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Abstract: Self-maintaining hematopoietic stem cells are a cell population that is primarily ‘at risk’
to malignant transformation, and the cell-of-origin for some leukemias. Tissue-specific stem cells
replenish the different types of functional cells within a particular tissue to meet the demands of an
organism. For hematopoietic stem cells, this flexibility is important to satisfy the changing require-
ments for a certain type of immune cell, when needed. From studies of the natural history of child-
hood acute lymphoblastic leukemia, an initial oncogenic and prenatal insult gives rise to a preleu-
kemic clone. At least a second genomic insult is needed that gives rise to a leukemia stem cell: this
cell generates a hierarchy of leukemia cells. For some leukemias, there is evidence to support the
concept that one of the genomic insults leads to dysregulation of the tissue homeostatic role of hem-
atopoietic stem cells so that the hierarchy of differentiating leukemia cells belongs to just one cell
lineage. Restricting the expression of particular oncogenes in transgenic mice to hematopoietic stem
and progenitor cells led to different human-like lineage-restricted leukemias. Lineage restriction is
seen for human leukemias by virtue of their sub-grouping with regard to a phenotypic relationship
to just one cell lineage.

Keywords: oncogenes; leukemia; stem cells; lineage fate

1. Introduction

A precise description of the population structure of the hematopoietic cell system is
essential to pinpointing the origins of the many different leukemias. The most complex of
the interlinked and diverse cell populations in the adult organism is perhaps the blood
cell system. In the 1950s, controversy about the nature of hematopoiesis centered on a
monophyletic versus a dualistic (or pluralistic) origin of the various types of blood cells.
The monophyletic theory, favored by early 20th century morphologists, is that all of the
blood cell types arise from a common and multipotent hematopoietic stem cell (HSC).
Dualists argued that the different types of cells have distinct progenitors.

A monophyletic origin gained favor in the late 1950s with the identification of a bone
marrow cell that is termed a colony-forming unit in spleen (CFU-S). When single cells
were transplanted into mice, CFU-S gave rise to a nodule in the spleen containing, at least,
erythrocytes, megakaryocytes, granulocytes, and macrophages. Investigators argued that
the mouse CFU-S is a stem cell, but the CFU-S compartment does not encompass all stem
cells. Work in the mid-1990s revealed that mouse HSCs reside within a much smaller frac-
tion of bone marrow cells lacking lineage markers and that express the Sca-1 antigen and
the c-kit receptor for stem cell factor (termed LSK) and that are CD34low/-. A single LSK,
CD34low/- was used to reconstitute hematopoiesis long-term in a lethally irradiated
mouse. Bone marrow cell LSK, CD34+ cells were co-transplanted to provide short-term
radio-protection [1]. A multipotent HSC that self-renews is, therefore, the ‘real” or ‘pri-
mary’ stem cell for hematopoiesis.

Therefore, and for many years, ‘real’ mouse and human HSCs were ring-fenced, and
sorted, as a homogenous population of cells, by virtue of their expression of a number of
cell surface markers. HSCs are now seen to be a heterogeneous population of cells and
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include sub-sets with an affiliation to a single lineage, a propensity to develop along a
pathway, and that self-renew. Self-renewal is, therefore, no longer a canonical state of
stem cells, nor do stem cells inevitably decrease their self-renewal capacity as they age
and differentiation proceeds. This review examines this new view to the architecture of
hematopoiesis and whether the existence of multipotent and lineage-affiliated cells that
self-renew adds complexity to resolving the ‘target’ cell populations for the various leu-
kemias.

2. HSCs Are a Heterogeneous Population of Cells

Panels of monoclonal antibodies to cell surface proteins greatly assisted the descrip-
tion of HSCs. Human HSCs and their immediate offspring are enriched in a population
of cells that is LSK CD34+, CD38-. Mouse HSCs have been purified to a much greater
extent, and their phenotype is described in various ways. For example, HSCs that recon-
stitute an irradiated mouse long-term (LT-HSCs) are ring-fenced as LSK, CD150+, CD48-
CD34-, and those that reconstitute short term (ST-HSCs) as LSK, CD150+, CD48-, CD34+.
Nineteen percent of mouse LT-HSCs and 23% of ST-HSCs express the receptor for macro-
phage colony-stimulating factor (M-CSF) at their surface at a low level. The fms-like tyro-
sine kinase 3 (Flt3), which binds a myeloid/lymphoid affiliated cytokine, was detected at
a low level on the surface of 5% of LT-HSC and 8% of ST-HSC. Flt3 expression was con-
firmed by the use of single-cell qRT-PCR, and 12% of LT-HSCs and 21% of ST-HSCs ex-
press mRNA for Flt3. The use of single-cell qRT-PCR has assisted in describing mouse
HSC sub-sets when immunological markers are unavailable, and 13% of LT-HSCs and
19% of ST-HSCs express mRNA for the receptor for erythropoietin (Epo). Only 1% of LT-
HSC and 3% of ST-HSC expressed both the receptor for FIt3 and M-CSF at their surface.
The use of single-cell triplex gRT-PCR revealed that co-expression of the mRNAs for FIt3
and the Epo receptor rarely occurs [2]. Sub-sets of HSCs that selectively express the recep-
tors for lineage-affiliated cytokine clearly exist.

For many years, an understanding of the biological activity of the hematopoietic cy-
tokines focused on their need for colony-formation by bone marrow cells in a semi-solid
medium. For example, M-CSF and erythropoietin are required for the survival and pro-
liferation of macrophage and erythroid progenitors, respectively. From these findings,
unipotent committed progenitors were seen as the population of cells that were respon-
sive to these and other hematopoietic cytokines. Expression of the receptors for M-CSF
and Epo by HSCs is highly significant because it is now known that these cytokines can
instruct HSC lineage fate. The transcription factor (TF) PU.1 is myeloid associated. For
PU.1-GFP reporter mice, intravenous injection of recombinant M-CSF increased the level
of activation of PU.1 in LT-HSCs (LSK, CD135-, CD34-, CD150+), by 16 h, and the pro-
portion of HSCs with a myeloid lineage bias. M-CSF activation of the PU.1 promoter was
confirmed by video imaging of highly purified mouse HSCs (CD150(high)) from PU.1-
GFP reporter mice that were treated with M-CSF in culture. The expression of PU.1 and
the number of cells with a myeloid gene signature and differentiation potential were in-
creased [3]. For granulocyte/macrophage progenitors, M-CSF commits these cells to mac-
rophage production. Granulocyte/macrophage colony-stimulating factor and granulocyte
colony-stimulating factor instruct granulocyte/macrophage progenitors to differentiate
into granulocytes [4,5]. From in vivo and in vitro studies, Epo acts directly on the mouse
HSC/multipotent hematopoietic progenitor cell (HPC) compartment to instruct an
erythroid bias and decrease myeloid output. Gene profiling of LSK, F13- cells exposed to
Epo in vivo revealed that genes associated with erythroid lineage commitment were up-
regulated and ones that are linked to myeloid commitment were down-regulated [6].

From the instructive actions of the above cytokines on HSCs, we might expect the
offspring of HSCs that express a particular cytokine receptor to perpetuate their lineage
affiliation. Cell-surface markers and the use of multiplex qRT-PCR assays are limited in
their ability to provide a complete description of cell subsets by virtue of the probes avail-
able to hand. To circumvent this limitation, and also provide an unbiased view on HPC
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heterogeneity, LSK cells (viewed as myeloid HPCs) were investigated by sequencing the
mRNA of single cells by MARS-seq. The clustering of cells was based on the patterns of
expression of >3461 genes and this led to the identification of 19 subsets. Seven showed
transcriptional priming with various degrees of specificity towards megakaryocytes,
erythrocytes, basophils, eosinophils, neutrophils, monocytes, and dendritic cells. Strik-
ingly, there was an absence of mixed-lineage progenitors, and, therefore, lineage-affiliated
HSCs perpetuate their state [7].

