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The functionality and longevity of hematopoietic tissue is ensured by a tightly
controlled balance between self-renewal, quiescence, and differentiation of
hematopoietic stem cells (HSCs) into the many different blood lineages. Cell
fate determination in HSCs is influenced by signals from extrinsic factors (e.g.,
cytokines, irradiation, reactive oxygen species, O2 concentration) that are
translated and integrated by intrinsic factors such as Transcription Factors
(TFs) to establish specific gene regulatory programs. TFs also play a central
role in the establishment and/or maintenance of hematological malignancies,
highlighting the need to understand their functions in multiple contexts. TFs bind
to specific DNA sequences and interact with each other to form transcriptional
complexes that directly or indirectly control the expression of multiple genes.
Over the past decades, significant research efforts have unraveled molecular
programs that control HSC function. This, in turn, led to the identification of
more than 50 TF proteins that influence HSC fate. However, much remains to be
learned about how these proteins interact to form molecular networks in
combination with cofactors (e.g. epigenetics factors) and how they control
differentiation, expansion, and maintenance of cellular identity. Understanding
these processes is critical for future applications particularly in the field of cell
therapy, as this would allow for manipulation of cell fate and induction of
expansion, differentiation, or reprogramming of HSCs using specific cocktails
of TFs. Here, we review recent findings that have unraveled the complexity of
molecular networks controlled by TFs in HSCs and point towards possible
applications to obtain functional HSCs ex vivo for therapeutic purposes
including hematological malignancies. Furthermore, we discuss the challenges
and prospects for the derivation and expansion of functional adult HSCs in the
near future.
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1 Introduction

Hematopoietic tissue is composed of different cell types (e.g.,
erythroid, lymphoid). These cells have different lifespans depending
on the physiological state of each individual and must be produced
continuously through life. This sustainability is maintained by self-
renewal/proliferation and differentiation of a small contingent of cells
called hematopoietic stem cells (HSCs), which are at the top of the
hematopoietic hierarchy. The identification and characterization of
HSCs began in the early 1960s with the seminal work of Till and
McCulloch (1). This was followed by a number of studies culminating
in the development of methods to purify enriched populations of
these cells using various parameters such as size, granularity and
specific combinations of cell surface markers (2).

HSCs exist in a specific microenvironment provided by the bone
marrow, which together with extrinsic factors (e.g., cytokines, reactive
oxygen species, O2 concentration) contribute to determining the fate
of these cells. The interaction of hematopoietic stem/progenitor cells
with different microenvironments (e.g., spleen, thymus) strongly
influences differentiation and proliferation, such that cells acquire
specific functional and phenotypic characteristics that define each
hematopoietic lineage (e.g., lymphoid, myeloid). Historically, cells
that constitute the hematopoietic system have been divided into four
compartments (HSCs, multipotent progenitors, committed
progenitors and mature cells) that are interconnected in a complex
hierarchical system (Figure 1). Each compartment is heterogeneous
and forms a continuum of cells representing a stage of maturation
and differentiation. While this model is useful for understanding the
regulation of hematopoiesis, alternative hierarchical organizations
have also been proposed (4, 5). Furthermore, technological advances
including the use of single-cell assays, have unveiled heterogeneity of
the HSC compartment (6, 7), and other studies have suggested that
HSCs display various degree of differentiation biases (e.g., lymphoid
(8), myeloid (9), or megakaryocyte/platelets (10) lineages). These
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findings have challenged the traditional model of a hierarchical
hematopoietic system and led to an alternative model, wherein the
acquisition of lineage-specific fates is a continuous process (11).

Extrinsic factors influence hematopoiesis through the activation
or suppression of signaling pathways, including BMP and WNT
that are important for the state of HSCs such as quiescence, self-
renewal and/or differentiation. These signaling pathways function
through a complex mechanism of activation and/or repression of
transcription factors (TFs), which in turn directly or indirectly
regulate specific groups of genes necessary to promote or inhibit
differentiation (12).

Here we will review the importance and complexity of TF-based
mechanisms regulating hematopoiesis, with a particular focus on
HSCs. We will also highlight specific examples of how TFs can be
manipulated to derive functional HSCs, which may represent key
therapeutic strategies for various hematological diseases in
the future.

2 Transcription factors

TFs are defined as proteins that bind to DNA in a sequence-
specific manner to regulate transcription. TFs have the ability to
interact with each other and form stable protein complexes bound
to cis-regulatory elements (CREs). By definition, CREs are short
genetic elements (typically shorter than 1 Kb) that act as regulatory
switches to control gene expression. CREs are divided into gene
promoters or distal elements called enhancers/silencers (> 1,000 bp
away from a transcription start site (TSS)), and insulators that form
regulatory boundaries between genomic domains. Interestingly, the
distal elements or enhancers/silencers are most important for
activating regulatory programs that control cellular identity
(through self-renewal) and differentiation of HSCs into different
cell lineages (13).

Mature cells

Multipotency Proliferation Functional
Self-renewal Differentiation
\ \ J
| |
Bone marrow, Thymus, Spleen Peripheral Blood
(Cytokines, Stroma cells, MEC ...) organs ...

FIGURE 1

Schematic representation of hematopoietic tissue according to the currently prevailing working model, adapted from (3). Hematopoietic stem cells
(HSCs) give rise to daughter cells under various physiological conditions (e.g., cytokines) daughter cells, i.e. multipotent and committed progenitor
cells that migrate to different hematopoietic organs (e.g. thymus), which in turn form the basis for all mature blood cell types that provide the

different functions of the hematopoietic tissue.
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The availability and localization of TFs in the nucleus, their
relative affinity for each other’s and for specific motifs in CREs
determines the complexity and composition of TF complexes and
their ability to recruit cofactors, including the epigenetic regulatory
machinery (coactivators, co-repressors, and chromatin remodeling
proteins). Cofactors, in turn, act to activate or repress transcription
of specific sets of genes through various mechanisms. These include
recruitment and activation/repression of the machinery associated
with RNA polymerase II (e.g., NELF, Mediator)(14, 15), alterations
of the chromatin landscape, and three-dimensional (3D) nuclear
positioning of loci relative to transcription factories (16-19) or to
the phase-separated multi-molecular complex of transcriptional
regulators (20) within the nucleus.

TFs can be classified according to their 3D structure and protein
sequence similarity of their DNA-binding domain (e.g., zinc finger,
helix-turn-helix, helix-loop-helix, basic leucine zipper,
homeodomain, winged helix). TF families are well conserved
throughout evolution (21) and in various biological systems (e.g.,
nervous, muscle, and hematopoietic systems) (22). However, some
TFs are restricted to specific lineages. For example, within the
hematopoietic lineage, PAX5 is expressed exclusively in B lymphoid
cells (23), whereas GATAL is expressed at higher levels in mega/
erythroid cells (24). Interestingly, structural similarities of TFs from
the same family can lead to functional redundancy. For example,
Scl/Tall and Lyll encode two very similar bHLH TFs. In adult
mouse HSCs, deletion of these TFs separately has no effect on HSC
survival and potential, but deletion of both TFs in HSCs leads to
massive apoptosis and impaired function of hematopoietic
lineages (25).

3 Investigating the role of TF levels
in the regulation of hematopoiesis
and HSCs

Several studies using transgenic mice (26) and viral vectors (e.g.
retrovirus (27), lentivirus (28)) to knockdown or overexpress
specific TFs in a tissue-specific manner have helped to establish
the basic principles defining the function of TFs in hematopoietic
tissues and HSCs. In particular, the balance between quiescence,
self-renewal, and differentiation of HSCs was found to be finely
regulated by specific groups of TFs, some of which are required
during quiescence, while others regulate self-renewal and
differentiation. Importantly, disruption of TFs can lead to major
diseases, including (1) aplastic anemia resulting from premature
depletion of the HSC pool due to excess differentiation or massive
apoptosis; (2) leukemia resulting from inhibition of differentiation
and uncontrolled proliferation; (3) permanent quiescence resulting
from blockade of the cell cycle, self-renewal, and differentiation.

Complementary to the functional studies described above,
technical advances in cell purification techniques using flow
cytometry have led to greater refinement of our knowledge of the
different populations that make up hematopoietic tissue (5, 29, 30),
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while high-throughput genomic (e.g., ChIP sequencing, RNA
sequencing) and proteomic approaches led to a better
understanding of TFs at the molecular level and enabled the
discovery of novel TFs and cofactors involved in the regulation of
hematopoiesis (31).

4 Context-dependent functions of TFs
in the regulation of hematopoiesis

While hematopoietic TFs are often analyzed separately, some
studies have examined how TFs work together and by what
mechanisms they respond to environmental signals (12). For
example, integrative analysis of 38 hematopoietic TFs in different
cell populations sorted from cord blood using specific cell surface
markers revealed that cells at different stages of hematopoietic
differentiation express specific combinations of TFs (32).
Furthermore, HSCs express high levels of TFs required to
maintain the undifferentiated/quiescent state (e.g., MEISI, ERG)
(33, 34) and TFs that actively suppress differentiation (e.g., GFI1,
GFI1b) (35, 36). For instance, studies using mouse models have
demonstrated the role of several TFs (e.g., GATA2, TAL1, RUNXI)
in the formation of both primitive and definitive hematopoietic
stem cells (HSCs) during embryonic development (previously
reviewed (37, 38)). Indeed, knockout of Gata2 at the embryonic
stage showed is essential for the HSC formation from hemogenic
endothelium, a process termed endothelial to hematopoietic
transition (EHT) (39-41). In adult mice, deletion of Gata2 leads
to apoptosis and impaired proliferation of HSCs. However, deletion
of a single allele of Gata2 reduces the HSC pool without affecting
their viability (42). Conversely, overexpression of GATA2 in
murine HSCs using a retrovirus strategy decreases their ability to
generate colony-forming cells (CFCs) in vitro and impairs their
capacity to restore hematopoiesis in irradiated mice. Interestingly,
ectopic expression of GATA2 does not affect the cells ability to
engraft upon transplant, but it does reduce their potential to
proliferate and differentiate in vivo (43). Also interestingly,
changes in GATA2 levels through precise manipulation of
enhancers in hematopoietic progenitors in vivo revealed the
critical role of GATA?2 in cell fate determination (44). In human
HSCs isolated from cord blood, ectopic expression of GATA2
increases their quiescence without inducing apoptosis. It does not
impact their ability to transplant in immunodeficient mice (NOD-
SCID) but reduces their potential to differentiate in vivo, depending
on the degree of GATA2 overexpression, even in secondary
transplantation (28). In summary, the results of these studies
highlight the context-dependent function of GATA2 in
embryonic and adult HSCs. Additionally, they underscore the
importance of GATA2 expression level in the maintenance of
HSCs in an undifferentiated and quiescent state, potentially
preventing their depletion over time.

