembling that of Ewing’s sarcoma, therefore recapitulating the initial steps of this disease [47]. EWS-FLI-1 influences cell lineage as expression in the murine myoblast cell line C2C12, which can differentiate into bone, fat, or muscle, blocked myogenesis, and cells expressed the bone marker alkaline phosphatase [48]. FLI-1 has also been shown to influence the lineage trajectories of hematopoietic cells [49]. It is required for HSC development and megakaryocyte commitment and overexpression of FLI-1 in the erythroleukemia-derived cell lines HEL and K562 imparting a megakaryocyte phenotype and inhibiting erythroid differentiation [50]. Similarly, FLI-1 downregulation triggers erythroid progenitors to differentiate into erythrocytes [51]. The level of FLI-1 is therefore important for the choice between megakaryocyte versus erythroid cell lineages.



The transcripts resulting from fusions of the SYT (at 18q11) gene with either SSX1 or SSX2 (both at Xp11) are diagnostic markers for synovial sarcomas (reviewed in [52]). These sarcomas are also thought to arise in a mesenchymal stem cell, and SYT–SSX2 reprograms human bone marrow-derived mesenchymal stem cells and myogenic progenitors towards commitment to a pro-neural lineage by targeting neural-specific genes [53]. In addition, whether synovial sarcomas express the SYT–SSX1 or SYT–SSX2 fusion transcript, which are mutually exclusive, influences the nature of the tumor. There are two histological types with monophasic tumors-containing spindle cells, and biphasic tumors are a mixture of spindle cells and epithelial cells that are arranged in glandular structures. Almost all of the tumors containing the SYT–SSX2 fusion transcript lack gland formation. The SYT–SSX1 fusion transcript is seen in both monophasic and biphasic tumors. Hence, the functional heterogeneity of the two fusion proteins, as related to minor structural differences, is a determinant of the nature synovial sarcoma. [54]. The SYT and SSX proteins do not contain a DNA-binding domain, and SYT-SSX2 interacts with the polycomb repressive complex, leading to the impaired ubiquination of histone H2A and the reactivation of polycomb target genes [55]. An influence on the phenotype of synovial sarcomas is yet unclear.



Mucosa-associated lymphoid tissue (MALT) is classified as a marginal zone B-cell lymphoma. These tumors mostly arise in the stomach (gastric MALT) but can arise in other tissues, for example, in the lung and thyroid (non-gastric MALT). The most common chromosomal abnormality gives rise to a fusion protein comprising of the apoptosis inhibitor AP12 (chromosome 11q21) and the paracaspase MALT1 (chromosome 18q21) [56,57]. Malignant transformation requires at least one more event, and there is longstanding evidence to support co-operation with a chronic infection, such as by Helicobacter pylori. [58]. Despite the abundance of neoplastic B-cells in MALT, an HSC/HPC (Sca1+ lineage− cells) may be the origin MALT, because the expression of the MALT1 oncogene in these cells recapitulates human lymphoma in mice [59]. In this case, MALT1 has primed HSCs/HPCs toward B-cell development, leading to the accumulation of mature B lymphocytes. MALT1 plays a role in B-cell development, as antibody responses to vaccination are severely impaired in a family with a homozygous MALT mutation [60] and abrogated in MALT1-deficient mice upon immunization [61].



Diffuse large B-cell lymphomas (DLBCLs) are a heterogeneous group of tumors. Most DLBCLs and primarily germinal center types express the human germinal center-associated (HGAL) protein. A Cre-mediated approach was used to express HGAL in HSCs/HPCs, pro-B-cells, and germinal-center B-cells, and in each case, the mouse strains developed lymphomas-resembling DLBCLs. The tumors are of the germinal center type, and exon sequencing reveals the presence of the mutations that are seen in human DLBCLs. Hence, the forced expression of HGAL, including within HSCs/HPCs, leads to a B-lineage restricted lymphoma [62]. HGAL is a B-cell-specific adapter protein that enhances B-cell receptor signaling via the activation of Syk, leading to follicular lymphoproliferation [63]. It also controls B-cell motility by modulating the RhoA signaling pathway [64]. Presently, how HGAL might influence the trajectory of HSCs is not known.




7. The Epigenome Is Deregulated in Leukemia


Epigenetic controls regulate gene expression within regions of the genome by changing whether they are silent or whether the interaction of genes with transcription regulators is permissive. Changes to the epigenome are inheritable and also influenced by signals that a cell receives from its environment: the landscape, therefore, plays a key role in fine-tuning the gene expression for cell identity. A complex network controls the epigenetic landscape of cells, including the three-dimensional nature of chromatin, epigenetic modifications to DNA without changing its sequence, modifications to histones, and non-coding miRNAs. Further investigation of the BCR-ABLp210 transgenic mice that develop CML indicated that epigenomic events set the lineage of LSCs towards granulocytes. The reduced-representation bisulfite sequencing profiling of the DNA methylation landscapes for HSCs/HPCs versus LSCs from the BCR-ABLp210 transgenic mice reveals a global loss of DNA methylation at CpG islands that are methylated at a low-to-moderate level in normal HSCs/HPCs. DNA methyltransferase (Dnmt) 1, which adds methyl groups to DNA, is upregulated in LSCs. Restricting the expression of Dnmt1 to HSCs/HPCs in transgenic mice via Sca1 promotor control phenocopies the BCR–ABLp210-provoked hypomethylation changes and leads to a malignancy involving an expansion of granulocytes in the bone marrow and blood [31]. Dnmt1, Dnmt3A, and Dnmt3B interact with EZH2, the catalytic subunit of the polycomb repressive complex 2 [65]. DnmtT1 overexpression leading to the disruption of the association of other Dnmts with EZH2 may explain the hypomethylation within LSCs. Interference with the balance of de novo methylation might lead to BCR–ABLp210 LSCs adopting a granulocyte trajectory. Disruption to de novo methylation might collapse the network for multipotency, leaving only one and/or enforced one option.