The above sub-typing studies revealed that some HSCs are lineage-affiliated, but did
not provide proof that they have a propensity towards a particular maturation outcome.
A sub-population of LSK, CD34-, CD150+ HSCs expresses the megakaryocyte-restricted
surface marker CD41 (alphallb integrin, platelet GPIIb) and when single LSK, CD34-,
CD150+, CD41+ cells were transplanted into mice they reconstituted platelets. CD34-,
CD150-, CD41- cells failed to do so. Colonies comprising of CD41+ megakaryocytes were
formed by culturing single LSK, CD34-, CD150+, CD41+ cells, but not by LSK, CD34-,
CD150-, CD41- cells. CD41+ cells have, therefore, megakaryocyte reconstituting and col-
ony-forming potential [8]. To investigate platelet-affiliated HSCs, other investigators gen-
erated bacterial artificial chromosome transgenic mice using a platelet marker; a von
Willbrand-eGFP (Vwf-eGFP) reporter that expresses green fluorescent protein. LSK, CD34-,
CD150+, CD48+ HSCs were identified that expressed Vwf-eGFP, and their maintenance
required thrombopoietin, a regulator of platelet development. These cells are a sub-set
that is primed for platelet-specific gene expression, and they showed an enhanced pro-
pensity to short- and long-term reconstitute platelets in transplantation experiments [9].
They also often showed a long-term bias towards generating myeloid cells and were able
to give rise to lymphoid biased HSCs. The investigators concluded that platelet-biased
HSCs reside at the apex of hematopoiesis. In this case, platelet-biased HSCs and/or their
offspring HSCs are able to change their initial ‘choice’ of cell lineage. Sub-sets of mouse
HSCs that are biased towards either myeloid or lymphoid development have been de-
scribed within the most primitive hematopoietic cell compartment by the use of the sur-
face markers CD150, CD42, and CD86 and exclusion of the DNA-binding dye Hoechst
33342 [10-12].

For human HSCs, the proportions of cells with multipotent versus unipotent lineage
potential were mapped for HSC-enriched (CD34+, CD38-) and HPC-enriched (CD34+,
CD38+) populations of cells from adult bone marrow by the use of an optimized single-
cell assay (serum-free conditions plus a wide range of cytokines). There were few oligop-
otent transit HPCs in adult bone marrow, and the two classes of cells that predominated
were multipotent cells and unipotent cells with a myeloid or lymphoid potential. The in-
vestigators concluded that the population structure to HPCs in adult bone marrow is two-
tier. By contrast, the fetal liver contained large numbers of oligopotent progenitors, with
entangled megakaryocyte, myeloid, and erythroid potentials, inferring a shift during the
transition from in utero to adulthood hematopoiesis [13].

3. Revising the Map for Hematopoiesis

Conventional maps for the development of an entire organism, e.g., Caenorhabditis
elegans, and a tissue, e.g., the hematopoietic cell system, are branching tree-like. The
founding multipotent cells progress, via a series of binary decisions, stepwise towards
oligopotent then bipotent progenitors towards a single lineage-committed cell that prolif-
erates and differentiates to generate a substantial number of mature cells. That affiliation
to a single lineage and a propensity to develop along one pathway occur as early as within
the HSC compartment contradicted a branching tree-like model. In 2008, there was the
need to re-write the textbook accounts of hematopoiesis [14]. At first, endeavors to re-
write hematopoiesis led to a plethora of new tree-like models, and a consensus view of
the conduct of hematopoiesis was lacking.

In 2009, a continuum map for hematopoiesis depicted HSCs as “choosing’ a cell line-
age directly from a spectrum of the end cell options (Figure 1A). Even so, there are near-
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neighbor relationships between each of the developmental pathways, and mature cell
types, as inferred from the shared use of TFs and other characteristics (Figure 1B) [15].
Complex TF circuits control hematopoiesis and TFs are differentially expressed across the
hematopoietic cell states. From microarray profiling of the expression of TFs and other
genes within HPCs and mature cell populations, the end cell types were placed in the
near-neighbor order erythrocytes, megakaryocytes, granulocytes/monocytes, dendritic
cells, B cells, natural killer cells, and T-cells, which is similar to that shown in Figure 1A
[16].

A B
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HSCs y @ Basophils/Mast cells =°n Innate lymphoid
ﬂ a Eosinophils E e sl
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G&GM-CSF
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Figure 1. A continuum model for hematopoiesis (A). Hematopoietic stem cells (HSCs) ‘choose’ a
lineage directly from a spectrum of the end cell options. The different colors for hematopoietic stem
cells (HSCs) show that they are a mixture of cells with different lineage signatures. Erythropoietin
(Epo), granulocyte colony-stimulating factor (G-CSF)/granulocyte/macrophage colony-stimulating
factor (GM-CSF), and macrophage colony-stimulating factor (M-CSF) direct HSCs and hematopoi-
etic progenitor cells towards the erythroid, neutrophil, and monocyte fates, respectively. (B) There
are close relationships between the cell lineages, as inferred from their shared characteristics, and
HSCs and hematopoietic progenitor cells retain enough versatility to ‘step sideways’ into a different
pathway.

Mouse multipotent (LSK) and oligopotent (Lin-, Sca-, Kit+) HPCs were genetically
barcoded and allowed to divide in culture conditions for multi-lineage differentiation to
capture the transcriptional status of cells, their developmental fate, and the relationships
between pathways. Cells were sampled immediately and later for single-cell RNA se-
quencing to allow the clonal tracing of transcriptomes. The nine cell types that appeared
in culture were megakaryocytes, erythrocytes, basophils, mast cells, eosinophils, neutro-
phils, monocytes, dendritic cells, and lymphoid precursors. Findings for the least differ-
entiated HPCs provided strong support to the notion that HSCs and HPCs lie along a
continuum of transcriptional states, rather than matching to a discrete hierarchy of oli-
gopotent and intermediate HPCs. Uni-lineage differentiation was exhibited by some
clones, and multilineage by others. A map was constructed for the transcriptional land-
scapes of the cells that appeared after 6 days in culture to examine how multipotent HPCs
veered towards pathways. The observed order of near-neighbors was megakaryocytes,
erythrocytes, mast cells, basophils, eosinophils, neutrophils, monocytes, migratory den-
dritic cells, plasmacytoid dendritic cells, and lymphoid precursors, as for the map in Fig-
ure 1B. Cells that are mostly LT-HSCs and ST-HSCs (Lin-, Sci(high), Kit+) were barcoded,
cultured for two days, and transplanted into irradiated mice. Analysis of the transcrip-
tomes of the cells that were recovered post-transplantation also revealed a continuum
landscape for hematopoiesis from multipotent cells with pathways, as to near-neighbors,
towards erythrocytes, basophils, neutrophils, monocytes, dendritic cells, B cells, and T
cells [17].

Evidence that lineage commitment is a continuous process for human HSCs and their
immediate progeny (Lin—, CD34+, CD38-) and more differentiated HPCs (Lin—, CD34+,
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CD38+) was obtained by constructing developmental trajectories from combining the
findings from single-cell RNA sequencing and single-cell culture differentiation out-
comes. The more mature Lin—, CD34+, CD38+ cells separated into clusters that conformed
to distinct HPCs for each of the major hematopoietic cell types. There was an absence of
clusters for Lin—, CD34+, CD38- cells, revealing that these cells were a single and continu-
ously connected entity. From more detailed analysis, the investigators concluded that
low-primed HSCs/HPCs (termed CLOUD hematopoietic stem and progenitors) gradually
acquire continuous lineage priming in multiple directions towards the major pathways of
development. Similarly, cell sub-populations that had been ringfenced and sorted as var-
ious oligopotent progenitors, by virtue of their surface marker expression, were mainly
cell types with single lineage gene expression and functional lineage potency. A graphical
summary of a continuum model placed near-neighbor cell lineages as erythrocytes,
megakaryocytes, eosinophils/basophils/mast cells, neutrophils, monocytes/dendritic
cells, and B cells, which is similar to that shown in Figure 1B [18].

Lineage-affiliated HSCs and HPCs remain versatile because they can still adopt a
pathway that is different from their initial choice. Thymocyte progenitors can give rise to
macrophages, dendritic cells, and natural killer cells. The earliest T cell progenitors pos-
sess macrophage fate, M-CSF was required for macrophages, and as above instructs mac-
rophage fate [19,20]. Findings from RNA sequencing of more than 1600 single mouse
HSCs and HPCs and then constructing expression maps revealed that the trajectories are
broad for cells that are developing along the erythroid, neutrophil/macrophage, and lym-
phoid pathways. The investigators argued that developing cells also have the option to
move to the left or right of a chosen pathway [21]. Other workers have proposed from
their analysis of the lineage status of mouse HPCs that bursts of alternative gene expres-
sion underlie bi-lineage states that are flexible. For example, Gfil and 1rf8 are expressed
at a low level in cells that are veering towards neutrophils/macrophages and there is se-
lective increased expression of Gfil and 1rf8 during neutrophil and macrophage develop-
ment, respectively [22]. The megakaryocyte and erythroid trajectories share a dependence
on the TF GATA-1, and megakaryocyte-primed human HSCs can step sideways towards
erythropoiesis [23]. A range of related cell types (see Figure 1B) are observed in the colo-
nies when bone marrow cells are dispersed in a semi-solid medium. The plated cells are
devoid of their normal social environment and the dividing cells may, therefore, be step-
ping sideways.