Also, perturbation of this equilibrium by extrinsic signals (e.g.,
growth factors produced by the environment) through disruption of
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the interactions of TFs is necessary to trigger differentiation into a
particular cell lineage. For example, suppression of WNT signaling
in HSCs has been shown to modulate the activity of TCF TFs (45-
47), resulting in decreased expression of genes involved in HSC
maintenance and increased expression of TFs that promote
erythroid differentiation (e.g., PBX1 and GATA1) (24, 32, 48).

Another important aspect of differentiation mediated by TFs is
the fact that certain TFs that promote differentiation to a particular
hematopoietic lineage are usually also actively involved in the
repression of genes from alternative lineages. An example of this
is PU.1, a transcription factor that promotes granulo/macrophage
differentiation and B-cell lymphopoiesis while actively repressing
genes of T cell lymphopoiesis such as pre-To, Rag-1, and Rag-2
when ectopically expressed in T lymphocytes (49).

A Non-hematopoietic context

10.3389/fonc.2023.1151343

5 Context-dependent expression of
TFs in hematopoiesis

Many TFs are expressed in different hematopoietic lineages.
However, their expression levels may differ depending on the cell
type. For example, PU.1 is differentially expressed in myeloid versus
lymphoid cells. This cell type-specific expression level is controlled
by other TFs that recognize CREs upstream of the Pu.l promoter.
For example, in myeloid cells, C/EBP binds to two CRE regions
located at -15Kb/-14Kb and at -12Kb upstream of the Pu.I
promoter to ensure strong expression of PU.1 in this context. In
contrast, in B lymphoid cells, where Pu.I expression is lower, the
E2A and FOXO1 TFs only bind to the -15Kb/-14Kb CRE region
upstream of the Pu.I promoter (50) (Figure 2).

-15/-14 Kb
Enhancer

-12 Kb
Enhancer

No
Pu.l expression

PU.1
Promoter

B B lymphoid context

E2A/FOXO1

-15/-14 Kb
Enhancer

-12Kb
Enhancer

Intermediate
Pu.l expression

PU.1
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FIGURE 2

The regulation of PU.1 locus expression in different cellular contexts according to (50) (A) In non-hematopoietic cells, the absence of PU.1
expression is due to the absence of hematopoietic TFs that regulate expression in hematopoietic tissue. (B) The presence of E2A/FOXO1 TFs in
lymphoid B cells allows for intermediate expression of PU.1 TF through a -15/-14 Kb enhancer (C) The presence of C/EBP/EGR2 TFs in myeloid cells
allows for high-level expression of PU.1 through -15/-14 Kb and -12Kb enhancers upstream of the PU.1 promoter
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This tightly controlled expression of TFs in hematopoietic
tissues is also mediated by distinct CREs that differentially
regulate the expression of the same TF in specific cells allowing
for fine-tuned TF expression. For example, deletion of a 2.4 Kb
region located +19 Kb downstream of the Tall promoter decreases
its expression specifically in HSCs (51). However, deletion of a 1.3
Kb region located at +40 kb downstream of the Tall promoter
decreases its expression specifically in the erythroid lineage without
affecting its expression in other lineages (52). Interestingly,
leukemic T cells (in which TALl is a potent oncogene) also
exhibit a specific CRE region that drives TALI expression in the
T cell lineage. This de novo CRE region arises from the abnormal
insertion of nucleotides at -7Kb upstream of the TALI promoter,
which enables the abnormal activation of TALI in the T cell lineage
(53, 54).

While cell-specific CREs regulate the transcription of genes
encoding TFs, it is important to note that transcript abundance does
not always correlate with protein levels (55) and that TF genes are
subject to a number of post-transcriptional regulatory mechanisms.
For example, the microRNA MiR-150 targets the transcript of c-
MYB TF in immature hematopoietic progenitor cells to promote B-
cell differentiation (56). Regulation can also occur at the
translational level. For example, the expression of TALl TF
isoforms in different hematopoietic lineages (e.g., HSCs,
erythrocytes, megakaryocytes) is regulated by distinct signaling
pathways that modulate translation initiation factor functions in
each lineage (57). As for the regulation of TFs at the protein level,
this can be modulated by changes in the microenvironment, such as
the increase of oxygen concentration in the perivascular niche,
which is known to enhance the degradation of HIFo.-TFs in HSCs

10.3389/fonc.2023.1151343

(58, 59), or by the activation of signaling pathways such as the
SMAD/TGFp pathway, which phosphorylates TALI at threonine
90 and at serine 122 to trigger its degradation under hypoxic
conditions (60, 61). On the other hand, phosphorylation of TALI
at serine 172 destabilizes its interaction with the epigenetic cofactor
LSD1 and subsequently increases the expression of its target genes
by inducing H3K4 hypermethylation at the promoters of TALI
target genes (62). Moreover, acetylation of TALI at lysine 221/222
increases its DNA-binding ability and transcriptional activity (63).

In summary, the expression of TFs in hematopoietic tissues is
spatially and temporally regulated at the transcriptional,
posttranscriptional, translational, and posttranslational levels.
Their specific expression in a given cell context is regulated by (1)
a set of TFs already expressed in each specific cellular environment
(e.g., HSCs), (2) by various extrinsic factors (e.g., hypoxia) (3), and
also by certain intrinsic factors (e.g., microRNA). The newly
expressed TFs, in turn, interact with other TFs to recognize
specific CRE regions to ensure appropriate expression levels of
their target genes.

6 Investigation of TF networks
in HSCs

HSCs are finely regulated to maintain hematopoietic tissue
homeostasis. HSCs are mainly in a quiescent state, and under
various stimuli, they enter the cell cycle to self-renew and/or
differentiate. The process of HSCs transitioning from the
quiescent state to the cyclic state for self-renewal or
differentiation is regulated by a specific set of TFs (Figure 3) that

Quiescence
state

Self-renewal/differentiation
State

The balance

TFs involved in the cell-renewal and cell identity maintenance of HSCs
(e.g. HOXB4, EVI1)

TFs more involved in

the quiescence of HSCs (e.g. GATA2, GFI1b)

A\l

the differentiation of HSCs (e.g. RUNX1, TAL1)

TFs more involved in

SOSH UI S,{[ JO uonoe wnioddg

FIGURE 3

Hematopoietic stem cells (HSCs) balance between the quiescent state and the cyclic state (for self-renewal/differentiation) to maintain the durability
of hematopoietic tissue during the lifespan. Several studies have confirmed the strong involvement of TFs in all states of HSCs. Functional
experiments have shown that TFs are involved in cell renewal and maintenance of cell identity of HSCs (e.g. HOXB4, EVI1). Certain TFs are required
for their quiescence (e.g. GATA2, GFI1) and others are more required during differentiation of HSCs (e.g. RUNX1, TAL1). Taken together, these TFs

may form transcriptional networks that control the functions of HSCs.
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play synergistic or antagonistic roles in the HSC compartment.
Together, these TFs form distinct networks that control HSC
functions. Recent studies have attempted to unravel TF networks
by using various high-throughput strategies that explore their
complexity and interactions.

In the next section, we review recent advances in our
understanding of the role of TF networks in regulating the
function of adult HSCs. Understanding the molecular networks
that govern HSC biology is expected to improve therapeutic
applications involving adult HSCs (e.g., cell therapy (64)) and will
also pave the way for the development of other new innovative
therapies (e.g., immunotherapy (65) and mutation/gene-correction
in HSCs with the CRISPR system (66)).

6.1 Using cis-regulatory elements to
explore TF networks in HSCs

Self-renewal and multipotency are key properties of HSCs that
require the timed activation of specific gene groups. This process is
largely controlled by the binding of TFs to CREs (67). The first
generation of TF networks was created mainly using CRE regions
known to be associated with genes expressed in HSCs. Indeed, the
expression level of TFs obtained from the microarray data of several
studies was analyzed using mathematical models to predict the set
of TFs interacting with CRE regions in HSCs. For example, by using
the mathematical models to study the CRE regions in the HSC
context, it was shown that the TAL1-GATA2-FII1 network is
essential for HSC development and its activity can be modulated
by physiologically relevant signals such as Notch, Bmp4, and
GATA1(68). In another study, it was shown that this TF network
may be more complex, containing additional TFs (e.g., RUNXI,
HHEX, and ERG), and that GATA1 can disrupt this TF network by
simply repressing Flil expression to trigger differentiation of HSCs
(32, 68-72).

Recently, new high-throughput methods have been developed
to map all CRE regions in HSCs and in other cell types. In principle,
the active CRE corresponds to accessible chromatin where
nucleosomes are less tightly packed and is hypersensitive to
digestion by DNase I. By combining this property with high-
throughput sequencing, it is possible to use this method (DNasel-
seq) to generate a genome-wide profile of the landscape of the open
chromatin (CREs) of any cell type. To address the problem of large
amounts of starting material for rare populations such as HSCs,
another method has been developed using a bacterial transposase
(Tn5). This Tn5 enzyme is used to insert two short DNA fragments
(a transposon) on either side of accessible chromatin regions. This
assay for transposase-accessible chromatin with high-throughput
sequencing (ATAC-seq) is comparable to DNasel-seq in terms of
specificity and signal-to-noise ratio, achieving 100- to 10000-fold
with fewer cells than DNasel-seq (73). Application of ATAC-seq in
different hematopoietic cell types has shown that HSCs have a
higher number of CREs than all other hematopoietic progenitor
cells (megakaryocytes, erythrocytes, granulo-macrophages, B and T
lymphocyte progenitor cells). Interestingly, megakaryocyte
progenitors (MkPs) are the unipotent cell type most closely
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related to HSCs because they lose fewer “HSC” CREs. However, B
lymphocyte progenitors (BPs), like MkPs progenitors, lose fewer
“HSC” CREs but acquire more “de novo” CREs. Thus, CREs in
HSCs can be divided into two categories: the specific CREs, which
are active only in the HSC, and the “primed” CREs, which are
present in different progeny of unilineage progenitors and could be
responsible for binding TFs without being transcriptionally active
(74). Motif analysis of CREs in the context of HSCs compared to
other unilineage progeny confirmed the cell type-specific
enrichment of transcription factor motifs. For example, the
binding motif PAX is strongly represented in CREs from BPs in
which PAX5 plays an important role. On the other hand, the
binding motif GATA is highly enriched in CREs of
megakaryocytic-erythroid progenitors in which GATAL plays an
important role. However, in the context of HSCs, there is
enrichment for several TFs such as NFIC, STAT3/4 and HOX
TFs (13). Moreover, restricted motif enrichment analysis of CREs
present only in HSC compartments (LT-HSCs, ST-HSCs and MPP)
reveals specific motif enrichment for Kruppel-like TFs (KLF9,
KLF10 and KLF14) and ETV2 TF in LT -HSCs (75).