In the BCR–ABLp210 transgenic mice, the lineage of LSCs, together with their offspring, is set towards granulocytes, even though expression is restricted to LSCs. In this regard, the BCR–ABLp210 upregulation of Dnmt1 expression is a lasting change, as hypomethylation is conserved in the mature offspring of LSCs [31]. DNA methylation changes are also maintained through cellular division [66]. From all of the above, oncogene-mediated epigenetic re-programming seems to be sufficient for the development of CML. Presently, it is unclear how a perturbation to DNA methylation alters gene expression for HSC/HPC transformation and the lineage restriction seen in CML.



In keeping with the above upregulation of Dnmt1, Dnmt1 is significantly overexpressed in AML and myelodysplastic syndromes (MDS) [67]. More than 90 miRNAs are predicted to target Dnmt1 and some of these are deregulated in AML and MDS. For example, miR-495 is downregulated in AML cases bearing mixed lineage leukemia (MLL) rearrangements and functions as a tumor suppressor [68]. Dnmt1 may be involved at the pre-leukemic stage of myeloid leukemias, as it is needed for the maintenance of HSCs and HPCs which are decreased in a zebrafish mutant cell line that has a stop codon mutation in Dnmt1 [69]. Dnmt1 also plays a role in carcinomas, as knockdown reduces the number of cancer-initiating cells and CSCs in the case of colon and breast cancer [70].



Dnmt2 plays a proposed role in myeloid leukemia, as it is expressed at a high level in the CML-derived K562 cell line, methylates tRNA, and azacytidine, which is approved for the treatment of MDS, inhibits RNA methylation at Dnmt2 target sites [71]. Whist Dnmt1 mutations are rare, Dnmt3A mutations are frequently observed in AML and MDS, and Dnmt3A and Dnmt3B play a role in acute AML (reviewed in [72]). For CML, Dnmt3A mutations appear to be important for the clonal evolution of CML, because they are found in Philadelphia-chromosome-positive and Philadelphia-negative clones of patients [73]. Acute promyelocytic leukemia, which is classified as AML M3, is characterized by a translocation that leads to the creation of a fusion between the PML and RARA (retinoic acid receptor) genes. Dnmt3A is required for PML–RARA to initiate acute promyelocytic leukemia, as it is needed for PML–RARA to drive the aberrant self-renewal of mouse bone marrow cells ex vivo [74]. The PML–RAR fusion protein is able to recruit Dnmt1 and Dnmt3A that are otherwise dispersed in the nucleus to target promotors, such as RARb2, and induce hypermethylation [75].



The epigenetic landscape is also perturbed in myeloid leukemia at the level of post-translational modifications to histones. Acetylated histone H3 at lysine 27 (H3K27ac) and trimethylated histone H3 at lysine 4 (H3K4me3) are highly enriched at active promoters, which correlate with transcription. Chromatin silencing is associated with modifications such as trimethylation of histone H3 at lysine 9 (H3K9me3) and at lysine 27 (H3K27me3). EZH2 is the catalyst to H3 methylation at lysine 27, and EZH2 mutations are common in patients with MDS and myeloproliferative neoplasms (12%). They result in chain termination or abrogation of histone methyltransferase activity, and EZH2 has been proposed as a tumor suppressor for myeloid leukemias [76]. Histone deacetylase (HDAC) 5 and HDAC7 are often overexpressed in AML, CML, and ALL, and a low level of expression of HDAC4 is common in these malignancies (reviewed in [77]). Accordingly, HDAC inhibitors, such as valproic acid, have been used in clinical trials in combination with other anticancer agents for differentiation therapy of AML [78]. Non-coding miRNAs, which play a role in the recruitment of polycomb repressive complex 2 to target genes, have also been identified as playing a role in the development of AML [79]. Subtypes of AML have distinct miRNA profiles; for example, the oncogenic miRNA miR-9 is overexpressed in AML cases bearing MLL rearrangements. A proposal is that miRNAs collaborate with known oncogenes or tumor suppressors, and the profiles of miRNAs corelate with disease phenotype and prognosis [80]. From the above findings for leukemia cells and comparable findings for solid tumors, perturbation to the epigenome is important to the anarchic behavior of cancer cells.




8. Epigenetic Control of Stem Cell Development


It is well-established that epigenetic processes play a crucial role in normal stem cell development by fine-tuning the expression of genes, as highlighted by findings from studies of embryonic development. This topic has been reviewed in detail elsewhere [81]. DNA methylation is a major player, because methylated genes are transcriptionally inactive. During embryonic development there is genome-wide demethylation for pluripotency. Post-translational modifications to histones also regulate the epigenetic status of stem cells. Embryonic stem cells have an abundance of the modifications that are associated with transcriptionally permissive chromatin. Recent studies have highlighted that the regain of H3K27ac for active transcription is important for cells to re-establish a program, as they exit from mitosis, and therefore, to lineage identity [82]. miRNAs also regulate the lineage status of stem cells by modulating their pluripotency and differentiation [83]. They are also important for the establishment and maintenance of embryonal stem cell identity and their differentiation [84].



A long-standing notion from studies of HSCs is that there is the low-level priming of expression of lineage-affiliated genes. Some investigators have argued that there is order of the priming of genes for hematopoiesis whereby HSCs first prime or express megakaryocyte- and erythroid-associated genes and that a megakaryocyte-biased HSC sits at the apex of hematopoietic cell development [9]. Lymphoid genes are transcribed later. The regulation of the activation of the Cd19 gene for B-cell development has been investigated, and epigenetic priming occurs before gene expression for lineage specification. Chromatin remodelling, as revealed by the formation of DNase I hypersensitive sites (DHS foot-printing), the presence of histone marks, and the possible removal of CpG methylation at the promotor are all important. As revealed by DHS foot-printing, the upstream enhancer to Cd19 is remodelled first, and this occurs in multipotent HSCs/HPCs. In these cells and in the absence of PAX5, the Cd19 enhancer is remodelled as to having a low level of monomethylation of histone H3 at lysine 9 (H3K9me1). The transcription factor E2A then binds to the enhancer followed by the transcription factors EBF and PAX5. The Cd19 promoter binds PAX5, and this results in the activation of mRNA transcription. Hence, the enhancer is active before the start of mRNA transcription. Bisulphite sequencing, to measure the level of methylation at CpGs, reveals that the level of methylation at the promotor correlates inversely with the level of gene expression. There is a storage of RNA polymerase II at the enhanced prior to at the promotor, which may also have a bearing on the level of CD19 expression [85].