An intriguing question is where might the control to HSC versatility lie, particularly
regarding the ability of cytokines to direct a cell’s lineage fate and that modifications to
the epigenome are subject to external influence. As early as 1957, Waddington proposed
a theoretical landscape of epigenetic hills and valleys that restricts the pathways of devel-
oping stem cells. This model has provided a metaphor that is still used to describe bifur-
cations during developmental processes [24]. CpG sites throughout the genome (the
methylome) have been examined for multipotent HSCs as they develop along different
pathways. The cells examined were sorted according to their surface phenotype, and, as
such, designated as mouse multipotent, myeloid, lymphoid, granulocyte/macrophage,
and thymocyte progenitors. As above, the cells within the oligopotent HPC populations
may well have single lineage gene expression. Albeit, sets of genes were progressively
and differentially hypermethylated, and silenced, as cells veered towards myeloid versus
lymphoid fates. Upon myeloid progression of multipotent HPCs, differentially methyl-
ated regions that were hypermethylated substantially exceeded ones that were hypometh-
ylated. When myeloid HPCs veered towards becoming granulocyte/macrophage HPCs,
nearly all of the differentially methylated regions showed loss of methylation. From the
above, the key findings are that genes are progressively hypermethylated and that there
is dynamic plasticity in methylation as HPCs develop [25]. Intriguingly, induced pluripo-
tent stem cells generated by direct transcription-factor-based reprogramming of somatic
cells retain an ‘epigenetic memory’ of their tissue cell of origin. Whilst this might reflect
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incomplete reprogramming another possibility is that developmental programming still
allows cells to retain plasticity regarding the adoption of other options [26].

The existence of lineage-affiliated and differentiation-biased HSCs has blurred a
longstanding demarcation between self-renewing HSCs and transit HPCs that were
viewed as an amplifying population that progressively ‘age’ to give rise to mature cells.
Instead, self-renewing cells are twofold, namely ‘primary” multipotent and ‘secondary’
lineage-affiliated/biased HSCs. It is noteworthy that unbiased and global analyses of cell
status have provided strong support to a continuum model. By contrast, the ring-fencing
of HPCs, with regard to surface phenotype and the use of cytokines to grow colonies of
cells in a semi-solid medium consisting of particular cell types, appears now to have mis-
led mapping of hematopoiesis by virtue of their inherent selectively. To some extent, the
monophyletic and dualistic views on HSCs were both close to the mark. There are two
possibilities regarding lineage-affiliated/biased HSCs veering towards ultimately gener-
ating an abundance of one type of mature cell. There might be a discrete/stepwise transi-
tion to a unipotent HPC or the process is gradual and continuous [27]. Perhaps, the inher-
ent versatility of HSCs and HPCs excludes a discrete step that truly commits cells to one
pathway. There are near-neighbor relationships between the routes to the end cell types
and the end cells per se, but there is still the need for a consensus on the precise ordering
of cell relationships.

4. The Target Cells for Leukemia

From the early 1980s, a ‘classic’ tree-like map for the process of hematopoiesis was
used to map the origins of the leukemias. The three-tier hierarchy of cells included self-
maintaining HSCs, various aging HPCs that have stepwise limited potentials, and mature
cells that eventually die. HPCs that were committed to a single cell lineage were viewed
as ‘targets’ for some leukemias and provided a simple rationale as to why the various
differentiated or partially differentiated leukemia and lymphoma cells belong to just one
cell lineage. For example, B cell-committed progenitors were designated as giving rise to
childhood acute lymphoblastic leukemia (ALL) that is non-B and -T cell [28]. Some mature
subsets of B and T lymphocytes were viewed as ‘targets’ due to their proliferative poten-
tial and long life span. These cell populations were viewed as giving rise to, for example,
B-non-Hodgkin lymphoma, B-chronic lymphocytic leukemia, T-chronic lymphocytic leu-
kemia, and T-cutaneous lymphoma.

However, there are two conceptual difficulties to the notion that unipotent HPCs are
prime ‘targets’ for transformation. The time scale for the development of leukemias is sev-
eral years in man and several months in mice. The transformed cell needs to stay in the
body for a least a few years or months for leukemia to develop and be sustained. By com-
parison, the time scale for the transit of an erythroid- or granulocyte-committed progeni-
tor in generating mature cells, resulting in the exhaustion of these cells, is much shorter,
and for mice around 15 days. A further confounding issue to the matter of time scale re-
lates to identical twins that both develop childhood ALL. At least two genomic insults are
required to develop this disease. Occurrence in both twins is due to the intra-placental
sharing of a pre-leukemic clone with the same chromosomal translocation, and asynchro-
nous with a latency that is variable and occasionally very protracted. In this case, the ini-
tial “targeted’ cell, termed a leukemia-initiating cell, has remained ‘dormant’ for quite
some time. A second postnatal insult(s) converts the initiating cell into a leukemia stem
cell (LSC) for disease [29]. This adds a further ‘latency’ to the time scale for leukemia de-
velopment. A second conceptual difficulty to viewing a unipotent HPC as a ‘target’ is that
there are no clear findings to support the view that an oncogene can endow a committed
progenitor, or a mature cell subset, with the capacity to self-renew for cancer, as brought
to attention for the origins of the malignant squamous cell carcinomas [30].
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4.1. Myeloid Leukemias

It has been known for some time that human chronic myeloid leukemia (CML) is a
clonal disease that arises in a transformed (Philadelphia chromosome-positive (Ph+)) mul-
tipotent HSC [31]. The end cell product of this clone is a substantial rise in the number of
granulocytes that have largely differentiated normally. Bactericidal activity of the granu-
locytes is not impaired, but their chemotactic activity is reduced [32]. Why is the produc-
tion of leukemia cells in CML restricted to granulocytes? A possibility is that this is safe
and carries the least risk to the organism from the disease. However, this is somewhat an
anthropomorphic view, and how might control of hematopoiesis pay regard to ‘safety’.
Another view is that the generation of granulocytes is an inherent property of the CML
LCSs, as provoked by the oncogenic insult. Human acute erythroleukemia (acute myelo-
blastic leukemia FAB-M6) also originates in an HSC and there is an accumulation of eryth-
roblasts and/or myeloblasts. The disease subsets are myeloblast-rich (M6A), pro-erythro-
blast-rich (M6B), and myeloblast- and pro-erythroblast-rich (M6C). Like CML and for
M6A and M6C, LSCs are directed to generate one type of cell [33].

4.2. Acute Lymphoid Leukemias

B-cell precursor ALL in infants (<1 year of age) is an aggressive disease and ~80% of
cases have chromosomal rearrangement resulting in the MLL-AF4 fusion gene. B-cell pre-
cursor ALL has a neonatal origin as revealed by twin concordance studies and the analysis
of Guthrie cards and the identification of gene fusion sequences in neonatal blood spots
[34]. There is an accumulation of pro-B cells in the bone marrow. A multilayered genome-
wide analysis of 124 de novo cases revealed transcriptional similarities between the leu-
kemia cells and the most immature human fetal liver HSCs and HPCs. From RNA se-
quencing, the gene expression sequence for B-cell precursor ALL cells resembled Lin-,
CD34-, CD38-, CD19- fetal liver cells. This population of cells includes HSCs, multipotent
HPCs, and lymphoid-primed multipotent progenitors (LMPP). All of these populations
lie upstream of fetal liver B cell progenitors which are CD34+, CD19+ [35]. A mouse model
of B-cell precursor ALL was developed by targeting MLL-AF4 to HSCs during embryonic
development. The model did not recapitulate the aggressive human leukemia. Hence, the
hematopoietic compartment was separated into HSCs/multipotent HPCs, LMPP, and
lymphoid progenitors, and gene expression analysis and transplantation assays were
used to identify the cell-of-origin of B-cell precursor ALL. MLL-AF4+ led to an enhanced
engraftment of just the LMPP fraction and a strong B cell bias was seen in the recipient
mice. Ikarus and Bcl-2 were upregulated in the MLL-AF4+ LMPPs. From these findings,
the investigators concluded that fetal liver LMPPs provide the prerequisites for the initi-
ation of B-cell precursor ALL [36]. Even so and bearing in mind that HSCs and HPCs are
versatile, it is interesting that, in addition to the maturation arrest in B-cell precursor ALL,
the cells are restricted to the B cell pathway. It is important to bear in mind that LMPPs
are lympho-myeloid stem cells; they still have neutrophil, monocyte, B cell, and T cell
potentials but fail to produce significant erythroid and megakaryocyte offspring [37].