Profiling of proximal CREs (at promoter level) associated with
genes expressed in HSCs reveals that certain TFs (more than 20
TFs) are tightly connected by autoregulation, feedback and
autoactivation (wherein a factor directly or indirectly activates its
own expression). These mechanisms work together to establish a
resilient transcriptional network capable of sustaining the
expression of genes essential for HSC biology. During
differentiation, the network of TFs expressed by HSCs gradually
disappears as the corresponding TFs are no longer expressed along
several lineages. At the same time, other dense TF networks emerge
through the induction of other TFs associated with terminally
differentiated cells, such as GATA1l, LMO2, FOXO4, NFE2, and
RXRA, which are involved in the TF network associated with
erythroid differentiation. Certain TFs involved in TF networks
associated with the functions of HSCs remain expressed and are
“re-used” throughout the unilineage progeny. For example, PBXI1 is
involved in a TF network that regulates self-renewal of HSCs, but
may later interact with other TFs to establish a TF network required
for erythroid and megakaryocyte progenitor cell
differentiation (32).

Interestingly, the robustness of this strategy for predicting the
TF networks controlling the functions of HSCs was tested using a
perturbation-based approach. This led to validation of 17 predicted
TFs involved in TF networks generated during differentiation of
HSCs into different lineages (erythroid or myeloid). Specifically, by
using conditioned medium that supports both erythroid and myelo-
monocytic differentiation, the differentiation of enriched HSC cells
into either of these lineages could be altered by simply reducing the
expression of one of the predicted TFs. For example, altering the
expression of 9 TFs (such as GATA1 and KLF1) affects the
differentiation of HSCs toward the erythroid lineage without
affecting their potential to differentiate toward the myeloid
lineage. Moreover, using the CREs strategy to predict the TF
network associated with the erythroid lineage reveals three novel
TFs not previously associated with erythroid differentiation (AFF1,
HIF3A, and YY1 TFs). In contrast, disruption of the expression of
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the 7 TFs (such as PU.1/SPI1 and members of the C/EBP family)
involved in the TF network that drives differentiation of HSCs
toward the myeloid lineage does not affect their differentiation
toward the erythroid lineage but drastically reduces their potential
for myelomonocytic differentiation (32).

6.2 Using a protein-based approach to
explore TF networks in HSCs

The approach of using motif enrichment analysis of CRE
regions in combination with the transcriptional level of TFs to
establish TF networks in HSCs may have some limitations. Firstly,
certain genes are regulated by multiple CREs that can be specifically
used in different cell contexts to maintain their expression. Thus, all
CREs identified in HSCs should in principle be validated
experimentally to confirm their specificity and relevance to the
HSC context by using transgenic mice or CRISPR/Cas system for
human cells. For example, the Erg locus contains five CREs regions
(+65KDb, +75Kb, +85Kb, +90Kb, and +149Kb upstream of the Erg
locus), of which only the +85Kb region has been validated in
transgenic mice (76). However, the other four Erg CREs have not
yet been validated and their integration into a CRE analysis may not
be necessary or relevant to build the TF network in the HSC context.
Secondly, the mRNA level may not correlate with the protein level
of TFs in hematopoietic tissue. For example, BCL11A, a master
regulator of fetal hemoglobin remodeling, is regulated at the level of
mRNA translation by the RNA-binding protein LIN28B during
hematopoietic development (77). Therefore, post-transcriptional
regulatory mechanisms may vary between different cellular
contexts (78), and using only the transcriptional level of TFs to
construct TF networks in HSCs may lead to some imprecision. The
two main concerns mentioned previously have led to the emergence
of antibody-based approaches to study the biology of TFs in
hematopoietic tissues. The rapid decline in sequencing costs has
accelerated the generation of genome-wide TF binding maps by
coupling chromatin immunoprecipitation with high-throughput
sequencing (ChIP-Seq) (79).

Today, several hundred TF ChIP-Seq studies are available for a
variety of hematopoietic cell types through the ENCODE project
(80). This approach validates binding of TF proteins to CRE regions
genome wide, making this strategy more convenient to build TF
networks. It helps to improve our understanding of TF networks in
the HSC context and validates networks previously predicted using
the CRE strategy. For example, statistical analysis of 10 TFs-ChIP-
seq data (TALI, LYL1, LMO2, GATA2, RUNXI1, MEISI, PU.1,
ERG, FLI-1, and GFI1B) performed in the multipotent mouse
hematopoietic progenitor cell line 7 (HPC-7) has revealed a novel
TF network consisting essentially of 7 TFs or the ‘heptad factors’
(TALL, LYL1, GATA2, LMO2, ERG, FLII, and RUNX1) that play
important roles in regulating more than 900 genes expressed
specifically in HSCs. Protein immunoprecipitation experiments in
conjunction with mouse models (Gata2*”~ Runx1*"" mice) have
confirmed the central role of the interaction between GATA2 and
RUNZX1 and their dosage in maintaining the transcriptional activity
of this TF network in HSCs and during the establishment of adult
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hematopoiesis (81). Interestingly, using the ChIP-seq strategy, this
network of 7 TFs was shown to integrate with other TFs such as
MITF and c-FOS to regulate the expression of genes specific to the
mast cell context. Moreover, this mast cell TF network is also
detected in HSCs where it presumably acts to regulate specific
“primed” genes that are common to HSCs and mast cells (Figure 4)
(82). The same phenomenon is observed in erythroid cells, where
GATAI can progressively replace GATA2 in the HSC TF network
to regulate a specific set of genes in erythroid progeny (81, 83).
Whilst the application of the TF-ChIP-seq strategy in primary
adult HSCs remains difficult due to the large amounts of starting
material required, several methods that require fewer cells have
been recently developed. For example, multiplexed, indexed T7
ChIP-seq (84) can be applied to a sample with fewer cells (85).
Other studies have shown that ChIP-seq or related approaches such
as CUT&Tag can be performed at the single cell level (84, 86, 87).
Taken together, these technological advances are expected to greatly
improve our understanding of TF networks in adult HSCs.

6.3 Application of TF networks for HSCs
derivation strategies

Ground-breaking progress has been made in the field of
allogeneic hematopoietic stem cell transplantation (HSCT), which
remains the only curative treatment for many malignant and non-
malignant diseases and the most widely used cellular therapy. It has
also paved the way for the concepts of gene therapy and
immunotherapy as tools to combat diseases that currently have
no cure (88). Despite the rapid progress in the application of HSCT
in the clinic, there are still some difficulties related to the availability
of graft donors and their allogenicity. To compensate for the lack of
a compatible donor optimally matched to the human leukocyte
antigen (HLA), umbilical cord blood (UCB) has been used as an
alternative. However, several studies have shown a lack of sufficient
doses of stem and progenitor cells (HSPCs) to ensure long-term
reconstitution of functional peripheral blood cells (89). Even after
expansion of human HSPCs from UCB (CD34" cells) using a
clinically relevant Notch-mediated ex vivo expansion system,
long-term transplantation of expanded HSPCs into patients
remains limited (90).

Many efforts are being made to develop an efficient method to
generate sufficient numbers of adult HSCs for research and
therapeutic applications. The recent important discovery of
somatic cell reprogramming by using TFs to induce pluripotent
stem cells (iPSCs) (91) has strongly supported the applicability of
TFs as an efficient strategy to generate functional adult HSCs. For
example, the study of 16 TFs during the differentiation of ESCs into
mature blood cells (e.g., macrophages) confirms that some “major”
TFs are required throughout the differentiation process. Ectopic
expression of these TFs (GATA2, LMO2, FLI1, and TALl) in
fibroblasts (nonhematopoietic cells) has been sufficient to
generate mature blood cells in vitro, confirming their “instructive”
role in overcoming phenotypic and epigenetic barriers imposed by
normal developmental ontogeny (92).
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The main goal of several studies is to improve the generation of
functional HSCs that have long-term self-renewal capacity and the
potential to differentiate into multiple cell lineages. The TF
reprogramming strategy has been widely used to transform
various cell types (terminally differentiated somatic cells,
pluripotent cells, and hematopoietic progenitor cells) into
functional HSCs. Somatic cells can be considered as the optimal
cell type for generating HSCs due to their availability. For example,
when MEFs (mouse embryonic fibroblasts) expressing the CD34
reporter mechanism (surface marker for hematopoietic cells) are
used to screen 18 TFs, only a few TFs such as GATA2, ETV6, and
GFI1B are able to reactivate the expression of the CD34 reporter
system and promote the generation of myeloid colony-forming cells
(93). In another study, ectopic expression of 6 TFs (including
GATA2 and RUNXIc) was also shown to be able to generate
hematopoietic cells from MEFs and adult fibroblasts. Despite the
ability of derived hematopoietic cells to express a mixture of
primitive and definitive globins and give rise to mature T
lymphoid cells, their ability to transplant and establish long-term
hematopoiesis in vivo remains limited (94).