As considered above, some of the hematopoietic cytokines are known to instruct the lineage of HSCs and HPCs. Hence, how signals from these cytokines translate to transcriptional control of cell type is clearly an important question. From studies of human embryonic stem cell-derived gut endodermal lineage intermediates, investigators have proposed that the poised state of enhancers bookmarks a cell’s identity and that this also allows cells to respond correctly to differentiation cues from the environment. For the endodermal lineage intermediates, differentiation competence at enhancers was shown by mapping histone modifications during pancreatic differentiation. Moreover, prior to any lineage specification, the ability of cells to respond to inductive signals correlates with the poised state of enhancers. Competent enhancers are recognised by the pioneer transcription factors FOXA1 and FOXA2 and subsequently by lineage-inductive factors. Environmental signals may well govern transcription factors binding to their target sequence by means of poised enhancers [86].



A focus on the epigenetic shaping of the gene expression for the lineage identity of cells is a return to Waddington’s epigenetic landscape model, which was proposed in 1957 [87]. It depicts bifurcating valleys that developing cells roll down towards a fate with ridges to the hills of the valleys, maintaining a chosen fate. In Waddington’s model, the epigenetic landscape dictates the hills and valleys and, in turn, modifies the loci that control the expression of the transcription factors that are key to stem-cell decision-making. They include ELF5, OCT4, and NANOG as highlighted by studies of the control of the establishment of the ectoderm, endoderm, and mesoderm lineages of the early embryo [81]. DNA methylation seems to establish the barriers/hills between cell lineages. This is the case for the first decision during embryonic development, namely blastocyst cells choosing to develop towards either embryonic or trophoblast lineages. Preventing Dnmt3a and Dnmt3b de novo DNA methylation in murine embryonic stem cells by knockout allows these cells to adopt an “unwanted” trajectory, as they generate trophoblast cells [88].




9. Concluding Remarks


The epigenome has been described as “the judge, jury, and executioner” to the conduct of normal stem cell development [89]. There is evidence to support this view regarding the barriers to the lineage options of stem cells and the integration of the environmental signals that are important for cell fate. Normal stem cell development is deregulated in cancer, and perhaps, it is not too surprising that the control of the epigenetic status of cells is vulnerable to deregulation by oncogenes. Specific and consistent genetic insults are associated with some cancer cell phenotypes. For example, BCR–ABLp210 is the hallmark of CML, whereby leukemic cells are granulocytes and the targeting of this phenotype-affiliated oncogene to a stem cell in transgenic mice recapitulates human lineage-restricted disease. In this case, the stem/progenitor cells lose their inherent versatility. It is important to note that for LSCs from the BCR–ABLp210 transgenic mice that DNA methylation at CpG islands is deregulated and that this is sufficient to give rise to leukemia. The epigenetic landscape of patients’ leukemia cells is also perturbed regarding the control of histone modifications and at the level of expression of miRNAs.



Presently, we do not have a clear picture of how the interplay between modulation of the epigenetic landscape at enhancers and promoters controls the availability of lineage options in stem cells and lineage specification. Hundreds of thousands of enhancers throughout the genome outnumber the 20,000 protein-encoding genes of the human genome. Enhancers act at a distance from their promoter to increase the transcription of genes, and their activity can be restricted to a tissue or a cell type. They are first remodelled, active before the start of RNA transcription from target genes, and appear to influence cell responsiveness to environmental cues. Enhancers have been prosed as a central platform that integrates the epigenetic status of cells to a network of lineage transcription factors [90]. Promoter activity is clearly important for full transcription. In this case, do enhancers mastermind the extent of lineage versatility and some oncogenes set cell lineage at promoters? It remains to be seen whether the deregulation of the inherent versatility of stem and progenitor cells for restricting the progeny of CSCs to only one lineage is central to how some oncogenes drive the development of cancer.







Funding


G.B. received funding from the European Union’s Seventh Framework Programme for research, technological development and demonstration under grant agreement no. 315902 (16 November 2012). G.B. was the coordinator of the Marie Curie Initial Training Network DECIDE.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The author declares no conflict of interest.




References


	



Dick, J.E. Stem cell concepts renew cancer research. Blood 2008, 112, 4793–4807. [Google Scholar] [CrossRef] [PubMed]

	



Fialkow, P.J.; Jacobson, R.J.; Papayannopoulou, T. Chronic myelocytic leukemia clonal origin in a stem cell common to the granulocyte, erythrocyte, platelet and monocyte/macrophage. Am. J. Med. 1977, 63, 125–130. [Google Scholar] [CrossRef]

	



Greaves, M.F. Molecular genetics, natural history and the demise of childhood leukaemia. Eur. J. Cancer 1999, 35, 173–185. [Google Scholar] [CrossRef]

	



Cox, C.V.; Blair, A. A primitive cell origin for B-cell precursor ALL? Stem Cell Rev. 2005, 1, 189–196. [Google Scholar] [CrossRef]

	



Agraz-Doblas, A.; Bueno, C.; Bashford-Rogers, R.; Roy, A.; Schneider, P.; Bardini, M.; Ballerini, P.; Cazzaniga, G.; Moreno, T.; Revilla, C.; et al. Unravelling the cellular origin and clinical prognostic markers of infant B-cell acute lymphoblastic leukemia using genome-wide analysis. Haematologica 2019, 104, 1176–1188. [Google Scholar] [CrossRef]

	