Further studies have revealed a possible HSC origin for some leukemias that were
viewed as arising in a lineage-committed progenitor. Around 75% of cases of childhood
ALL belong to the B-cell precursor subtype, and the remainder carry T-cell progenitor
markers [38]. As above, the B-cell precursor subtype has been thought to arise in a B cell
committed progenitor [28], and ~97-99% of the leukemia cells express the early stage B
cell antigen CD19. The identification of a very minor fraction of leukemia marrow cells
that have a primitive Lin—, CD34+, CD19-, CD33-, CD38- phenotype and that contained
the patient-specific leukemia karyotype suggests that B-cell precursor ALL may arise in a
more primitive cell [39]. Bromodeoxyuridine labeling examination of the proliferative sta-
tus of bone marrow cells from 15 children with the B-cell precursor subtype prior to treat-
ment identified a small population of primitive blast cells that were CD19- and nonpro-
liferating. CD19- cells were sorted and stained for CD10 or CD34, and the CD19-, CD10-
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and C19-, CD34- cells were almost nonproliferating. CD19- cells were proven to be leu-
kemic by performing FISH analysis for two ETV6/RUNX1 positive cases [40]. Similarly, to
replicate human ALL in mice required HSC-like cells (CD34+, CD10- or CD34+, CD19-)
that lacked B cell markers [41]. The above primitive cells may be the LSCs in childhood
ALL and are restricted to B cell development despite being upstream of B-cell progenitors.
However, there is still debate about whether the LSCs in the B-cell precursor subtype ALL
arise from the transformation of an HSC or from a more committed progenitor that has
acquired a stem cell-like nature [42].

4.3. Acute Promyelocytic Leukemia (APL)

Acute promyelocytic leukemia is the most differentiated form of acute myeloid leu-
kemia (AML-M3). The promyelocyte is an unlikely target for transformation because this
cell has limited proliferative potential. A longstanding notion is that APL stems from a
myeloid progenitor, but the evidence for such is conflicting [43]. The hallmark of APL is
the t(15;17) translocation which generates the PML-RARa oncoprotein [44]. This fusion
protein has been viewed as inhibiting the differentiation and promoting the survival of
myeloid progenitors [45]. PML-RARa expression in the CD34+, CD38+ cells, but not in the
more primitive CD34+, CD38- cells, from three patients, supported the case for a myeloid
committed progenitor as the origin of APL [46]. However, a later study showed, by sorting
cells and in situ hybridization, that the t(15;17) translocation is present in both the CD34+,
CD38- and CD34+, CD38+ cells from patients, suggesting that there is transformation of a
cell within the more primitive CD34+, CD38- cell compartment and, therefore, there is
lineage restriction of the leukemia cells [47].

4.4. B Cell Leukemias and Lymphomas

Chronic lymphocytic leukemia presents as a malignancy of small B cells. However,
there is an abnormal expression of lymphoid genes in patients” HSCs which when purified
produce a high number of polyclonal B-cell progenitors. Upon xenogeneic transplanta-
tion, CLL-HSCs gave rise to clonal B-cells. These findings indicate that the propensity to
a clonal B cell malignancy is set at the HSC stage [48]. This was a surprising finding, with
major implications for the treatment of CLL [49]. By contrast, many B cell lymphomas are
viewed as arising from germinal center B cells because of their high rate of proliferation
and a highly active mutagenic process [50].

From the need for the cells that give rise to leukemia to have the capacity to self-
renew and a long life span, HSCs are primarily ‘at risk’ to malignant transformation. In
addition, some leukemias are highly unlikely to arise in a committed HPC or a mature cell
type that is unable to sustain itself in the body for years. Indeed, and from studies of acute
myeloid leukemia (AML), the stem cell theory of cancer postulates that most, if not all,
cancers arise from a normal stem cell that gives rise to the cell types of a specific tissue
[51]. LSCs generate a hierarchy of cells [51,52], and for the above human leukemias the
offspring of LSCs, unlike those of HSCs, belong to just one cell lineage.

The search for the cells that maintain a cancer has been extended to many other can-
cers, and the proportion of LSCs/cancer stem cells (CSCs) ranges from very few (0.1-
0.0001%) to 27% [53-55]. Hence, the hierarchy of cells within a cancer varies for the differ-
ent types of cancers. Additionally, there is still uncertainty about the precise nature of the
cell-of-origin for many solid cancers. For example, brain tumors are very heterogeneous
as they arise from multiple types of cells regarding their location within the nervous sys-
tem. These tumors contain a minor population of cells that are neural or glial stem cell-
like and these cells and progenitor-like cells are more readily transformed by the activa-
tion of oncogenes than differentiated neuronal cells. Whilst transformed neural and glial
stem cell-like cells are thought to maintain brain tumors, fate-restricted cells cannot be
excluded. Regarding a possible stem cell origin, there are findings to indicate that devel-
opmental processes are altered in brain tumors so that the malignant cells are ‘locked into’
a program reviewed in [56].
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5. Targeting of Oncogenes to Hematopoietic Stem Cells

Oncogenes are well known to promote the avoidance of apoptosis [57] and cell pro-
liferation [58]. HSCs are the origin of some leukemias, and, therefore, might some onco-
genes influence the developmental fate of HSCs to dysregulate tissue homeostasis. The
possibility of this disruption was examined by restricting the expression of some onco-
genes to HSCs/HPCs in transgenic mice and examining the cell lineage of the leukemia
cells. Oncogenic events that have been targeted to HSCs/HPCs and their specific and con-
sistent association with a particular type of leukemia are shown in Table 1.

Table 1. The specific leukemia associations of the oncogenes targeted to HSCs/HPCs.

Oncogenic Event Leukemia Association
The BCR-ABLp210 fusion gene CML
The BCR-ABLp190 fusion gene Ph+ precursor B-cell ALL
The ETV6-RUNX1 fusion gene Childhood B-ALL
Chromosomal translocation activation of the LMO2 gene T-cell leukemia

5.1. The BCR-ABLp210 and BCR-ABLp190 Fusion Genes

The reciprocal t(9;22) chromosomal translocation in human CML fuses the BCR gene
to the ABL proto-oncogene [59,60] to generate the BCR-ABLp210 oncoprotein. As men-
tioned above for human CML, the offspring of the transformed HSCs are granulocytes.
BCR-ABLp210 expression was restricted to the HSC/HPC compartment in transgenic mice
by means of stem cell antigen 1 (Scal)-BCR-ABLp210. This led to a myeloid leukemia that
recapitulated the human disease (Figure 2) [61,62]. DNA methyltransferase 1 was upreg-
ulated within the HSCs/HPCs from the Scal-BCR-ABLp210 mice and Scal-Dnmt1 trans-
genic mice developed a malignancy whereby granulocytes were expanded in the blood
and bone marrow. Hence, Dnmt1 provides a link between BCR-ABLp210 expression and
the epigenetic programming of HSCs/HPCs towards granulocytes [62]. BCR-ABLp210 is
clearly not important to the survival of the leukemic granulocytes as it is not expressed by
these cells, by virtue of Scal control of BCR-ABLp210. Nor is the ABL tyrosine kinase ac-
tivity needed for the survival of the transformed HSCs/HPCs. CML The reason is that
LSCs persist post the use of kinase inhibitors to treat CML as revealed by disease relapse
post-cessation of treatment [63]. It seems that the role of BCR-ABLp210 is to “set’ the line-
age of HSCs/HPCs and their offspring to granulocytes.

Oncogenic LMO2
insult T-ALL

BCR-ABLpi190

C B-ALL
= @

BCR-ABLp210
oM @8
et

Figure 2. Targeting of BCR-ABLp210, BCR-ABLp190, and LMO2 to hematopoietic stem and progen-
itor cells in transgenic mice leads to the development of myeloid, B-cell, and T-cell leukemia. Ex-
pression of these oncogenes was restricted by mean of the stem cell antigen 1 (Scal) promoter.

Cells that have the fusion gene BCR-ABLp190 are present in neonatal cord blood and
the blood of healthy adults, but the majority of carriers do not develop Ph+ precursor B-
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cell ALL [64-66]. Therefore, whilst BCR-ABLp190 might promote leukemogenesis a sec-
ond hit is needed. To investigate the role of BCR-ABLp190 in leukemogenesis investigators
targeted the pre-leukemic oncogenic lesion to HSCs/HPCs in transgenic mice by means of
Scal-BCR-ABLp190. This resulted in precursor B-cell ALL resembling the human disease,
but the penetrance was low (13%) in an aging mouse colony. By contrast, precursor B-cell
ALL developed with a 90% incidence and much shorter latency in transgenic mice that
were double Scal-BCR-ABLp190 and Pax5 (a B cell TF) +/-. Genomic alterations also accu-
mulated in the remaining wild-type Pax5 allele. The investigators concluded that loss of
Pax5 together with BCR-ABLp190 confers changes that are essential for precursor B-cell
ALL whereby Scal-BCR-ABLp190 has set the cell lineage of HSCs/HPCs. Regarding the
role of Pax5, pro-B cells from Pax5 deficient mice had increased glucose uptake and energy
metabolism, with upregulation of metabolic genes, as seen for human leukemia [67].