The TF reprogramming strategy has also been applied to
pluripotent stem cells (PSCs) and embryonic stem cells (ESCs) to
generate hematopoietic cells. Indeed, screening of 27 candidate TFs
revealed the existence of two TF networks capable of inducing
distinct hematopoietic programs from human PSCs: pan-myeloid
(ETV2 and GATA2) and erythro-megakaryocytic (GATA2 and
TALL). Interestingly, these two transcriptional networks directly
convert human PSCs (hPSCs) into endothelial cells, which
subsequently transform into hematopoietic cells with a tendency

A Multilineage hematopoietic cell (e.g. HSCs)

10.3389/fonc.2023.1151343

to myeloid or erythro-megakaryocytic potential. Furthermore, it
shows that hematopoietic differentiation from hPSCs using these
two distinct sets of hematopoietic TFs proceeds through the EHT
stage (95). Other groups have directly used the highly purified
nonhemogenic human umbilical vein endothelial cells or adult
dermal microvascular endothelial cells to derive functional HSCs.
Indeed, ectopic expression of TFs (such as FOSB, GFI1, RUNXI,
and SPI1 TFs) in these cells in combination with the serum-free
instructive vascular niche monolayer culture system can induce the
growth of hematopoietic colonies containing cells with functional
and immunophenotypic characteristics of hematopoietic stem cells
(like-HSCs). These endothelial cells reprogrammed into human
like-HSCs have the potential to transplant into immunodeficient
mice after primary and secondary transplantation, with long-term
differentiation into multiple lineages (96).

Thus, one might conclude that TF-mediated reprogramming of
committed cells to hematopoietic lineages could increase the
efficiency of the conversion process, since the distance in the
developmental ontogeny of these cells from HSCs is relatively
small compared to nonhematopoietic cells (e.g., fibroblasts).
Indeed, ectopic expression of 6 TFs (RUNIT1, HLF, LMO2,
PRDMS5, PBX1, and ZFP37 TFs) is sufficient to reprogram adult
mouse pre-Pro B cells and myeloid progenitors into induced HSCs
(iHSCs) that have clonal differentiation potential for multiple cell
lineages, reconstitute stem/progenitor compartments, and are
serially transplantable. Moreover, single-cell gene expression
analysis reveals the high similarity of iHSCs to adult HSCs.
However, the stage of final hematopoiesis reached by this strategy
is not yet clear. It appears that this conversion process occurs

Unique HSC CREs

B Unilineage hematopoietic cell (e.g. mast cells)

Common HSC-MAST CREs

FIGURE 4

Common HSC-MAST CREs

Unique Mast CREs

Exploring the dynamics of TFs in HSCs and during their differentiation (e.g., in differentiated mast cells) using the high-throughput sequencing
strategy adapted from (82). (A) Statistical analysis of 10 TFs-ChlIP-seq has revealed a novel TF network consisting essentially of the heptad factors
(SCL, LYLL, GATA2, LMO2, ERG, FLI1 and RUNX1) that plays an important role in regulating genes specifically expressed in HSCs (81). (B) In mast cell
progeny, the 7 TFs network integrates other TFs such as MITF and c-FOS to regulate the expression of a number of genes specific to mast cells. This
mast cell TF network can take place in HSCs to regulate specific “primed” genes through the common HSC-mast CREs to regulate the expression of

genes common to HSCs and mast cells.
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entirely within the confines of definitive hematopoiesis, without
passing through the EHT stage (97).

Taken together, these studies illustrate the feasibility and
applicability of TF-mediated conversion or directed differentiation
strategies for the derivation of transplantable human hematopoietic
cells from a variety of cell sources. A variety of TFs has been tested,
highlighting the power of the TF network strategy for cell
reprogramming and hematopoietic cell derivation. However, the
therapeutic value of “derived HSCs” is still subject to
certain limitations.

6.4 The lesson we can learn from
malignant cells for better cell
reprogramming of adult HSCs

The evolutionary process of leukemogenesis depends primarily
on the origin of the malignant cells. Certain types of leukemia (e.g.,
AML) begin earlier in the hematopoietic hierarchy. Accumulation
of mutations in HSCs during the lifespan results in preleukemic
HSCs, which later develop into leukemic stem cells (LSCs)(98, 99).
However, in other types of leukemia (e.g., B-cell lymphomas)(100),
their origin may be in mature, post-mitotic, or non-proliferative
cells, but the “disruptive” mutations may cause constitutive
dysregulation of the regulatory networks responsible for cell
lineage specification/differentiation, and this could enhance their
plasticity so that they acquire some stem cell properties and become
more “stem cell-like”. For example, the transcription factor PAX5 is
known to be a master regulator of B lymphopoiesis (101), and its
expression is required for the irreversible specification of HSC/
immature progenitor cells to the B cell lineage (102). Indeed,
heterozygous deletions of PAX5 are found in approximately one
third of B-ALL patients (103), and the mouse model shows that the
absence of PAX5 blocks the transition between pre-Pro-B and Pro-
B stages during B differentiation. However, these Pax5”"" B cell
progenitors can trans-differentiate in vitro into different
hematopoietic cell types (e.g., Macrophages, Granulocytes and
naturel killer cells) (104) in the presence of appropriate cytokines
and give rise to T lymphocytes in vivo after transplantation into
RAG2-deficient mice (105) showing that they have acquired “stem-
cell like” properties. It is also important to highlight the role that
chromatin compaction plays in maintaining cell identity. In B-cell
lymphomas, approximately 40% of patients have histone H1
mutations (HISTIHIB-E)(106). Histone H1 proteins act as a
linker that binds to nucleosomes facilitating chromatin
compaction (107). Their deletion (HIc and Hle alleles) in mice
confers enhanced fitness and self-renewal properties to mature
germinal center B cells, ultimately leading to aggressive
lymphomas with increased repopulation potential. Interestingly,
disruption of H1 function leads to a profound remodeling of
genome architecture, causing a shift in chromatin from a
compacted to a relaxed state in which genes related to stem cell
functionality are upregulated (e.g., KIf4, K1f5, Meis1, Prdm5, Mycn,
Spry2, and Hoxa9). Thus, alteration of H1 expression could increase
cell plasticity by relaxing compact chromatin in mature cells,
making them potential targets for TFs and facilitating cell
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reprogramming. Indeed, OSKM expression in ch’/’; Hie”"

murine embryonic fibroblasts resulted in a three- to fourfold
increase in the efficiency of forming Hlc/e-deficient iPSC colonies
(106). Also, this cell plasticity of leukemic cells has been exploited to
develop new therapeutic opportunities by trans-differentiation
(reprogramming) of leukemic cells into non-malignant cells. In
certain cases, primary human BCR-ABL" B-ALL cells could be
induced to reprogram into macrophage-like cells by exposing them
to myeloid differentiation-promoting cytokines in vitro or by
transiently expressing the myeloid transcription factor C/EBP
alpha or PU.1. Interestingly, this myeloid reprogramming of B-
ALL blasts abolishes their leukemogenicity in vitro and in
vivo (108).

In summary, the transition of cells from one state to another
(e.g., from stem cell to mature cell) is well regulated by multiple
molecular networks. Several transcriptional and epigenetic factors
play a role in maintaining cell identity, and their disruption may
increase cell plasticity, which could be very useful for the
reprogramming of adult HSCs. Recent advances in drug
development targeting proteins such as PROTACs (Proteolysis
Targeting Chimaera) may be useful for transient disruption of
those proteins (e.g., TFs, linker histones, and epigenetic factors)
to increase the cell plasticity and to facilitate the reprogramming of
adult HSCs from any cell type.

7 Conclusion and perspective

It is estimated that billions of hematopoietic cells are produced
daily in the human body (109). The hematopoietic stem cells
(HSCs) compartment is composed of a small pool of cells capable
of generating all blood cells and ensuring the durability of
hematopoietic tissue throughout life. Its homeostasis is regulated
by a complex set of external signals and intrinsic fate determinants.
Among those, transcription factors (TFs) have been shown to play a
central role in regulating hematopoiesis, particularly by influencing
the self-renewal and differentiation of HSCs through orchestrating
the coordinated expression of target genes as lineage establishment
begins and progresses (110).

Seminal studies have shown the importance of certain TFs for
the quiescence of adult HSCs (e.g., GATA2 (28), GFI1/(35, 111)),
others for their self-renewal (e.g., HOXB4 (112), EVI1 (113)) and
differentiation (e.g, RUNX1 (114), TAL1(115)). These TFs may
cooperate to form transcriptional networks that control the
functions of HSCs and the emergence of adult hematopoiesis.
This HSC TF network regulate a number of genes (encoding cell
identity and self-renewal of HSCs) via CRE regions that are highly
enriched for motif binding of TFs such as HOXB4, which is known
to be involved in self-renewal of HSCs (82, 116). During the
differentiation of HSCs into unilineage progeny, the HSC TF
network undergoes some changes due to the integration of new
TFs or the progressive replacement of TFs expressed by HSCs with
other TFs associated with the unilineage context. These new
lineage-specific TF networks could be initiated at the level of
HSCs to regulate the expression of “primed” genes (117) that are
highly active in the progeny of each lineage (e.g. erythroid, myeloid,
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mast) (Figure 5). The stochastic transcription of genes at the level of
HSCs could be explained by the antagonistic effect between these
less active lineage-specific TF networks, which indirectly reduces
the transcription of “primed” genes and keeps HSCs in an

Differentiation

10.3389/fonc.2023.1151343

HSCs
Quiescence
\ |
Unique HSC CREs Common CREs
Maintenance
! HSCs
“  Self-renewal/
Differentiation

Unique HSC CREs

Mast cells
(unilineage progeny)

> |

Erythroid cells
(unilineage progeny)

L

Common CREs Unique Erythroid CREs

Myeloid cells
(unilineage progeny)

FIGURE 5

—> [

Common CREs Unique Myeloid CREs

I: CREs associated to Mast cell context

_ CREs associated to Erythroid cell context
I: CRE:s associated to Myeloid cell context

|= CREs associated to HSC cell context
m Common CREs necessary for HSC multilineage

“undifferentiated” state with multi-lineage potential (118). For
example, PU.1 (SPI1), which is required for terminal myeloid
differentiation, and GATAI1, which plays a crucial role in
erythroid differentiation (119), could both initiate different