Edwards, R.H.; Wasik, M.A.; Finan, J.; Rodriguez, R.; Moore, J.; Kamoun, M.; Rennert, H.; Bird, J.; Nowell, P.C.; Salhany, K.E. Evidence for early hematopoietic progenitor cell involvement in acute promyelocytic leukemia. Am. J. Clin. Pathol. 1999, 112, 819–827. [Google Scholar] [CrossRef] [PubMed]

	



Ceredig, R.; Rolink, A.G.; Brown, G. Models of haematopoiesis: Seeing the wood for the trees. Nat. Rev. Immunol. 2009, 9, 293–300. [Google Scholar] [CrossRef]

	



Notta, F.; Zandi, S.; Takayama, N.; Dobson, S.; Gan, O.I.; Wilson, G.; Kaufmann, K.B.; McLeod, J.; Laurenti, E.; Dunant, C.F.; et al. Distinct routes of lineage development reshape the human blood hierarchy across ontogeny. Science 2016, 351, 2116. [Google Scholar] [CrossRef]

	



Mooney, C.J.; Cunningham, A.; Tsapogas, P.; Toellner, K.M.; Brown, G. Selective expression of FLT3 within the mouse hematopoietic stem cell compartment. Int. J. Mol. Sci. 2017, 18, 1037. [Google Scholar] [CrossRef]

	



Sanjuan-Pla, A.; Macaulay, I.C.; Jensen, C.T.; Woll, P.S.; Luis, T.C.; Mead, A.; Moore, S.; Carella, C.; Matsuoka, S.; Jones, T.B.; et al. Platelet-biased stem cells reside at the apex of the haematopoietic stem-cell hierarchy. Nature 2013, 502, 232–236. [Google Scholar] [CrossRef]

	



Challen, G.A.; Boles, N.C.; Chambers, S.M.; Goodell, M.A. Distinct hematopoietic stem cell subtypes are differentially regulated by TGF-1. Cell Stem Cell 2010, 6, 265–278. [Google Scholar] [CrossRef]

	



Nestorowa, S.; Hamey, F.K.; Pijuan Sala, B.; Diamanti, E.; Shepherd, M.; Laurenti, E.; Wilson, N.K.; Kent, D.G.; Gottens, B. A single-cell resolution map of mouse hematopoietic stem and progenitor cell differentiation. Blood 2016, 128, e20–e31. [Google Scholar] [CrossRef]

	



Psaila, B.; Mead, A.J. Single-cell approaches reveal novel cellular pathways for megakaryocyte and erythroid differentiation. Blood 2019, 133, 1427–1435. [Google Scholar] [CrossRef] [PubMed]

	



Balciunaite, G.; Ceredig, R.; Rolink, A.G. The earliest subpopulation of mouse thymocytes contains potent T, significant macrophage, and natural killer but no B-lymphocyte potential. Blood 2005, 105, 1930–1936. [Google Scholar] [CrossRef] [PubMed]

	



Mossadegh-Keller, N.; Sarrazin, S.; Kandalla, P.K.; Espinosa, L.; Stanley, E.R.; Nutt, S.L.; Moore, J.; Sieweke, M.H. M-CSF instructs myeloid lineage fate in single haematopoietic stem cells. Nature 2013, 497, 239–243. [Google Scholar] [CrossRef] [PubMed]

	



Rieger, M.A.; Hoppe, P.S.; Smejkal, B.M.; Eitelhuber, A.C.; Schroeder, T. Hematopoietic cytokines can instruct lineage choice. Science 2009, 325, 217–218. [Google Scholar] [CrossRef]

	



Grover, A.; Mancini, E.; Moore, S.; Mead, A.J.; Atkinson, D.; Rasmussen, K.D.; O’Carrol, D.; Jacobsen, S.E.W.; Nerlove, C. Erythropoietin guides multipotent hematopoietic progenitor cells toward an erythroid fate. J. Exp. Med. 2014, 211, 181–188. [Google Scholar] [CrossRef] [PubMed]

	



Metcalf, D.; Burgess, A.W. Clonal analysis of progenitor cell commitment of granulocyte or macrophage production. J. Cell Physiol. 1982, 111, 275–283. [Google Scholar] [CrossRef]

	



Pardel, R.; Molofsky, A.V.; He, S.; Morrison, S.J. Stem cell self-renewal and cancer cell proliferation are regulated by common networks that balance the activation of proto-oncogenes and tumor suppressors. Cold Spring Harb. Symp. Quant. Biol. 2005, 70, 177–185. [Google Scholar] [CrossRef]

	



Le Rolle, A.-F.; Chiu, T.K.; Zeng, Z.; Shia, Z.; Weiser, M.R.; Paty, P.B.; Chiu, V.K. Oncogenic KRAS activates an embryonic stem cell-like program in human colorectal cancer initiation. Oncotraget 2016, 7, 2159–2174. [Google Scholar] [CrossRef]

	



Khatter, E.; Ze, K.; Maung, Y.; Chem, C.L.; Ghosh, A.; Mok, M.M.H.; Lee, P.; Zhang, J.; Hong, W.; Chor, J.; et al. Rap1 regulates hematopoietic stem cell survival and response to chemotherapy. Nat. Commun. 2019, 10, 5349. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Shao, Y.; Maciaszek, J.; Wang, Z.; Wilkinson, M.R.; McCastlain, K.; Edmonson, M.; Pounds, S.B.; Shi, L.; Zhou, X.; et al. The genetic landscape of pediatric and young adult T-lineage acute lymphoblastic leukemia. Nat. Genet. 2017, 49, 1211–1218. [Google Scholar] [CrossRef]

	



García-Ramírez, I.; Bhatia, S.; Rodríguez-Hernández, G.; González-Herrero, I.; Walter, C.; González de Tena-Dávila, S.; Parvin, S.; Haas, O.; Woessmann, W.; Stanulla, M.; et al. Lmo2 expression defines tumor cell identity during T-cell leukemogenesis. EMBO J. 2018, 37, e98783. [Google Scholar] [CrossRef] [PubMed]

	