5.2. The ETV6-RUNX1 Fusion Gene

The most common acquired fusion gene in childhood B-ALL is ETV6-RUNX1
(known also as TEL/AML1), accounting for 25% of cases [68]. This fusion gene confers a
low risk of developing the disease because pre-leukemic clones are found in neonatal
blood with few carriers developing the disease. An abnormal reaction to a common infec-
tion, triggers critical secondary mutations, has been proposed as a causal mechanism for
the onset of childhood ALL [69]. This need for two oncogenic insults for childhood B-ALL
has been investigated by targeting ETV6-RUNX1 expression to various hematopoietic cell
compartments. When ETV6-RUNX1 expression was targeted to the B cell lineage (at the
pro-B cell level) none of the mice developed leukemia even upon exposure to natural in-
fections. By contrast, infection exposure triggered leukemogenesis when ETV6-RUNX1
expression was initiated in HSCs/HPCs. The leukemias that developed included both T-
cell (35%) and B-cell (6%) ALL, and notably no myeloid malignancies. The KDM5C gene
encodes H3K4me3 and H3K4me2 demethylase. KDM5C is missense mutated in mouse
ETV6-RUNX1 B-ALL and human relapse ETV6-RUNX1 B-ALL [70]. Introduction of
KDMS5C loss into the B cell compartment of mice that expressed ETV6-RUNX1did not give
rise to B-cell ALL. Hence, loss-of-function of KDM5C at the B-cell stage does not lead to
the preleukemic clone that expresses ETV6-RUNX1 giving rise to leukemia. By contrast,
the introduction of KDM5C loss-of-function in HSCs/HPCs for mice that expressed ETV6-
RUNX1 led to 22% of the mice developing B-ALL when kept in a special pathogen-free
environment. From these findings, and gene expression profile studies, the investigators
concluded that ETV6-RUNX1 can trigger T-cell and B-cell leukemias, the second “hit” de-
termines the leukemia cells” lineage identity, and both ‘hits” have to occur in an HSC/early
HPC [71].

5.3. The Active LMO2 Gene

Chromosomal translocations that active the LMO2 gene are exclusive to T-cell leuke-
mias [72]. Targeting expression of LMO?2, in transgenic mice via the Scal promoter, led to
a human-like T-ALL that was highly disseminated. Additionally, targeting expression to
cells at the pro-B cell stage of development also led to the development of an aggressive
T-ALL. Transgenic mice also developed an aggressive T-ALL when the expression of
LMO2 was targeted to germinal center B-cells. LMO2 can, therefore, program different
cell populations to set the identity of the target cell and their offspring to a T-cell leukemia
identity [73].

As outlined above, some oncogenes can set the cell lineage of HSCs/HPCs and their
offspring. Transformation of lineage-affiliated HSCs might well offer an immediate expla-
nation of why the leukemia cells belong to just one cell lineage. However, two findings
favor the view that the oncogene per se programs the fate of HSCs/HPCs. For ETV6-
RUNX1 transformation, the outcome is B-ALL and the cell transformed is developmen-
tally prior to the pro-B cell stage. For LMO?2 transformation, the outcome is T-ALL and
LMO2 reprograms the pro-B cell stage of development and germinal center B cells leading
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to T-cell ALL. Regardless of whether a multipotent or lineage-affiliated HSC is trans-
formed, normal HSCs and HPCs remain versatile. As outlined above, they are still able to
veer towards another cell lineage, whereas the offspring of LSCs appear to be ‘fixed” re-
garding their cell lineage.

5.4. Epigenetic Changes

The findings from studies of BCR-ABLp210 transformation, which led to CML in the
transgenic mice, indicate that the action of the oncogenes in setting the lineage fate of the
leukemia cells is by virtue of epigenetic reprogramming. There are changes to the epige-
nome in leukemia, and other cancers, and these changes are inheritable is well described.
The changes include modifications to DNA, without changing its sequence, and to his-
tones, and dysregulation of the expression of miRNAs. Examples for myeloid disorders
include overexpression of Dnmt1 in AML and myelodysplastic syndromes [74], inactivat-
ing mutations of the histone methyltransferase gene EZH2 in myeloid disorders [75], and
downregulation of the tumor-suppressor mRNA-495 in MLL-rearranged AML [76]. It is
perhaps not too surprising that the epigenome is targeted by oncogenes that disrupt the
lineage fate of a stem cell because the epigenome has been described as “the judge, jury,
and executioner” to stem cell development [77]. Epigenetic changes are reversible and
agents that erase epigenomic ‘marks” have been explored as potential therapeutics for can-
cer. The histone deacetylase inhibitor valproic acid is cytotoxic against AML blast cells in
vitro [78] and has been used with all-trans retinoic acid and intensive chemotherapy for
older AML patients. However, the addition of valproic acid did not improve the complete
remission rate and patients achieving a remission still relapsed [79]. It seems that the on-
cogene-provoked aberrant epigenetic state of LSCs is by no means readily reversible and
that the cell lineage of LSCs is fixed in an obstinate manner.

6. Implications to the Treatment of Leukemia

There is unequivocal proof that LSCs exist in CML that arise from the transformation
of an HSC. Rare and quiescent LSCs were isolated from patients with CML, and they were
found to be insensitive to high doses of chemotherapeutic agents that target cells that are
cycling [80]. CML-LSCs are also resistant to the tyrosine kinase inhibitors, such as
imatinib, that are used to treat CML and other cancers [63,81]. Accordingly, finding a cure
for CML is still a challenge, particularly as residual CML-LSCs largely cause disease re-
lapse. The difficulty in eradicating CSCs is by no means limited to CML. For example,
lung cancer is the most common cancer globally and lung cancer stem cells have gained
increasing attention [82]. They are characterized by the use of a panel of markers (CD133+,
CD34+, ABCG2+, ALDHIA1+), form spheroids, and give rise to colonies in vitro. Whilst
the cell-of-origin of lung cancer CSCs is still under question, the expression of CSC mark-
ers is associated with resistance to anticancer therapies. Therefore, lung cancer CSCs are
considered as key targets for therapies as lung cancer treatment is confounded by relapse
post-treatment. To develop novel therapeutic approaches, investigators have examined
the role of a number of signaling pathways, for example, phosphatidylinositol 3-ki-
nase/Akt and Hedgehog, and targeting the niche that the CSCs reside in.

The need is to focus on identifying the attributes of normal stem cells that are aber-
rant/overexpressed in CSCs and crucial to their survival, with a view to achieving selec-
tive killing of CSCs. The retinoic acid receptors (RAR) RARa, RARPB, and RARY play key
roles in embryonic and adult cell development and exemplify the need to focus on stem
cell attributes because, as from studies of hematopoiesis, expression of RARY is restricted
to HSCs and their immediate offspring. Accordingly, RARy plays a role in the mainte-
nance of HSCs [83]. Importantly, RARy is a putative oncogene for a number of cancers.
Some AML patients’ cells have RARY fusion proteins. RARyeis often over-expressed in
colorectal and renal cancer and RARy promotes the growth of hepatocellular cancer xen-
ografts in mice reviewed in [84]. Prostate cancer cells depend on RARY activation for their
survival; the use of a synthetic retinoid to antagonize RARY kills prostate cancer CSC-like
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cells [85]. Antagonizing all RARs kills breast cancer CSC-like cells and the CSCs that give
rise to neurosphere-like structures from pediatric patients” primitive neuroectodermal tu-
mors and astrocytoma [84]. The RARY antagonist is, therefore, a promising new therapeu-
tic for the above cancers. Even so, achieving sufficient selectively is a longstanding para-
digm to the development of new cancer treatments, and perhaps more germane regarding
the need to eradicate CSCs and spare normal stem cells.