Proposed a model for the dynamics of HSC TF networks (e.g., heptad factors) during the resting state and during the cycle for self-renewal or/and
differentiation. HSC TF networks could recognize unique CRE regions that regulate the expression of genes involved in self-identity/renewal of
HSCs. It also recognizes the common CRE regions (or “primed” CREs), the key CREs for multilineage differentiation of HSCs, which are shared with
different unilineage progeny and control the multilineage potential of HSCs. The unique HSC CREs could be more active during the resting state of
HSCs, but during the cycle state, the HSC TF networks could promote the activity of the common CREs more strongly. Antagonism between TFs
associated with different unilineage progeny (e.g. PU1, GATAL, MITF) positively affects the expression of genes associated with the common CREs.
Different physiological conditions could promote the differentiation of HSCs into different progenitor cells. HSC TF networks could undergo several
changes during the differentiation process by integrating new TFs or replacing HSC-expressed TFs with other TFs associated with the context of
each lineage. These modifications enable the new formed TF networks to precisely recognize other CREs. The recycling of HSC TFs into alternative
CREs is indicated by dashed arrows. Following the multilineage differentiation of HSCs (represented by bold arrows), the lineage-specific TF
networks are capable of regulating gene expression through common CREs, as well as unique CREs that are specific to each particular unilineage

context (such as m
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lineage-specific TF networks in HSCs, but the antagonism between
PU.1 and GATAI could prevent HSCs from differentiating into
both erythroid and granulocyte/monocyte lineages (120). However,
this balance between minor lineage-specific TF networks in HSCs
can be disrupted by physiological conditions (e.g., acute stress and
injury). For example, increasing the expression of GATA1 by the
cytokine EPO in LT-HSCs enhances their differentiation toward the
erythroid lineage (121). Absolute quantification of TFs by mass
spectrometry in HSPCs has confirmed coexistence of the TF
network of HSCs with other lineage-specific TF networks in the
undifferentiated state (122). Additional studies are needed to further
explore the dynamics of all TF networks present in adult HSCs.
Recent advances in mass spectrometry technology (e.g., SWATH
mass spectrometry (123)) could help to accurately assess the
temporal dynamics of TF networks/complexes during the
different states of HSCs (quiescence/cycling, self-renewal/
differentiation)(124, 125) and to map their evolutionary hierarchy
during the differentiation into different unilineage progeny.

The study of TF networks in adult HSCs has laid the
groundwork for the development of several strategies to obtain
transplantable hematopoietic cells for research and clinical
applications. Several sets of defined TFs have been tested for their
efficiency in reprogramming or directly differentiating adult HSCs
from a variety of cell sources. However, the potential therapeutic
value of these cells remains unknown, as the developmental state of
the derived HSCs is incompletely characterized.

The challenge of generating functional human HSCs ex vivo for
therapeutic purposes requires a better understanding of normal
HSC biology through the use of multidisciplinary strategies. New
technologies such as CRISPR/Cas could be used for high-
throughput genetic screening to identify additional TFs that
improve the efficiency of HSCs derivation or direct differentiation
and to optimize their developmental state. This technology could
also be used to test the efficiency of the different TFs previously used
to derive transplantable hematopoietic cells side by side.

One of the major challenges in TF reprogramming of adult
HSCs is the multilineage capability of the derived cells. The studies
described above suggest that the multi-lineage capability of adult
HSCs is provided by “primed” CRE regions that can be bound by
different lineage-specific TF networks to activate transcription of
primed genes that promote differentiation of HSCs into different
lineages. These “primed” CRE regions are common to different
unilineage cells, and their presence in adult HSCs is likely required
for their multilineage potential. Also, limiting the activation of
“lineage-specific” CREs during the process of reprogramming could
be another avenue to limit the differentiation of ex vivo derived
HSCs and promote their accumulation in the undifferentiated state.
Recent studies of ZEB1/2 in adult HSCs have confirmed that those
TFs play a role in repressing genes that are expressed only in
differentiated cells at the HSC level (e.g., CSF1R, CD74 expressed in
differentiated myeloid and lymphoid cells, respectively),
underscoring the importance of “lineage-specific” CRE repression
for lineage fidelity and the multilineage potential of HSCs (126). In
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addition, absolute protein quantification of TFs in HSPCs indicates
that TFs co-repressors are significantly more abundant than co-
activators (55, 122), which needs to be taken into account for the
difterent TF cocktails used to reprogram HSCs, respecting the ratio
of TFs activators to repressors that exists in HSC context, especially
the presence of TFs involved in the repression of “primed” and
“lineage-specific” CREs to limit the differentiation of derived HSCs
and to maintain their potential (127).

The use of high-throughput genetic screening would be
interesting to confirm this hypothesis and to uncover the
molecular mechanisms involved in the activation or
reprogramming of these common “primed” CRE regions in adult
HSCs. These findings will help to improve the quality and potential
of derived adult HSCs. Finally, screening of small molecules may
provide more economical alternatives to the use of cytokines (e.g.,
UM171, SR1)(128, 129) and, in combination with all of the above,
may help to develop a successful protocol for the derivation and
expansion of functional adult HSCs that is suitable for clinical
applications in hematological malignancies and beyond.

Author contributions

AB drew up the concept of the review, wrote text, collected
references, and made the first version of the Figures. JH wrote text
and revised the Figures. MB drew up the concept of the review,
wrote text, and revised the Figures. All the authors contributed to
the article and approved the submitted version.

Funding

The work was supported by CIHR MOP89834, MOP343603
and CEEHRC Initiative (MB), Canadian Cancer Research Society
(MB). From CIHR and CancerCare MB (JH).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fonc.2023.1151343
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Benyoucef et al.

References

1. Till JE, Mc CE. A direct measurement of the radiation sensitivity of normal mouse
bone marrow cells. Radiat Res (1961) 14:213-22. doi: 10.2307/3570892

2. Weissman IL, Shizuru JA. The origins of the identification and isolation of
hematopoietic stem cells, and their capability to induce donor-specific transplantation
tolerance and treat autoimmune diseases. Blood (2008) 112:3543-53. doi: 10.1182/
blood-2008-08-078220

3. Reya T, Morrison SJ, Clarke MF, Weissman IL. Stem cells, cancer, and cancer
stem cells. Nature (2001) 414:105-11. doi: 10.1038/35102167

4. Adolfsson ], Mansson R, Buza-Vidas N, Hultquist A, Liuba K, Jensen CT, et al.
Identification of Flt3+ lympho-myeloid stem cells lacking erythro-megakaryocytic
potential a revised road map for adult blood lineage commitment. Cell (2005)
121:295-306. doi: 10.1016/j.cell.2005.02.013

5. Notta F, Zandi S, Takayama N, Dobson S, Gan OI, Wilson G, et al. Distinct routes
of lineage development reshape the human blood hierarchy across ontogeny. Science
(2016) 351:Aab2116. doi: 10.1126/science.aab2116

6. Naik SH, Perie L, Swart E, Gerlach C, Van Rooij N, De Boer RJ, et al. Diverse and
heritable lineage imprinting of early haematopoietic progenitors. Nature (2013)
496:229-32. doi: 10.1038/nature12013

7. Sawai CM, Babovic S, Upadhaya S, Knapp D, Lavin Y, Lau CM, et al.
Hematopoietic stem cells are the major source of multilineage hematopoiesis in
adult animals. Immunity (2016) 45:597-609. doi: 10.1016/j.immuni.2016.08.007

8. Challen GA, Boles NC, Chambers SM, Goodell MA. Distinct hematopoietic stem
cell subtypes are differentially regulated by tgf-Betal. Cell Stem Cell (2010) 6:265-78.
doi: 10.1016/j.stem.2010.02.002

9. Muller-Sieburg CE, Cho RH, Karlsson L, Huang JF, Sieburg HB. Myeloid-biased
hematopoietic stem cells have extensive self-renewal capacity but generate diminished
lymphoid progeny with impaired il-7 responsiveness. Blood (2004) 103:4111-8. doi:
10.1182/blood-2003-10-3448

10. Sanjuan-Pla A, Macaulay IC, Jensen CT, Woll PS, Luis TC, Mead A, et al.
Platelet-biased stem cells reside At the apex of the haematopoietic stem-cell hierarchy.
Nature (2013) 502:232-6. doi: 10.1038/nature12495

11. Laurenti E, Gottgens B. From haematopoietic stem cells to complex
differentiation landscapes. Nature (2018) 553:418-26. doi: 10.1038/nature25022

12. Trompouki E, Bowman TV, Lawton LN, Fan ZP, Wu DC, Dibiase A, et al.
Lineage regulators direct bmp and wnt pathways to cell-specific programs during
differentiation and regeneration. Cell (2011) 147:577-89. doi: 10.1016/j.cell.2011.09.044

13. Corces MR, Buenrostro JD, Wu B, Greenside PG, Chan SM, Koenig JL, et al.
Lineage-specific and single-cell chromatin accessibility charts human hematopoiesis
and leukemia evolution. Nat Genet (2016) 48:1193-203. doi: 10.1038/ng.3646

14. Laitem C, Zaborowska J, Tellier M, Yamaguchi Y, Cao Q, Egloft S, et al. Ctcf
regulates nelf, dsif and p-tefb recruitment during transcription. Transcription (2015)
6:79-90. doi: 10.1080/21541264.2015.1095269

15. Aranda-Orgilles B, Saldana-Meyer R, Wang E, Trompouki E, Fassl A, Lau S,
et al. Med12 regulates hsc-specific enhancers independently of mediator kinase activity
to control hematopoiesis. Cell Stem Cell (2016) 19(6):784-99. doi: 10.1016/
j.stem.2016.08.004

16. Mosimann C, Hausmann G, Basler K. Beta-catenin hits chromatin: regulation of
wnt target gene activation. Nat Rev Mol Cell Biol (2009) 10:276-86. doi: 10.1038/
nrm2654

17. Moustakas A, Heldin CH. The regulation of tgfbeta signal transduction.
Development (2009) 136:3699-714. doi: 10.1242/dev.030338

18. Deng W, Lee J, Wang H, Miller J, Reik A, Gregory PD, et al. Controlling long-
range genomic interactions at a native locus by targeted tethering of a looping factor.
Cell (2012) 149:1233-44. doi: 10.1016/j.cell.2012.03.051

19. Deng W, Rupon JW, Krivega I, Breda L, Motta I, Jahn KS, et al. Reactivation of
developmentally silenced globin genes by forced chromatin looping. Cell (2014)
158:849-60. doi: 10.1016/j.cell.2014.05.050

20. Hnisz D, Shrinivas K, Young RA, Chakraborty AK, Sharp PA. A phase
separation model for transcriptional control. Cell (2017) 169:13-23. doi: 10.1016/
j.cell.2017.02.007

21. de Mendoza A, Sebe-Pedros A. Origin and evolution of eukaryotic transcription
factors. Curr Opin Genet Dev (2019) 58-59:25-32. doi: 10.1016/j.gde.2019.07.010