McCormak, M.P.; Forster, A.; Drynaan, L.; Pannell, R.; Rabbitts, T.H. The LMO2 T-cell oncogene is activated via chromosomal translocations or retroviral insertion during gene therapy but has no mandatory role in normal T-cell development. Mol. Cell Biol. 2003, 23, 9003–9013. [Google Scholar] [CrossRef] [PubMed]

	



Chambers, J.; Rabbitts, T.H. LMO2 at 25 years: A paradigm of chromosomal translocation proteins. Open Biol. 2015, 5, 150062. [Google Scholar] [CrossRef] [PubMed]

	



Riddell, J.; Gazit, R.; Garrison, B.S.; Guo, G.; Saadatpour, A.; Mandal, P.K.; Ebina, W.; Volchkov, P.; Yuan, G.-C.; Orkin, S.H.; et al. Reprogramming committed murine blood cells to induced hematopoietic stem cells with defined factors. Cell 2014, 157, 549–564. [Google Scholar] [CrossRef]

	



Burmeister, T.; Schwartz, S.; Bartram, C.R.; Gökbuget, N.; Hoelzer, D.; Thiel, E. Patients’ age and BCR-ABL frequency in adult B precursor ALL: A retrospective analysis from the GMALL study group. Blood 2008, 112, 918–919. [Google Scholar] [CrossRef] [PubMed]

	



Deininger, M.W.; Goldman, J.M.; Melo, J.V. The molecular biology of chronic myeloid leukemia. Blood 2000, 96, 3343–3356. [Google Scholar] [CrossRef]

	



Martín-Lorenzo, A.; Auer, F.; Chan, L.N.; García-Ramírez, I.; González-Herrero, I.; Rodríguez-Hernández, G.; Bartenhagen, C.; Dugas, M.; Gombert, M.; Ginzel, S.; et al. Loss of Pax5 Exploits Sca1-BCR-ABLp190 Susceptibility to Confer the Metabolic Shift Essential for pB-ALL. Cancer Res. 2018, 78, 2669–2679. [Google Scholar] [CrossRef]

	



Perez-Caro, M.; Cobaleda, C.; Gonzalez-Herrero, I.; Vicente-Dueñas, C.; Bermejo-Rodriguez, C.; Sanchez-Beato, M.; Orfao, A.; Pintado, B.; Flores, T.; Sanchez-Martin, M.; et al. Cancer induction by restriction of oncogene expression to the stem cell compartment. EMBO J. 2009, 28, 8–20. [Google Scholar] [CrossRef]

	



Vicente-Dueñas, C.; González-Herrero, I.; Sehgal, L.; García-Ramírez, I.; Rodríguez-Hernández, G.; Pintado, B.; Blanco, O.; Criado, F.J.G.; Cenador, M.B.G.; Green, M.R.; et al. Dnm1 links BCR-ABLp210 to epigenetic tumour stem cell priming in myeloid leukaemia. Leukaemia 2019, 33, 249–278. [Google Scholar] [CrossRef]

	



Cutler, J.A.; Tahir, R.; Sreenivasamurthy, S.K.; Mitchell, C.; Renuse, S.; Nirujogi, R.S.; Patil, A.H.; Heydarian, M.; Wong, X.; Wu, X.; et al. Differential signaling through p190 and p210 BCR-ABL fusion proteins revealed by interactome and phosphoproteome analysis. Leukemia 2017, 31, 1513–1524. [Google Scholar] [CrossRef]

	



Era, T.; Witte, O.N. Regulated expression of P210 Bcr-Abl during embryonic stem cell differentiation stimulates multipotential progenitor expansion and myeloid fate. Proc. Natl. Acad. Sci. USA 2000, 97, 1737–1742. [Google Scholar] [CrossRef] [PubMed]

	



Assi, S.A.; Imperato, M.R.; Coleman, D.J.L.; Pickin, A.; Potluri, S.; Ptasinska, A.; Chin, P.S.; Blair, H.; Cauchy, P.; James, S.R.; et al. Subtype-specific regulatory network rewiring in acute myeloid leukemia. Nat. Genet. 2019, 51, 151–162. [Google Scholar] [CrossRef] [PubMed]

	



Papaemmanuil, E.; Gerstang, M.; Bullinger, L.; Gaidzik, V.I.; Paschka, P.; Roberts, N.D.; Potter, N.E.; Heuser, M.; Thol, F.; Bolli, N.; et al. Genomic classification and prognosis in acute myeloid leukemia. N. Engl. J. Med. 2016, 374, 2209–2221. [Google Scholar] [CrossRef] [PubMed]

	



Kelloway, S.G.; Keane, P.; Edginton-White, B.; Regha, K.; Kennett, E.; Bonifer, C. Different mutant RUNX1 oncoproteins program alternative haematopoietic differentiation trajectories. Life Sci. Alliance 2021, 4, e202000864. [Google Scholar] [CrossRef] [PubMed]

	



Greaves, M. A causal mechanism for childhood acute lymphoblastic leukemia. Nat. Rev. Cancer 2018, 18, 471–484. [Google Scholar] [CrossRef]

	



Rodríguez-Hernández, G.; Casado-García, A.; Isidro-Hernández, M.; Picard, D.; Raboso Gallego, J.; Alemán-Arteaga, S.; Orfao, A.; Blanco, O.; Riesco, S.; Prieto-Matos, P.; et al. The second hit determines the cell fate of ETV6-RUNX1 positive leukemia. Front. Cell Dev. Biol. 2021, 9, 704591. [Google Scholar] [CrossRef]

	



Takahashi, K.; Yamanaka, S. Induction of pluripotent stem cells from mouse embryonic and adult fibroblast cultures by defined factors. Cell 2006, 126, 663–676. [Google Scholar] [CrossRef]

	



Lacaud, G.; Gore, L.; Kennedy, M.; Kauskoff, V.; Kingsley, P.; Hogan, C.; Carlsson, L.; Speck, N.; Palis, J.; Keller, G. Runx1 is essential for hematopoietic commitment at the hemangioblast stage of development in vitro. Blood 2002, 100, 458–466. [Google Scholar] [CrossRef]