7. Concluding Remarks

New findings that are changing conventional wisdom regarding the cells that are
‘targets’ for oncogene transformation are clearly highly important to the tactics for devel-
oping better treatments for cancer. Current treatments, including conventional chemo-
therapy and radiotherapy, are directed against the bulk of the cancer cells that are prolif-
erating. The response is dramatic for some cancers, but many current treatments are un-
likely to cure cancer and/or result in long-term remissions by virtue of failing to eliminate
quiescent and residual LSCs/CSCs [86]. These cells may often arise from oncogene trans-
formation of a multipotent tissue-specific stem cell with the offspring being restricted to
one type, and there is the need to develop treatments that kill LSCs/CSCs. Developing
therapy strategies that take into account the concept of CSCs and how these cells differ
from normal stem cells would revolutionize how we treat many cancers.

Funding: G.B. received funding from the European Union’s Seventh Framework Programme for
research, technological development and demonstration under grant agreement no 315902. 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 conflicts of interest.

References

1.

10.

11.

Osawa, M.; Hanada, K.-I.; Hamada, H.; Nakauchi, H. Long-Term Lymphohematopoietic Reconstitution by a Single CD34-
Low/Negative Hematopoietic Stem Cell. Science 1996, 273, 242-245. https://doi.org/10.1126/science.273.5272.242.

Mooney, C.J.; Cunningham, A.; Tsapogas, P.; Toellner, K.-M.; Brown, G. Selective Expression of FIt3 within the Mouse Hema-
topoietic Stem Cell Compartment. Int. ]. Mol. Sci. 2017, 18, 1037. https://doi.org/10.3390/ijms18051037.

Mossedegh-Keller, N.; Sarrazins, S.; Kandella, P.K.; Espinosa, L.; Stanley, E.R.; Nutt, S.L.; Moore, L.; Siewke, M.H. M-CSF in-
structs myeloid lineage fate in single haematopoietic stem cells. Nature 2013, 497, 239-243.

Metcalf, D.; Burgess, A.W. Clonal analysis of progenitor cell commitment to granulocyte or macrophage production. . Cell.
Physiol. 1982, 111, 275-283. https://doi.org/10.1002/jcp.1041110308.

Rieger, M.A.; Hoppe, P.S.; Smejkal, B.M.; Eitelhuber, A.C.; Schroeder, T. Haematopoietic cytokines can instruct lineage choice.
Science 2009, 325, 217-218.

Grover, R.; Mancini, I.C.; Moore, S.; Mead, A.].; Atkinson, D.; Rasmussen, K.D.; O’Carrol, D.O.; Jacobsen, S.E.W.; Nerlov, C.
Erythropoietin guides multipotent progenitors towards an erythroid fate. J. Exp. Med. 2014, 211, 181-188.

Paul, F.; Arkin, Y.; Giladi, A.; Jaitin, D.A.; Kenigsberg, E.; Keren-Shaul, H.; Winter, D.; Lara-Astiaso, D.; Gury, M.; Weiner, A;
et al. Transcriptional Heterogeneity and Lineage Commitment in Myeloid Progenitors. Cell 2015, 163, 1663-1677.
https://doi.org/10.1016/j.cell.2015.11.013.

Yamamoto, R.; Morita, Y.; Ooehara, J.; Hamanaka, S.; Onodera, M.; Rudolph, K.L.; Ema, H.; Nakauchi, H. Lineage-restricted
progenitors generated directly from haematopoietic stem cells. Cell 2013, 154, 1112-1126.

Pla, A.S.; Macaulay, I.; 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.
https://doi.org/10.1038/nature12495.

Challen, G.A.; Boles, N.C.; Chambers, S.M.; Goodell, M. A. Distinct hematopoietic stem cell subtypes are differentially regulated
by TGF-B1. Cell Stem Cell 2010, 6, 265-278.

Beerman, I.; Bhattacharya, D.; Zandj, S.; Sigvardsson, M.; Weissman, I.L.; Bryder, D.; Rossi, D.J. Functionally distinct hemato-
poietic stem cells modulate hematopoietic lineage potential during aging by a mechanism of clonal expansion. Proc. Natl. Acad.
Sci. USA 2010, 107, 5465-5470. https://doi.org/10.1073/pnas.1000834107.



Int. ]. Mol. Sci. 2022, 23, 2293 13 of 15

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Morita, Y.; Ema, H.; Nakauchi, H. Heterogeneity and hierarchy within the most primitive hematopoietic stem cell compartment.
J. Exp. Med. 2010, 207, 1173-1182. https://doi.org/10.1084/jem.20091318.

Notta, F.; Zandi, S.; Takayama, N.; Dobson, S.; Gan, O.1,; Wilson, G.; Kaufmann, K.B.; McLeod, ].; Laurenti, E.; Dunant, C.F.; et
al. Distinct routes of lineage development reshape the human blood hierarchy across ontogeny. Science 2016, 351, aab2116.
https://doi.org/10.1126/science.aab2116.

Graf, T. Blood lines redrawn. Nature 2008, 452, 702-703.

Ceredig, R.; Rolink, A.G.; Brown, G. Models of haematopoiesis: Seeing the wood for the trees. Nat. Rev. Immunol. 2009, 9, 293—
300. https://doi.org/10.1038/nri2525.

Novershtern, N.; Subramanian, A.; Lawton, L.N.; Mak, R.H.; Haining, W.N.; McConkey, M.E.; Habib, N.; Yosef, N.; Chang,
C.Y,; Shay, T.; et al. Densely Interconnected Transcriptional Circuits Control Cell States in Human Hematopoiesis. Cell 2011,
144, 296-309. https://doi.org/10.1016/j.cell.2011.01.004.

Weinreb, C.; Rodriguez-Fraticelli, A.; Camargo, F.D.; Klein, A.M. Lineage tracing on transcriptional landscapes links state to
fate during differentiation. Science 2020, 367, aaw3381. https://doi.org/10.1126/science.aaw3381.

Velten, L.; Haas, S.F.; Raffel, S.; Blaszkiewicz, S.; Islam, S.; Hennig, B.P.; Hirche, C.; Lutz, C.; Buss, E.C.; Nowak, D.; et al. Human
haematopoietic stem cell lineage commitment is a continuous process. Nat. Cell Biol. 2017, 19, 271-281.
https://doi.org/10.1038/ncb3493.

Bell, J.J.; Bhandola, A. The earliest thymic progenitors for T cells possess myeloid lineage potential. Nature 2008, 452, 764-767.
Balciunaite, G.; Ceredig, R.; Rolink, A.G. The earliest subpopulation of mouse thymocytes contains potent T, significant macro-
phage and natural killer but no B lymphocyte potential. Blood 2005, 105, 1930-1936.

Nestorowa, S.; Hamey, F.K.; Pijuan-Sala, B.; Diamanti, E.; Shepherd, M.; Laurenti, E.; Wilson, N.K.; Kent, D.; Gottgens, B. A
single-cell resolution map of mouse hematopoietic stem and progenitor cell differentiation. Blood 2016, 128, e20-e31.
https://doi.org/10.1182/blood-2016-05-716480.

Olsson, A.; Venkatasubramanian, M.; Chaudhri, V.; Aronow, B.J.; Salomonis, N.; Singh, H.; Grimes, H.L. Single-cell analysis of
mixed-lineage states leading to a binary cell fate choice. Nature 2016, 537, 698-702. https://doi.org/10.1038/nature19348.

Psaila, B.; Mead, A.]. Single-cell approaches reveal novel cellular pathways for megakaryocyte and erythroid differentiation.
Blood 2019, 133, 1427-1435. https://doi.org/10.1182/blood-2018-11-835371.

Ferrel, J.E., Jr. Bistability, bifurcations, and Waddington’s epigenetic landscape. Curr. Biol. 2012, 22, R458-R466.

Ji, H.; Ehrlich, L.LR,; Seita, J.; Murakami, P.; Doi, A.; Lindau, P.; Lee, H.,; Aryee, M.J; Irizarry, R A.; Kim, K; et al. Comprehensive
methylome map of lineage commitment from haematopoietic progenitors. Nature 2010, 467, 338-342. https://doi.org/10.1038/na-
ture09367.

Kim, K,; Doi, A.; Wen, B.; Ng, K,; Zhao, R.; Cahan, P.; Kim, J.; Aryee, M.]; Ji, H.; Ehrlich, LLR; et al. Epigenetic memory in
induced pluripotent stem cells. Nature 2010, 467, 285-290. https://doi.org/10.1038/nature09342.

Cheng, H.; Zheng, Z.; Cheng, T. New paradigms on hematopoietic stem cell differentiation. Protein Cell 2019, 11, 34—44.
https://doi.org/10.1007/513238-019-0633-0.

Greaves, M.F. Analysis of the clinical and biological significance of lymphoid phenotypes in acute leukemia. Cancer Res. 1981,
41, 4752-4766.