22. Lambert SA, Jolma A, Campitelli LF, Das PK, Yin Y, Albu M, et al. The human
transcription factors. Cell (2018) 172:650-65. doi: 10.1016/j.cell.2018.01.029

23. Adams B, Dorfler P, Aguzzi A, Kozmik Z, Urbanek P, Maurer-Fogy [, et al. Pax-
5 encodes the transcription factor bsap and is expressed in b lymphocytes, the
developing cns, and adult testis. Genes Dev (1992) 6:1589-607. doi: 10.1101/
gad.6.9.1589

24. Pevny L, Simon MC, Robertson E, Klein WH, Tsai SF, D'agati V, et al. Erythroid
differentiation in chimaeric mice blocked by a targeted mutation in the gene for
transcription factor gata-1. Nature (1991) 349:257-60. doi: 10.1038/349257a0

25. Souroullas GP, Salmon JM, Sablitzky F, Curtis DJ, Goodell MA. Adult
hematopoietic stem and progenitor cells require either Lyll or scl for survival. Cell
Stem Cell (2009) 4:180-6. doi: 10.1016/j.stem.2009.01.001

Frontiers in Oncology

12

10.3389/fonc.2023.1151343

26. Schmitt CE, Lizama CO, Zovein AC. From transplantation to transgenics:
mouse models of developmental hematopoiesis. Exp Hematol (2014) 42:707-16. doi:
10.1016/j.exphem.2014.06.008

27. Krosl J, Beslu N, Mayotte N, Humphries RK, Sauvageau G. The competitive
nature of Hoxb4-transduced hsc is limited by Pbx1: the generation of ultra-competitive
stem cells retaining full differentiation potential. Immunity (2003) 18:561-71. doi:
10.1016/51074-7613(03)00090-6

28. Tipping AJ, Pina C, Castor A, Hong D, Rodrigues NP, Lazzari L, et al. High gata-
2 expression inhibits human hematopoietic stem and progenitor cell function by effects
on cell cycle. Blood (2009) 113:2661-72. doi: 10.1182/blood-2008-06-161117

29. Majeti R, Park CY, Weissman IL. Identification of a hierarchy of multipotent
hematopoietic progenitors in human cord blood. Cell Stem Cell (2007) 1:635-45. doi:
10.1016/j.stem.2007.10.001

30. Laurenti E, Doulatov S, Zandi S, Plumb I, Chen J, April C, et al. The
transcriptional architecture of early human hematopoiesis identifies multilevel
control of lymphoid commitment. Nat Immunol (2013) 14:756-63. doi: 10.1038/
ni.2615

31. Wilson NK, Schoenfelder S, Hannah R, Sanchez Castillo M, Schutte J,
Ladopoulos V, et al. Integrated genome-scale analysis of the transcriptional
regulatory landscape in a blood Stem/Progenitor cell model. Blood (2016) 127:E12-
23. doi: 10.1182/blood-2015-10-677393

32. Novershtern N, Subramanian A, Lawton LN, Mak RH, Haining WN, Mcconkey
ME, et al. Densely interconnected transcriptional circuits control cell states in human
hematopoiesis. Cell (2011) 144:296-309. doi: 10.1016/j.cell.2011.01.004

33. Knudsen KJ, Rehn M, Hasemann MS, Rapin N, Bagger FO, Ohlsson E, et al. Erg
promotes the maintenance of hematopoietic stem cells by restricting their
differentiation. Genes Dev (2015) 29:1915-29. doi: 10.1101/gad.268409.115

34. Miller ME, Rosten P, Lemieux ME, Lai C, Humphries RK. Meisl is required for
adult mouse erythropoiesis, megakaryopoiesis and hematopoietic stem cell expansion.
PloS One (2016) 11:e0151584. doi: 10.1371/journal.pone.0151584

35. Hock H, Hamblen MJ, Rooke HM, Schindler JW, Saleque S, Fujiwara Y, et al.
Gfi-1 restricts proliferation and preserves functional integrity of haematopoietic stem
cells. Nature (2004) 431:1002-7. doi: 10.1038/nature02994

36. Beauchemin H, Moroy T. Multifaceted actions of Gfil and Gfilb in
hematopoietic stem cell self-renewal and lineage commitment. Front Genet (2020)
11:591099. doi: 10.3389/fgene.2020.591099

37. Orkin SH, Zon LI. Hematopoiesis: an evolving paradigm for stem cell biology.
Cell (2008) 132:631-44. doi: 10.1016/j.cell.2008.01.025

38. Dzierzak E, Bigas A. Blood development: hematopoietic stem cell dependence
and independence. Cell Stem Cell (2018) 22:639-51. doi: 10.1016/j.stem.2018.04.015

39. Tsai FY, Keller G, Kuo FC, Weiss M, Chen ], Rosenblatt M, et al. An early
haematopoietic defect in mice lacking the transcription factor gata-2. Nature (1994)
371:221-6. doi: 10.1038/371221a0

40. Ting CN, Olson MC, Barton KP, Leiden JM. Transcription factor gata-3 is
required for development of the T-cell lineage. Nature (1996) 384:474-8. doi: 10.1038/
384474a0

41. Vink CS, Calero-Nieto FJ, Wang X, Maglitto A, Mariani SA, Jawaid W, et al.
Iterative single-cell analyses define the transcriptome of the first functional
hematopoietic stem cells. Cell Rep (2020) 31:107627. doi: 10.1016/j.celrep.2020.107627

42. Ling KW, Ottersbach K, Van Hamburg JP, Oziemlak A, Tsai FY, Orkin SH, et al.
Gata-2 plays two functionally distinct roles during the ontogeny of hematopoietic stem
cells. J Exp Med (2004) 200:871-82. doi: 10.1084/jem.20031556

43. Persons DA, Allay JA, Allay ER, Ashmun RA, Orlic D, Jane SM, et al. Enforced
expression of the gata-2 transcription factor blocks normal hematopoiesis. Blood (1999)
93:488-99. doi: 10.1182/blood.V93.2.488

44, Johnson KD, Conn DJ, Shishkova E, Katsumura KR, Liu P, Shen S, et al.
Constructing and deconstructing Gata2-regulated cell fate programs to establish
developmental trajectories. J Exp Med (2020) 217(11):e20191526. doi: 10.1084/
jem.20191526

45, Huls G, Van Es J, Clevers H, De Haan G, Van Os R. Loss of Tcf7 diminishes
hematopoietic Stem/Progenitor cell function. Leukemia (2013) 27:1613-4. doi:
10.1038/leu.2012.354

46. Xing S, Li F, Zeng Z, Zhao Y, Yu S, Shan Q, et al. Tcfl and Lefl transcription
factors establish Cd8(+) T cell identity through intrinsic hdac activity. Nat Immunol
(2016) 17:695-703. doi: 10.1038/ni.3456

47. YuS, Li F, Xing S, Zhao T, Peng W, Xue HH. Hematopoietic and leukemic stem
cells have distinct dependence on Tcfl and Lefl transcription factors. J Biol Chem
(2016) 291:11148-60. doi: 10.1074/jbc.M116.717801

48. Manavathi B, Lo D, Bugide S, Dey O, Imren S, Weiss MJ, et al. Functional
regulation of pre-B-Cell leukemia homeobox interacting protein 1 (Pbxip1/Hpip) in
erythroid differentiation. J Biol Chem (2012) 287:5600-14. doi: 10.1074/
jbc.M111.289843

49. Anderson MK, Weiss AH, Hernandez-Hoyos G, Dionne CJ, Rothenberg EV.
Constitutive expression of Pu.l in fetal hematopoietic progenitors blocks T cell

frontiersin.org


https://doi.org/10.2307/3570892
https://doi.org/10.1182/blood-2008-08-078220
https://doi.org/10.1182/blood-2008-08-078220
https://doi.org/10.1038/35102167
https://doi.org/10.1016/j.cell.2005.02.013
https://doi.org/10.1126/science.aab2116
https://doi.org/10.1038/nature12013
https://doi.org/10.1016/j.immuni.2016.08.007
https://doi.org/10.1016/j.stem.2010.02.002
https://doi.org/10.1182/blood-2003-10-3448
https://doi.org/10.1038/nature12495
https://doi.org/10.1038/nature25022
https://doi.org/10.1016/j.cell.2011.09.044
https://doi.org/10.1038/ng.3646
https://doi.org/10.1080/21541264.2015.1095269
https://doi.org/10.1016/j.stem.2016.08.004
https://doi.org/10.1016/j.stem.2016.08.004
https://doi.org/10.1038/nrm2654
https://doi.org/10.1038/nrm2654
https://doi.org/10.1242/dev.030338
https://doi.org/10.1016/j.cell.2012.03.051
https://doi.org/10.1016/j.cell.2014.05.050
https://doi.org/10.1016/j.cell.2017.02.007
https://doi.org/10.1016/j.cell.2017.02.007
https://doi.org/10.1016/j.gde.2019.07.010
https://doi.org/10.1016/j.cell.2018.01.029
https://doi.org/10.1101/gad.6.9.1589
https://doi.org/10.1101/gad.6.9.1589
https://doi.org/10.1038/349257a0
https://doi.org/10.1016/j.stem.2009.01.001
https://doi.org/10.1016/j.exphem.2014.06.008
https://doi.org/10.1016/S1074-7613(03)00090-6
https://doi.org/10.1182/blood-2008-06-161117
https://doi.org/10.1016/j.stem.2007.10.001
https://doi.org/10.1038/ni.2615
https://doi.org/10.1038/ni.2615
https://doi.org/10.1182/blood-2015-10-677393
https://doi.org/10.1016/j.cell.2011.01.004
https://doi.org/10.1101/gad.268409.115
https://doi.org/10.1371/journal.pone.0151584
https://doi.org/10.1038/nature02994
https://doi.org/10.3389/fgene.2020.591099
https://doi.org/10.1016/j.cell.2008.01.025
https://doi.org/10.1016/j.stem.2018.04.015
https://doi.org/10.1038/371221a0
https://doi.org/10.1038/384474a0
https://doi.org/10.1038/384474a0
https://doi.org/10.1016/j.celrep.2020.107627
https://doi.org/10.1084/jem.20031556
https://doi.org/10.1182/blood.V93.2.488
https://doi.org/10.1084/jem.20191526
https://doi.org/10.1084/jem.20191526
https://doi.org/10.1038/leu.2012.354
https://doi.org/10.1038/ni.3456
https://doi.org/10.1074/jbc.M116.717801
https://doi.org/10.1074/jbc.M111.289843
https://doi.org/10.1074/jbc.M111.289843
https://doi.org/10.3389/fonc.2023.1151343
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Benyoucef et al.