	



Gao, L.; Tober, J.; Gao, P.; Chen, C.; Zhu, Q.; Tan, K.; Speck, N.A. Perspective: RUNX1 and the endothelial origin of blood. Exp. Hematol. 2018, 68, 2–9. [Google Scholar] [CrossRef] [PubMed]

	



Creyghton, M.P.; Cheng, A.W.; Welstead, G.G.; Kooistra, T.; Carey, B.W.; Steine, E.J.; Hanna, J.; Lodato, M.A.; Frampton, G.M.; Sharp, P.A.; et al. Histone H3K27ac separates active from poised enhancers and predicts developmental state. Proc. Natl. Acad. Sci. USA 2010, 107, 21931. [Google Scholar] [CrossRef] [PubMed]

	



Lichtinger, M.; Ingram, R.; Hannah, R.; Müller, D.; Clarke, D.; Assi, S.A.; Lie-A-Ling, M.; Noailles, L.; Vijayabaskar, M.S.; Wu, M.; et al. RUNX1 reshapes the epigenetic landscape at the onset of haematopoiesis. EMBO J. 2012, 31, 4318–4333. [Google Scholar] [CrossRef] [PubMed]

	



Kuvardina, O.N.; Herglotz, J.; Kolodziej, S.; Kohrs, N.; Herkt, S.; Wojcik, B.; Oellerich, T.; Corso, J.; Behrens, K.; Kumar, A.; et al. RUNX1 represses the erythroid gene expression program during megakaryocytic differentiation. Blood 2015, 125, 3570–3579. [Google Scholar] [CrossRef]

	



Cammenga, J.; Niebuhr, B.; Horn, S.; Bergholz, U.; Putz, G.; Buchholz, F.; Löhler, J.; Stocking, C. RUNX1 DNA-binding mutants, associated with minimally differentiated acute myelogenous leukemia, disrupt myeloid differentiation. Cancer Res. 2007, 67, 537. [Google Scholar] [CrossRef]

	



May, W.A.; Lessnick, S.L.; Braun, B.S.; Klemsz, M.; Lewis, B.C.; Lunsford, L.Y.; Hromas, R.; Denny, C.T. The Ewing’s sarcoma EWS/FLI-1 fusion gene encodes a more potent transcriptional activator and is a more powerful transforming gene than FLI-I. Mol. Cell Biol. 1993, 13, 7393–7398. [Google Scholar] [CrossRef]

	



Riggi, N.; Suva, M.-L.; Suva, D.; Cironi, L.; Provero, P.; Tercier, S.; Joseph, J.-M.; Stehle, J.-C.; Baumer, K.; Kindler, V. EWS-FLI-1 expression triggers a Ewing’s sarcoma initiation program in primary human mesenchymal stem cells. Cancer Res. 2008, 68, 2176–2185. [Google Scholar] [CrossRef]

	



Eliazer, S.; Spencer, J.; Ye, D.; Olson, E.; Ilaria, R.L., Jr. Alteration of mesodermal cell differentiation by EWS/FLI-1, the oncogene implicated in Ewing’s sarcoma. Mol. Cell Biol. 2003, 23, 482–492. [Google Scholar] [CrossRef]

	



Li, Y.; Luo, H.; Liu, T.; Zacksenhaus, E.; Ben-David, Y. The ets transcription factor Fli-1 in development, cancer and disease. Oncogene 2015, 34, 2022–2031. [Google Scholar] [CrossRef]

	



Athanasiou, M.; Mavrothalassitis, G.; Sun-Hoffman, L.; Blair, D.G. FLI-1 is a suppressor of erythroid differentiation in human hematopoietic cells. Leukemia 2000, 14, 439–445. [Google Scholar] [CrossRef]

	



Zochodne, B.; Truong, A.H.; Stetler, K.; Higgins, R.R.; Howard, J.; Dumont, D.; Berger, S.A.; Ben-David, Y. Epo regulates erythroid proliferation and differentiation through distinct signaling pathways: Implication for erythropoiesis and Friend virus-induced erythroleukemia. Oncogene 2000, 19, 2296–2304. [Google Scholar] [CrossRef] [PubMed]

	



Ladanyi, M. Fusions of the SYT and SSX genes in synovial sarcoma. Oncogene 2001, 20, 5755–5762. [Google Scholar] [CrossRef]

	



Garcia, C.B.; Shaffer, C.M.; Alfarno, M.P.; Smith, A.L.; Sun, J.; Zhao, Z.; Young, P.P.; Van Saun, M.N.; Eid, J.E. Reprogramming of mesenchymal stem cells by the synovial sarcoma-associated oncogene SYT-SSX2. Oncogene 2012, 31, 2323–2334. [Google Scholar] [CrossRef]

	



Kawai, A.; Woodruff, J.; Healey, J.H.; Brennan, M.F.; Antonescu, C.R.; Ladanyi, M. SYT-SSX gene fusion as a determinant of morphology and prognosis in synovial sarcoma. N. Engl. J. Med. 1998, 338, 153–160. [Google Scholar] [CrossRef]

	



Barco, R.; Garcia, C.B.; Eid, J.E. The synovial sarcoma-associated oncogene antagonizes the polycomb complex protein Bmi1. PLoS ONE 2009, 4, e5060. [Google Scholar] [CrossRef] [PubMed]

	



Troppan, K.; Wenzl, K.; Neumeister, P.; Deutch, A. Molecular Pathogenesis of MALT Lymphoma. Gastroenterol. Res Pract. 2015, 2015, 102656. [Google Scholar] [CrossRef] [PubMed]

	



Remstein, E.D.; Kurtini, P.J.; Einerson, R.R.; Paternoster, S.F.; Dewald, G.W. Primary pulmonary MALT lymphomas show frequent and heterogeneous cytogenetic abnormalities, including aneuploidy and translocations involving API2 and MALT1 and IGH and MALT1. Leukemia 2004, 18, 156–160. [Google Scholar] [CrossRef] [PubMed]