Greaves, M.F.; Maia, A.-T.; Wiemels, J.L.; Ford, A.M. Leukemia in twins: Lessons in natural history. Blood 2003, 102, 2321-2333.
https://doi.org/10.1182/blood-2002-12-3817.

Sanchez-Danes, A.; Blanpain, C. Deciphering the cells of origin of squamous cell carcinomas. Nat. Cancer 2018, 18, 549-561.
https://doi.org/10.1038/s41568-018-0024-5.

Fialkow, P.J.; Denman, A.M.; Jacobson, G.J.; Lowenthal, M.N. Chronic myelocytic leukaemia: Origin of some lymphocytes from
leukaemic stem cell. J. Clin. Investig. 1978, 62, 815-823.

Wolach, B.; Gavrieli, R.; Manor, Y.; Lishner, M. Leukocyte Function in Chronic Myeloproliferative Disorders. Blood Cells Mol.
Dis. 1998, 24, 544-551. https://doi.org/10.1006/bcmd.1998.0218.

Kowal-Vern, A.; Mazzella, F.M.; Cotelingam, J.D.; Shrit, M.A.; Rector, ].T.; Schumacher, H.R. Diagnosis and characterisation of
acute erythroleukemia subsets by determining the percentages of myeloblasts and erythroblasts in 69 cases. Am. ]. Hematol.
2000, 65, 5-13.

Gale, K.B,; Ford, A.M.; Repp, R.; Borkhardt, A.; Keller, C.; Eden, O.B.; Greaves, M.F. Backtracking leukemia to birth: Identifica-
tion of clonotypic gene fusion sequences in neonatal blood spots. Proc. Natl. Acad. Sci. USA 1992, 94, 13950-13954.
Agraz-Doblas, A.; Bueno, C.; Bashford-Rogers, R.; Roy, A.; Schneider, P.; Bardini, M.; Ballerini, P.; Cazzaniga, G.; Moreno, T.;
Revilla, C.; et al. Unraveling the cellular origin and clinical prognostic markers of infant B-cell acute lymphoblastic leukemia
using genome-wide analysis. Haematologica 2019, 104, 1176-1188. https://doi.org/10.3324/haematol.2018.206375.

Malouf, C.; Ottersbach, K. The fetal liver lymphoid-primed multipotent progenitor provides the prerequisites for the initiation
of t(4;11) MLL-AF4 infant leukemia. Haematologica 2018, 103, e571-e574. https://doi.org/10.3324/haematol.2018.191718.
Adolfsson, J.; Mansson, R.; Buza-Vidas, N.; Hultquist, A.; Liuba, K; Jensen, C.T.; Bryder, D.; Yang, L.; Borge, O.-].; Thoren, L.A,;
et al. Identification of F1t3+ Lympho-Myeloid Stem Cells Lacking Erythro-Megakaryocytic Potential: A Revised Road Map for
Adult Blood Lineage Commitment. Cell 2005, 121, 295-306. https://doi.org/10.1016/j.cell.2005.02.013.

Pui, C.H.; Carroll, W.L.; Meshinchi, S.; Arocci, R.J. Biology, risk stratification, and therapy of pediatric acute leukemias. J. Clin.
Oncol. 2011, 295, 551-555.



Int. ]. Mol. Sci. 2022, 23, 2293 14 of 15

39.

40.

41.
42.
43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Quijano, C.A.; Moore II, D.; Arthur, D.; Feusner, J.; Winter, S.S.; Pallavicini, M.C. Cytogenetically aberrant cells are present in
the CD34* CD33~ 38~ 19- marrow compartment in children with acute lymphoblastic leukemia. Leukemia 1997, 11, 1508-1515.
Hirt, A,; Schmid, A.-M.; Ammann, R.A.; Leibundgut, K. In Pediatric Lymphoblastic Leukemia of B-Cell Origin, a Small Popu-
lation of Primitive Blast Cells Is Noncycling, Suggesting Them to be Leukemia Stem Cell Candidates. Pediatr. Res. 2011, 69, 194—
199. https://doi.org/10.1203/pdr.0b013e3182092716.

Cox, C.V,; Blair, A. A Primitive Cell Origin for B-Cell Precursor ALL. Stem Cell Rev. Rep. 2005, 1, 189-196.
https://doi.org/10.1385/scr:1:3:189.

Bernt, K.M.; Armstrong, S.A. Leukemia stem cells and acute lymphoblastic leukemia. Semin. Hematol. 2009, 46, 33-38.
Grimwade, D.; Enver, T. Acute promyelocytic leukemia: Where does it stem from? Leukaemia 2004, 18, 375-384.

Jimenez, J.J.; Chale, R.S.; Abad, A.C.; Schally, A.V. Acute promelocytic leukemia (APL): A review of the literature. Oncotarget
2020, 11, 992-1003.

Grignani, F.; Fernucci, P.F.; Testa, U.; Talamo, G.; Fagioli, M.; Alcalay, M.; Mencarelli, A.; Grignani, F.; Peshle, C.; Nicoletti, I.;
et al. The acute promyelocytic leukemic-specific PML-RAR alpha fusion protein inhibits differentiation and promotes survival
of myeloid progenitor cells. Cell 1993, 74, 423-431.

Turhan, A.; Lemoine, F.M.; Debert, C.; Bonnet, M.L.; Baillou, C.; Picard, F.; Macintyre, E.A.; Varet, B. Highly purified primitive
hematopoietic stem cells are PML-RARA negative and generate nonclonal progenitors in acute promyelocytic leukemia. Blood
1995, 85, 2154-2161.

Edwards, R.H.; Wasik, M.A_; Finan, ].; 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. |. Clin. Pathol. 1999, 112,
819-827. https://doi.org/10.1093/ajcp/112.6.819.

Kikushige, Y.; Iskikawa, F.; Miyamoto, T.; Shima, T.; Urata, S.; Yashimoto, T.; Mari, Y.; liono, T.; Yamauchi, T.; Eto, T_; et al. Self-
renewing hematopoietic stem cell is the primary target in pathogenesis of human chronic lymphocytic leukemia. Cancer Cell
2011, 20, 246-259.

Alizadeh, A.A.; Majeti, R. Surprise! HSC Are Aberrant in Chronic Lymphocytic Leukemia. Cancer Cell 2011, 20, 135-136.
https://doi.org/10.1016/j.ccr.2011.08.001.

Seifert, M.; Scholtysik, R.; Kiippers, R. Origin and Pathogenesis of B Cell Lymphomas. Lymphoma 2012, 971, 1-25.
https://doi.org/10.1007/978-1-62703-269-8 _1.

Dick, J.E. Acute myeloid leukemia stem cells. Ann. N. Y. Acad. Sci. 2005, 1044, 1-5.

Dick, J.E. Stem cell concepts renew cancer research. Blood 2008, 112, 4793-4807. https://doi.org/10.1182/blood-2008-08-077941.
Cobaleda, C.; Sanchez-Garcia, 1. B-cell acute lymphoblastic leukaemia: Towards understanding its cellular origin. BioEssays
2009, 31, 600-609. https://doi.org/10.1002/bies.200800234.

Quintana, E.; Shackleton, M.; Sabel, M.S.; Fullen, D.R.; Johnson, T.M.; Morrison, S.J. Efficient tumour formation by single human
melanoma cells. Nature 2008, 456, 593-598. https://doi.org/10.1038/nature07567.

Vicente-Duenas, C.; Pérez-Caro, M.; Abollo-Jiménez, F.; Cobaleda, C.; Sanchez-Garcia, I. Stem-cell driven cancer: "Hands-off"
regulation of cancer development. Cell Cycle 2009, 8, 1314-1318. https://doi.org/10.4161/cc.8.9.8217.

Azzarelli, R.; Simons, B.D.; Philpot, A. The developmental origin of brain tumours: A cellular and molecular framework. Devel-
opment 2018, 145, dev162693.

Shortt, J.; Johnstone, R.W. Oncogenes in Cell Survival and Cell Death. Cold Spring Harb. Perspect. Biol. 2012, 4, a009829.
https://doi.org/10.1101/cshperspect.a009829.

Dyson, N.; Balmain, A. Oncogenes and cell proliferation. Curr. Opin. Genet. Dev. 1999, 9, 11-14. https://doi.org/10.1016/s0959-
437x(99)80002-1.

Groffen, J.; Stephenson, J.R.; Heisterkamp, N.; De Klein, A.; Bartram, C.R.; Grosveld, G. Philadelphia chromosomal breakpoints
are clustered within a limited region, bcr, on chromosome 22. Cell 1984, 36, 93-99. https://doi.org/10.1016/0092-8674(84)90077-1.
Shtivelman, E.; Lifshitz, B.; Gale, R.P.; Canaani, E. Fused transcript of abl and bcr genes in chronic myelogenous leukemia. Nature
1985, 315, 550-554.