development At the pro-T cell stage. Immunity (2002) 16:285-96. doi: 10.1016/S1074-
7613(02)00277-7

50. Leddin M, Perrod C, Hoogenkamp M, Ghani S, Assi S, Heinz S, et al. Two
distinct auto-regulatory loops operate At the Pu.l locus in b cells and myeloid cells.
Blood (2011) 117:2827-38. doi: 10.1182/blood-2010-08-302976

51. Spensberger D, Kotsopoulou E, Ferreira R, Broccardo C, Scott LM, Fourouclas
N, et al. Deletion of the scl +19 enhancer increases the blood stem cell compartment
without affecting the formation of mature blood lineages. Exp Hematol (2012) 40:588—
598.el. doi: 10.1016/j.exphem.2012.02.006

52. Ferreira R, Spensberger D, Silber Y, Dimond A, Li ], Green AR, et al. Impaired In
vitro erythropoiesis following deletion of the scl (Tall) +40 enhancer is largely
compensated for In vivo despite a significant reduction in expression. Mol Cell Biol
(2013) 33:1254-66. doi: 10.1128/MCB.01525-12

53. Mansour MR, Abraham BJ, Anders L, Berezovskaya A, Gutierrez A, Durbin AD,
et al. Oncogene regulation. an oncogenic super-enhancer formed through somatic
mutation of a noncoding intergenic element. Science (2014) 346:1373-7. doi: 10.1126/
science.1259037

54. Navarro JM, Touzart A, Pradel LC, Loosveld M, Koubi M, Fenouil R, et al.
Site- and allele-specific polycomb dysregulation in T-cell leukaemia. Nat Commun
(2015) 6:6094. doi: 10.1038/ncomms7094

55. Gillespie MA, Palii CG, Sanchez-Taltavull D, Shannon P, Longabaugh WJR,
Downes DJ, et al. Absolute quantification of transcription factors reveals principles of
gene regulation in erythropoiesis. Mol Cell (2020) 78:960-974 E11. doi: 10.1016/
j.molcel.2020.03.031

56. Xiao C, Calado DP, Galler G, Thai TH, Patterson HC, Wang J, et al. Mir-150
controls b cell differentiation by targeting the transcription factor c-myb. Cell (2007)
131:146-59. doi: 10.1016/j.cell.2007.07.021

57. Calkhoven CF, Muller C, Martin R, Krosl G, Pietsch H, Hoang T, et al.
Translational control of scl-isoform expression in hematopoietic lineage choice.
Genes Dev (2003) 17:959-64. doi: 10.1101/gad.251903

58. Semenza GL. Hypoxia-inducible factor 1 (Hif-1) pathway. Sci Stke (2007) 2007:
Cm8. doi: 10.1126/stke.4072007cm8

59. Simon MC, Keith B. The role of oxygen availability in embryonic development
and stem cell function. Nat Rev Mol Cell Biol (2008) 9:285-96. doi: 10.1038/nrm2354

60. Tang T, Arbiser JL, Brandt SJ. Phosphorylation by mitogen-activated protein
kinase mediates the hypoxia-induced turnover of the Tall/Scl transcription factor in
endothelial cells. J Biol Chem (2002) 277:18365-72. doi: 10.1074/jbc.M109812200

61. Terme JM, Lhermitte L, Asnafi V, Jalinot P. Tgf-beta induces degradation of
Tall/Scl by the ubiquitin-proteasome pathway through akt-mediated phosphorylation.
Blood (2009) 113:6695-8. doi: 10.1182/blood-2008-07-166835

62. Li Y, Deng C, Hu X, Patel B, Fu X, Qiu Y, et al. Dynamic interaction between
Tall oncoprotein and Lsdl regulates Tall function in hematopoiesis and
leukemogenesis. Oncogene (2012) 31:5007-18. doi: 10.1038/0nc.2012.8

63. Huang S, Qiu Y, Shi Y, Xu Z, Brandt SJ. P/Caf-mediated acetylation regulates the
function of the basic helix-Loop-Helix transcription factor Tall/Scl. EMBO ] (2000)
19:6792-803. doi: 10.1093/emboj/19.24.6792

64. Bottcher C, Priller J. Myeloid cell-based therapies in neurological disorders: how
far have we come? Biochim Biophys Acta (2016) 1862:323-8. doi: 10.1016/
j.bbadis.2015.10.003

65. Gschweng E, De Oliveira S, Kohn DB. Hematopoietic stem cells for cancer
immunotherapy. Immunol Rev (2014) 257:237-49. doi: 10.1111/imr.12128

66. Frangoul H, Altshuler D, Cappellini MD, Chen YS, Domm J, Eustace BK, et al.
Crispr-Cas9 gene editing for sickle cell disease and beta-thalassemia. N Engl | Med
(2021) 384:252-60. doi: 10.1056/NEJM0a2031054

67. Spitz F, Furlong EE. Transcription factors: from enhancer binding to
developmental control. Nat Rev Genet (2012) 13:613-26. doi: 10.1038/nrg3207

68. Narula J, Smith AM, Gottgens B, Igoshin OA. Modeling reveals bistability and
low-pass filtering in the network module determining blood stem cell fate. PloS Comput
Biol (2010) 6:€1000771. doi: 10.1371/journal.pcbi. 1000771

69. Chickarmane V, Enver T, Peterson C. Computational modeling of the
hematopoietic erythroid-myeloid switch reveals insights into cooperativity, priming,
and irreversibility. PloS Comput Biol (2009) 5:E1000268. doi: 10.1371/
journal.pcbi.1000268

70. Krumsiek J, Marr C, Schroeder T, Theis FJ. Hierarchical differentiation of
myeloid progenitors is encoded in the transcription factor network. PloS One (2011) 6:
E22649. doi: 10.1371/journal.pone.0022649

71. Novershtern N, Regev A, Friedman N. Physical module networks: an integrative
approach for reconstructing transcription regulation. Bioinformatics (2011) 27:1177-
85. doi: 10.1093/bioinformatics/btr222

72. Bonzanni N, Garg A, Feenstra KA, Schutte J, Kinston S, Miranda-Saavedra D,
et al. Hard-wired heterogeneity in blood stem cells revealed using a dynamic regulatory
network model. Bioinformatics (2013) 29:180-8. doi: 10.1093/bioinformatics/btt243

73. Buenrostro JD, Wu B, Chang HY, Greenleaf WJ]. Atac-seq: a method for
assaying chromatin accessibility genome-wide. Curr Protoc Mol Biol (2015)
109:21291-9. doi: 10.1002/0471142727.mb2129s109

74. Martin EW, Krietsch J, Reggiardo RE, Sousae R, Kim DH, Forsberg EC.
Chromatin accessibility maps provide evidence of multilineage gene priming in

Frontiers in Oncology

13

10.3389/fonc.2023.1151343

hematopoietic stem cells. Epigenet Chromatin (2021) 14:2. doi: 10.1186/s13072-020-
00377-1

75. YuX, Wu C, Bhavanasi D, Wang H, Gregory BD, Huang J. Chromatin dynamics
during the differentiation of long-term hematopoietic stem cells to multipotent
progenitors. Blood Adv (2017) 1:887-98. doi: 10.1182/bloodadvances.2016003384

76. Wilson NK, Miranda-Saavedra D, Kinston S, Bonadies N, Foster SD, Calero-
Nieto F, et al. The transcriptional program controlled by the stem cell leukemia gene
Scl/Tall during early embryonic hematopoietic development. Blood (2009) 113:5456—
65. doi: 10.1182/blood-2009-01-200048

77. Basak A, Munschauer M, Lareau CA, Montbleau KE, Ulirsch JC, Hartigan CR,
et al. Control of human hemoglobin switching by Lin28b-mediated regulation of Bcll1a
translation. Nat Genet (2020) 52:138-45. doi: 10.1038/s41588-019-0568-7

78. Franks A, Airoldi E, Slavov N. Post-transcriptional regulation across human
tissues. PloS Comput Biol (2017) 13:¢1005535. doi: 10.1371/journal.pcbi.1005535

79. Johnson DS, Mortazavi A, Myers RM, Wold B. Genome-wide mapping of In
vivo protein-dna interactions. Science (2007) 316:1497-502. doi: 10.1126/
science.1141319

80. Ruau D, Ng FS, Wilson NK, Hannah R, Diamanti E, Lombard P, et al. Building
an encode-style data compendium on a shoestring. Nat Methods (2013) 10:926. doi:
10.1038/nmeth.2643

81. Wilson NK, Foster SD, Wang X, Knezevic K, Schutte J, Kaimakis P, et al.
Combinatorial transcriptional control in blood Stem/Progenitor cells: genome-wide
analysis of ten major transcriptional regulators. Cell Stem Cell (2010) 7:532-44. doi:
10.1016/j.stem.2010.07.016

82. Calero-Nieto FJ, Ng FS, Wilson NK, Hannah R, Moignard V, Leal-Cervantes Al,
et al. Key regulators control distinct transcriptional programmes in blood progenitor
and mast cells. EMBO J (2014) 33:1212-26. doi: 10.1002/embj.201386825

83. Tijssen MR, Cvejic A, Joshi A, Hannah RL, Ferreira R, Forrai A, et al. Genome-
wide analysis of simultaneous Gatal/2, Runxl, Flil, and scl binding in megakaryocytes
identifies hematopoietic regulators. Dev Cell (2011) 20:597-609. doi: 10.1016/
j.devcel.2011.04.008

84. Janssens DH, Otto DJ, Meers MP, Setty M, Ahmad K, Henikoff S.
Cut&Tag2forl: a modified method for simultaneous profiling of the accessible and
silenced regulome in single cells. Genome Biol (2022) 23:81. doi: 10.1186/s13059-022-
02642-w

85. van Galen P, Viny AD, Ram O, Ryan RJ, Cotton MJ, Donohue L, et al. A
multiplexed system for quantitative comparisons of chromatin landscapes. Mol Cell
(2016) 61:170-80. doi: 10.1016/j.molcel.2015.11.003