	



Isaacson, P.G.; Spencer, J. The biology of low grade MALT lymphoma. J. Clin. Pathol. 1995, 48, 395–397. [Google Scholar] [CrossRef] [PubMed]

	



Vicente-Dueñas, C.; Fontán, L.; Gonzalez-Herrero, I.; Romero-Camarero, I.; Segura, V.; Aznar, M.A.; Alonso-Escudero, E.; Campos-Sanchez, E.; Ruiz-Roca, L.; Barajas-Diego, M.; et al. Expression of MALT1 oncogene in hematopoietic stem/progenitor cells recapitulates the pathogenesis of human lymphoma in mice. Proc. Natl. Acad. Sci. USA 2012, 109, 10534–10539. [Google Scholar] [CrossRef]

	



Jabara, H.H.; Ohsumi, T.; Chou, J.; Massaad, M.J.; Benson, H.; Megarbane, A.; Chouery, E.; Mikhael, R.; Gorka, O.; Gewies, A.; et al. A homozygous mucosa-associated lymphoid tissue 1 (MALT1) mutation in a family with combined immunodeficiency. J. Allergy Clin. Immunol. 2013, 132, 151–158. [Google Scholar] [CrossRef]

	



Bornancin, F.; Renner, F.; Touil, R.; Sic, H.; Kolb, Y.; Touil-Allaoui, I.; Rush, J.S.; Smith, P.A.; Bigaud, M.; Junker-Walker, U.; et al. Deficiency of MALT1 paracaspase activity results in unbalanced regulatory and effector T and B cell responses leading to multiorgan inflammation. J. Immunol. 2015, 194, 3723–3734. [Google Scholar] [CrossRef]

	



Raboso-Gallego, J.; Casado-Garcia, A.; Jiang, X.; Isidro-Hernández, M.; Gentiles, A.J.; Zhao, S.; Natkunam, Y.; Blanco, O.; Domínguez, V.; Pintado, B.; et al. Conditional expression of HGAL leads to the development of diffuse large B-cell lymphoma in mice. Blood 2012, 137, 1741–1763. [Google Scholar] [CrossRef]

	



Jiang, X.; Romero-Camarero, I.; Lu, X.; Vicente-Duenñas, C.; Gonzales-Herrero, I.; Flores, T.; Garcia, J.L.; McNamara, G.; Kunder, C.; Natunam, Y.; et al. HGAL-a Germinal Center Specific Protein, Enhances B-Cell Receptor Signaling by Activation of Syk, Leading to Follicular Lymphoproliferation. Blood 2011, 118, 584. [Google Scholar] [CrossRef]

	



Lu, X.; Sicard, R.; Jiang, X.; Stockus, J.N.; McNamara, G.; Abdulreda, M.; Moy, V.T.; Landgraf, R.; Lossos, I.S. HGAL localization to cell membrane regulates B-cell receptor signalling. Blood 2015, 125, 649–657. [Google Scholar] [CrossRef]

	



Vire, E.; Brenner, C.; Deplus, R.; Blanchon, L.; Fraga, M.; Didelot, C.; Moray, L.; Van Eynde, A.; Bernard, D.; Vanderwinden, J.-M.; et al. The Polycomb group protein EZH2 directly controls DNA methylation. Nature 2006, 439, 871–874. [Google Scholar] [CrossRef] [PubMed]

	



Kim, M.; Costello, T. DNA methylation: An epigenetic marker of cellular memory. Exp. Mol. Med. 2017, 49, e322. [Google Scholar] [CrossRef] [PubMed]

	



Benatatos, L.; Vartholomatos, G. On the potential role of DNMT1 in acute myeloid leukemia and myelodysplastic syndromes; not another mutated epigenetic driver. Am. Hematol. 2016, 95, 1571–1582. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, X.; Huang, H.; Li, Z.; He, C.; Li, Y.; Chen, P.; Gurbuxani, S.; Arnovitz, S.; Hong, G.-M.; Price, C.; et al. miR-495 is a tumor-suppressor microRNA downregulated in MLL-rearranged leuaemia. Proc. Natl. Acad. Sci. USA 2012, 109, 19397–19402. [Google Scholar] [CrossRef]

	



Liu, X.; Jai, X.; Yuan, H.; Ma, K.; Chen, Y.; Jin, Y.; Deng, M.; Pan, W.; Chen, S.; Chen, Z.; et al. DNA methyltransferase 1 functions through C/ebpa to maintain hematopoietic stem and progenitor cells in zebrafish. J. Hematol. Oncol. 2015, 8, 15. [Google Scholar] [CrossRef]

	



Pathania, R.; Ramachandran, S.; Elangovan, S.; Padia, R.; Yang, P.; Cinghu, S.; Veeranan-Karmegam, R.; Arjunan, P.; Gnana-Prakasam, J.P.; Sadanand, F.; et al. DNMT1 is essential for mammary and cancer stem cell maintenance and tumorigenesis. Nat. Commun. 2015, 6, 6910. [Google Scholar] [CrossRef]

	



Schaefer, M.; Hageman, S.; Hanna, K.; Lyko, F. Azacytidine inhibits RNA methylation of DNMT2 target sites in human cancer cell lines. Cancer Res. 2009, 69, 8127–8132. [Google Scholar] [CrossRef]

	



Wong, K.K.; Lawrie, C.H.; Green, J.M. Oncogeneic roles and inhibitors of DNM1, DNMT3A and DNMT3B in acute myeloid leukaemia. Biomark. Insights 2019, 14, 1177271919846454. [Google Scholar] [CrossRef] [PubMed]

	



Schmidt, M.; Rinke, J.; Schafer, S.; Kohlman, A.; Obsterfelder, E.; Kunert, C.; Ziermann, J.; Winkelmann, N.; Eigendorff, T.; Haferlach, C.; et al. Molecular-defined clonal evolution in patients with chronic myeloid leukemia independent of the BCR-ABL status. Leukemia 2014, 28, 2292–2299. [Google Scholar] [CrossRef]