Pérez-Caro, M.; Cobaleda, C.; Gonzalez-Herrero, I.; Vicente-Duenas, 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 com-
partment. EMBO ]. 2008, 28, 8-20. https://doi.org/10.1038/emb0oj.2008.253.

Vicente-Duenas, C.; Gonzalez-Herrero, I.; Sehgal, L.; Garcia-Ramirez, I.; Rodriguez-Hernandez, G.; Pintado, B.; Blanco, O.; Cri-
ado, F.J.G.; Cenador, M.B.G.; Green, M.R;; et al. Dnmt1 links BCR-ABLp210 to epigenetic tumor stem cell priming in myeloid
leukemia. Leukemia 2018, 33, 249-278. https://doi.org/10.1038/s41375-018-0192-z.

Corbin, A.S.; Agarwal, A.; Loriaux, M.; Cortes, J.; Deinger, M.W.; Drucker, B.]. Human chronic myeloid leukemia stem cells are
insensitive to imatinib despite inhibition of BCR-ABL activity. J. Clin. Investig. 2011, 121, 396-409.

Cazzaniga, G.; van Delti, F.W.; Lo Nigro, L.; Ford, A.M.; Score, J.; Iacobucci, I.; Mirabile, E.; Taj, M.; Colman, S.M.; Biondi, A.; et
al. Developmental origins and impact of BCR-ABL1 fusion and IKZF1 delections in monozygotic twins with Ph+ acute lympho-
blastic leukemia. Blood 2011, 118, 5559-5564.

Kosik, P.; Skorvaga, M.; Durdik, M.; Jak], L.; Nikitina, E.; Markova, E.; Kozics, K.; Horvathova, E.; Belyaev, I. Low numbers of
pre-leukemic fusion genes are frequently present in umbilical cord blood without affecting DNA damage response. Oncotarget
2017, 8, 35824-35834. https://doi.org/10.18632/oncotarget.16211.



Int. ]. Mol. Sci. 2022, 23, 2293 15 of 15

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.
78.

79.

80.

81

82.

83.

84.
85.

86.

Bose, S.; Deininger, M.; Gora-Tybor, J.; Goldman, ].M.; Melo, ].V. The presence of typical and atypical BCR-ABL fusion genes in
leukocytes of normal individuals: Biologic significance and implications for the assessment of minimal residual disease. Blood
1998, 92, 3362-3367.

Martin-Lorenzo, A.; Auer, F.; Chan, L.N.; Garcia-Ramirez, I.; Gonzalez-Herrero, I.; Rodriguez-Hernandez, G.; Bartenhagen, C.;
Dugas, M.; Gombert, M.; Ginzel, S.; et al. Loss of Pax5 Exploits Scal-BCR-ABL(p190) Susceptibility to Confer the Metabolic Shift
Essential for pB-ALL. Cancer Res. 2018, 78, 2669—-2679.

Pui, C.-H.; Nichols, K.E.; Yang, J.]. Somatic and germline genomics in paediatric acute lymphoblastic leukaemia. Nat. Rev. Clin.
Oncol. 2018, 16, 227-240. https://doi.org/10.1038/s41571-018-0136-6.

Greaves, M. A causal mechanism for childhood acute lymphoblastic leukaemia. Nat. Rev. Cancer 2018, 18, 471-484.
Rodriguez-Hernandez, G.; Hauer, J.; Martin-Lorenzo, A.; Schafer, D.; Bartenhagen, C.; Garcia-Ramirez, I.; Auer, F.; Gonzalez-
Herrero, T.; Ruiz-Roca, L.; Gombert, M.et al. Infection exposure promotes ETV6-RUNX1 precursor B cell leukaemia via im-
paired H3K4 demethylases. Cancer Res. 2017, 77, 4265-4277.

Rodriguez-Hernandez, G.; Casado-Garcia, A.; Isidro-Hernandez, M.; Picard, D.; Raboso-Gallego, J.; Aleman-Arteaga, S.; Orfao,
A.; Blanco, O.; Riesco, S.; Prieto-Matos, P.; et al. The Second Oncogenic Hit Determines the Cell Fate of ETV6-RUNX1 Positive
Leukemia. Front. Cell Dev. Biol. 2021, 9, €704591. https://doi.org/10.3389/fcell.2021.704591.

Rabbits, T.H.; LMO T-cell translocation oncogenes typify genes activated by chromosomal translocations that alter transcription
and development processes. Genes Dev. 1998, 12, 2651-2657.

Garcia-Ramirez, I.; Bhatia, S.; Rodriguez-Hernandez, G.; Gonzalez-Herrero, I.; Walter, C.; de Tena-Davila, S.G.; Parvin, S.; Haas,
O.; Woessmann, W.; Stanulla, M.; et al. Lmo2 expression defines tumor cell identity during T-cell leukemogenesis. EMBO J.
2018, 37, €98783. https://doi.org/10.15252/embj.201798783.

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.

Ernst, J.; Chase, A.].; Score, J.; Hidalgo-Curtis, C.E.; Bryant, C.; Jones, A.V.; Waghorn, K.; Zoi, K,; Ross, F.M.; Reiter, A.et al.
Inactivating mutations of the histone methytransferase gene EZH?2 in myeloid disorders. Nat. Genet. 2010, 42, 722-726.

Jiang, X.; Huang, H.; Li, Z.; Gurbuxani, S.; Armovitz, S.; Hong, G.-M.; Price, C.; Ren, H.; Kunjamma, R.B.; Neilly, M.B,; Salat, J.;
Wunderlich, M.et al. miR-495 is a tumor-suppressor miRNA downregulated in MLL-rearranged leukemia. Proc. Nat. Acad. Sci.
USA 2012, 109, 19397-19402.

Tollervey, J.R.; Lunyak, V.V. Judge, jury, and executioner of cell fate. Epigenetics 2012, 7, 823-840.

Riicker, F.G.; Lang, K.M,; Fiitterer, M.; Komarica, V.; Schmid, M.; Déhner, H.; Schlenk, R.F.; Déhner, K.; Knudsen, S.; Bullinger,
L. Molecular dissection of valproic acid effects in acute myeloid leukemia identifies predictive networks. Epigenetics 2016, 11,
517-525. https://doi.org/10.6084/m9.figshare.3439259.

Tassara, M.; Dohner, K.; Brossart, P.; Gotze, K.; Horst, H.-A.; Kremers, S.; Raghavacher, A.; Wulf, G.; Kirchen, H.; Naxhbaur,
D.et al. Valproic acid in combination with all-trans retinoic acid and intensive chemotherapy for acute myeloid leukemia in
older patients. Blood 2014, 125, 4027-4036.

Holyoake, T.; Jiang, X.; Eaves, C.; Eaves, A. Isolation of a highly quiescent subpopulation of primitive leukemic cells in chronic
myeloid leukemia. Blood 1999, 94, 2056—2064.

Graham, S.M.; Jergensen, H.G.; Allan, E.; Pearson, C.; Alcorn, M.].; Richmond, L.; Holyoake, T.L. Primitive, quiescent, Philadel-
phia-positive stem cells from patients with chronic myeloid leukemia are insensitive to STI571 in vitro. Blood 2002, 99, 319-325.
https://doi.org/10.1182/blood.v99.1.319.

Prbavathy, D.; Swarnalatha, Y.; Ramadoss, N. Lung cancer stem cells -origin, characteristics and therapy. Stem Cell Investig.
2018, 5, 6.

Purton, L.E.; Dworkin, S.; Olsen, G.H.; Walkley, C.R.; Fabb, S.A.; Collins, S.J.; Chambon, P. RARgamma is critical for maintain-
ing a balance between hematopoietic stem cell self-renewal and differentiation. J. Exp. Med. 2006, 203, 1283-1293.

Brown, G.; Petrie, K. The RARg oncogene: An Achilles heel for some cancers. Int. J. Mol. Sci. 2021, 22, 3632.

Petrie, K.; Urban-Wojciuk, Z.; Shirkov, Y.; Graham, A.; Hamann, A.; Brown, G. Retinoic acid receptor gamma is a therapeutically
targetable driver of growth and survival in prostate cancer. Cancer Rep. 2020, 3, e1284.

Yang, L.; Shi, P.; Zhao, G.; Xu, J.; Peng, W.; Zhang, J.; Zhang, G.; Wang, X.; Dong, Z.; Chen, F.; et al. Targeting cancer stem cell
pathways for cancer therapy. Signal Transduct. Target. Ther. 2020, 5, 8. https://doi.org/10.1038/s41392-020-0110-5.