	



Cole, B.; Verdoni, A.M.; Ketkar, S.; Leight, E.R.; Russler-Germain, D.A.; Lamprecht, T.L.; Demeter, R.T.; Magrini, V.; Ley, T.J. PML-RARA requires DNA methytransferase 3A to initiate acute promelocytic leukemia. J. Clin. Investig. 2016, 126, 85–98. [Google Scholar] [CrossRef] [PubMed]

	



Di Croce, L.; Raker, V.A.; Corsaro, M.; Fazi, F.; Fanelli, M.; Faretta, M.; Fuks, F.; Lo Coco, F.; Kouzarides, T.; Nervi, C.; et al. Methyltransferase recruitment and DNA hypermethylation of target promoters by an oncogenic transcription factor. Science 2002, 295, 1079–1082. [Google Scholar] [CrossRef]

	



Ernst, T.; Andrew JChase, A.J.; Score JHidalgo-Curtis, C.E.; Bryant, C.; Jones, A.V.; Waghorn, K.; Zoi, K.; Ross, F.M.; Reiter, A.; Hochhaus, A.; et al. Inactivating mutations of the histone methyltransferase gene EZH2 in myeloid disorders. Nat. Genet. 2010, 42, 722–726. [Google Scholar] [CrossRef] [PubMed]

	



Wang, P.; Wang, Z.; Liu, J. Roles of HDACs in normal and malignant hematopoiesis. Mol. Cancer 2020, 19, 5. [Google Scholar] [CrossRef]

	



Jose-Eneriz, E.S.; Gimenez-Camino, N.; Agirre, X.; Prosper, F. HDAC inhibitors in acute myeloid leukemia. Cancers 2019, 11, 1794. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Cheng, Z.; Pang, Y.; Cui, L.; Qian, T.; Quan, L.; Zhao, H.; Shi, J.; Ke, X.; Fu, L. Role of microRNAs, circRNAs and long noncoding RNAs in acute myeloid leukemia. J. Hematol. Oncol. 2019, 12, 51. [Google Scholar] [CrossRef]

	



Wallace, J.A.; O’Connell, R.M. MicroRNAs and acute myeloid leukemia: Therapeutic implications and emerging concepts. Blood 2017, 130, 1290–1301. [Google Scholar] [CrossRef]

	



Hemberger, M.; Dean, W.; Reik, W. Epigenetics dynamics of stem cells and lineage commitment: Digging Waddington’s canals. Nat. Rev. Mol. Cell Biol. 2009, 10, 526–537. [Google Scholar] [CrossRef] [PubMed]

	



Kang h Sholchirev, M.N.; Xu, Z.; Chandran, S.; Dixon, J.R.; Hetzer, M.W. Dynamic regulation of histone modifications and long-range chromosomal interactions during postmitotic transcription reactivation. Genes Dev. 2012, 34, 913–930. [Google Scholar] [CrossRef] [PubMed]

	



Li, N.; Long, B.; Han, W.; Yuan, S.; Wang, K. microRNAs: Important regulators of stem cells. Stem Cell Res. Ther. 2017, 8, 110. [Google Scholar] [CrossRef] [PubMed]

	



Martinez, N.J.; Gregory, R.I. MicroRNA gene regulatory pathways in the establishment and maintenance of ESC identity. Cell Stem Cell 2010, 7, 31–35. [Google Scholar] [CrossRef]

	



Walter, K.; Bonifer, C.; Tagoh, H. Stem cell-specific epigenetic priming and B cell-specific transcriptional activation. Blood 2008, 112, 1673–1682. [Google Scholar] [CrossRef]

	



Wang, A.; Yue, F.; Li, Y.; Xie, R.; Harper, T.; Patel, N.A.; Muth, K.; Palmer, J.; Qiu, Y.; Wang, J.; et al. Epigenetic priming of enhancers predicts developmental competence of hESC-derived endodermal lineage intermediates. Cell Stem Cell 2015, 16, 386–399. [Google Scholar] [CrossRef]

	



Waddington, C.H. The Strategy of the Genes; a Discussion of Some Aspects of Theoretical Biology; Allen & Unwin: London, UK, 1957. [Google Scholar]

	



Kinoshita, M.; Li, M.A.; Barber, M.; Mansfield, W.; Dietmann, S.; Smith, A. Disabling de novo DNA methylation in embryonic stem cells allows an illegitimate fate trajectory. bioRxiv 2021. [Google Scholar] [CrossRef]

	



Tollervey, J.R.; Lunyak, V.V. Judge, jury and executioner of stem cell fate. Epigenetics 2012, 7, 823–840. [Google Scholar] [CrossRef]

	



Jin, F.; Li, Y.; Ren, B.; Natararjan, R. Enhancers Multidimensional integrators. Transcription 2011, 2, 226–230. [Google Scholar] [CrossRef]








[image: Ijms 22 09667 g001 550] 





Figure 1. A continuum model for blood cell development. HSCs “choose” a lineage from a continuum of the variety of options. For mouse HSCs, the different colors show that they are a mixture of cells that selectively express the receptors for the lineage-affiliated cytokines erythropoietin (EpoR), granulocyte colony-stimulating factor (G-CSFR), and macrophage colony-stimulating factor (M-CSFR). HSCs and hematopoietic progenitor cells retain enough versatility to “step sideways” into a different pathway. 
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Figure 2. The influence of Lmo2 expression on hematopoietic stem and progenitor cells (A) In transgenic mice, the expression of Lmo2 is restricted to hematopoietic stem and progenitor cells, via the Sca-1 promotor, leading to T-cell acute lymphoblastic leukemia (T-ALL). The oncogene is active solely within the leukemia stem cells (LSCs) and therefore not essential for the survival/proliferation of the more mature lineage-affiliated leukaemia cells. (B) Aberrant expression in immature thymocytes leading to an accumulation of precursor cells and T-ALL. 
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