86. Grosselin K, Durand A, Marsolier J, Poitou A, Marangoni E, Nemati F, et al.

High-throughput single-cell chip-seq identifies heterogeneity of chromatin states in
breast cancer. Nat Genet (2019) 51:1060-6. doi: 10.1038/s41588-019-0424-9

87. Gopalan S, Wang Y, Harper NW, Garber M, Fazzio TG. Simultaneous profiling
of multiple chromatin proteins in the same cells. Mol Cell (2021) 81:4736-4746 E5. doi:
10.1016/j.molcel.2021.09.019

88. Singh AK, McGuirk JP. Allogeneic stem cell transplantation: a historical and
scientific overview. Cancer Res (2016) 76:6445-51. doi: 10.1158/0008-5472.CAN-16-
1311

89. Pineault N, Abu-Khader A. Advances in umbilical cord blood stem cell
expansion and clinical translation. Exp Hematol (2015) 43:498-513. doi: 10.1016/
j.exphem.2015.04.011

90. Delaney C, Heimfeld S, Brashem-Stein C, Voorhies H, Manger RL, Bernstein ID.
Notch-mediated expansion of human cord blood progenitor cells capable of rapid
myeloid reconstitution. Nat Med (2010) 16:232-6. doi: 10.1038/nm.2080

91. Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, et al.
Induction of pluripotent stem cells from adult human fibroblasts by defined factors.
Cell (2007) 131:861-72. doi: 10.1016/j.cell.2007.11.019

92. Goode DK, Obier N, Vijayabaskar MS, Lie ALM, Lilly AJ, Hannah R, et al.
Dynamic gene regulatory networks drive hematopoietic specification and
differentiation. Dev Cell (2016) 36:572-87. doi: 10.1016/j.devcel.2016.01.024

93. Pereira CF, Chang B, Qiu J, Niu X, Papatsenko D, Hendry CE, et al. Induction of
a hemogenic program in mouse fibroblasts. Cell Stem Cell (2013) 13:205-18. doi:
10.1016/j.stem.2013.05.024

94. Batta K, Florkowska M, Kouskoff V, Lacaud G. Direct reprogramming of murine
fibroblasts to hematopoietic progenitor cells. Cell Rep (2014) 9:1871-84. doi: 10.1016/
j.celrep.2014.11.002

95. Elcheva I, Brok-Volchanskaya V, Kumar A, Liu P, Lee JH, Tong L, et al. Direct
induction of haematoendothelial programs in human pluripotent stem cells by
transcriptional regulators. Nat Commun (2014) 5:4372. doi: 10.1038/ncomms5372

96. Sandler VM, Lis R, Liu Y, Kedem A, James D, Elemento O, et al.
Reprogramming human endothelial cells to haematopoietic cells requires vascular
induction. Nature (2014) 511:312-8. doi: 10.1038/nature13547

97. Riddell J, Gazit R, Garrison BS, Guo G, Saadatpour A, Mandal PK, et al.
Reprogramming committed murine blood cells to induced hematopoietic stem cells
with defined factors. Cell (2014) 157:549-64. doi: 10.1016/j.cell.2014.04.006

98. Jan M, Snyder TM, Corces-Zimmerman MR, Vyas P, Weissman IL, Quake SR,
et al. Clonal evolution of preleukemic hematopoietic stem cells precedes human acute
myeloid leukemia. Sci Transl Med (2012) 4:149rall8. doi: 10.1126/
scitranslmed.3004315

frontiersin.org


https://doi.org/10.1016/S1074-7613(02)00277-7
https://doi.org/10.1016/S1074-7613(02)00277-7
https://doi.org/10.1182/blood-2010-08-302976
https://doi.org/10.1016/j.exphem.2012.02.006
https://doi.org/10.1128/MCB.01525-12
https://doi.org/10.1126/science.1259037
https://doi.org/10.1126/science.1259037
https://doi.org/10.1038/ncomms7094
https://doi.org/10.1016/j.molcel.2020.03.031
https://doi.org/10.1016/j.molcel.2020.03.031
https://doi.org/10.1016/j.cell.2007.07.021
https://doi.org/10.1101/gad.251903
https://doi.org/10.1126/stke.4072007cm8
https://doi.org/10.1038/nrm2354
https://doi.org/10.1074/jbc.M109812200
https://doi.org/10.1182/blood-2008-07-166835
https://doi.org/10.1038/onc.2012.8
https://doi.org/10.1093/emboj/19.24.6792
https://doi.org/10.1016/j.bbadis.2015.10.003
https://doi.org/10.1016/j.bbadis.2015.10.003
https://doi.org/10.1111/imr.12128
https://doi.org/10.1056/NEJMoa2031054
https://doi.org/10.1038/nrg3207
https://doi.org/10.1371/journal.pcbi.1000771
https://doi.org/10.1371/journal.pcbi.1000268
https://doi.org/10.1371/journal.pcbi.1000268
https://doi.org/10.1371/journal.pone.0022649
https://doi.org/10.1093/bioinformatics/btr222
https://doi.org/10.1093/bioinformatics/btt243
https://doi.org/10.1002/0471142727.mb2129s109
https://doi.org/10.1186/s13072-020-00377-1
https://doi.org/10.1186/s13072-020-00377-1
https://doi.org/10.1182/bloodadvances.2016003384
https://doi.org/10.1182/blood-2009-01-200048
https://doi.org/10.1038/s41588-019-0568-7
https://doi.org/10.1371/journal.pcbi.1005535
https://doi.org/10.1126/science.1141319
https://doi.org/10.1126/science.1141319
https://doi.org/10.1038/nmeth.2643
https://doi.org/10.1016/j.stem.2010.07.016
https://doi.org/10.1002/embj.201386825
https://doi.org/10.1016/j.devcel.2011.04.008
https://doi.org/10.1016/j.devcel.2011.04.008
https://doi.org/10.1186/s13059-022-02642-w
https://doi.org/10.1186/s13059-022-02642-w
https://doi.org/10.1016/j.molcel.2015.11.003
https://doi.org/10.1038/s41588-019-0424-9
https://doi.org/10.1016/j.molcel.2021.09.019
https://doi.org/10.1158/0008-5472.CAN-16-1311
https://doi.org/10.1158/0008-5472.CAN-16-1311
https://doi.org/10.1016/j.exphem.2015.04.011
https://doi.org/10.1016/j.exphem.2015.04.011
https://doi.org/10.1038/nm.2080
https://doi.org/10.1016/j.cell.2007.11.019
https://doi.org/10.1016/j.devcel.2016.01.024
https://doi.org/10.1016/j.stem.2013.05.024
https://doi.org/10.1016/j.celrep.2014.11.002
https://doi.org/10.1016/j.celrep.2014.11.002
https://doi.org/10.1038/ncomms5372
https://doi.org/10.1038/nature13547
https://doi.org/10.1016/j.cell.2014.04.006
https://doi.org/10.1126/scitranslmed.3004315
https://doi.org/10.1126/scitranslmed.3004315
https://doi.org/10.3389/fonc.2023.1151343
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Benyoucef et al.

99. Sykes SM, Kokkaliaris KD, Milsom MD, Levine RL, Majeti R. Clonal evolution
of preleukemic hematopoietic stem cells in acute myeloid leukemia. Exp Hematol
(2015) 43:989-92. doi: 10.1016/j.exphem.2015.08.012

100. Seifert M, Scholtysik R, Kuppers R. Origin and pathogenesis of b cell
lymphomas. Methods Mol Biol (2019) 1956:1-33. doi: 10.1007/978-1-4939-9151-8_1

101. Cobaleda C, Schebesta A, Delogu A, Busslinger M. Pax5: the guardian of b cell
identity and function. Nat Immunol (2007) 8:463-70. doi: 10.1038/ni1454

102. Souabni A, Cobaleda C, Schebesta M, Busslinger M. Pax5 promotes b
lymphopoiesis and blocks T cell development by repressing Notchl. Immunity
(2002) 17:781-93. doi: 10.1016/S1074-7613(02)00472-7

103. Familiades J, Bousquet M, Lafage-Pochitaloff M, Bene MC, Beldjord K, De Vos
J, et al. Pax5 mutations occur frequently in adult b-cell progenitor acute lymphoblastic
leukemia and Pax5 haploinsufficiency is associated with ber-Abll and Tcf3-Pbx1 fusion
genes: a graall study. Leukemia (2009) 23:1989-98. doi: 10.1038/leu.2009.135

104. Nutt SL, Heavey B, Rolink AG, Busslinger M. Commitment to the b-lymphoid
lineage depends on the transcription factor Pax5. Nature (1999) 401:556-62. doi:
10.1038/44076

105. Rolink AG, Nutt SL, Melchers F, Busslinger M. Long-term In vivo
reconstitution of T-cell development by Pax5-deficient b-cell progenitors. Nature
(1999) 401:603-6. doi: 10.1038/44164

106. Yusufova N, Kloetgen A, Teater M, Osunsade A, Camarillo JM, Chin CR, et al.
Histone H1 loss drives lymphoma by disrupting 3d chromatin architecture. Nature
(2021) 589:299-305. doi: 10.1038/5s41586-020-3017-y

107. Fyodorov DV, Zhou BR, Skoultchi AL Bai Y. Emerging roles of linker histones
in regulating chromatin structure and function. Nat Rev Mol Cell Biol (2018) 19:192-
206. doi: 10.1038/nrm.2017.94

108. McClellan JS, Dove C, Gentles AJ, Ryan CE, Majeti R. Reprogramming of
primary human Philadelphia chromosome-positive b cell acute lymphoblastic leukemia
cells into nonleukemic macrophages. Proc Natl Acad Sci U.S.A. (2015) 112:4074-9. doi:
10.1073/pnas.1413383112

109. Sender R, Milo R. The distribution of cellular turnover in the human body. Nat
Med (2021) 27:45-8. doi: 10.1038/s41591-020-01182-9

110. Duddu S, Chakrabarti R, Ghosh A, Shukla PC. Hematopoietic stem cell
transcription factors in cardiovascular pathology. Front Genet (2020) 11:588602. doi:
10.3389/fgene.2020.588602

111. Khandanpour C, Sharif-Askari E, Vassen L, Gaudreau MC, Zhu J, Paul WE,
et al. Evidence that growth factor independence 1b regulates dormancy and peripheral
blood mobilization of hematopoietic stem cells. Blood (2010) 116:5149-61. doi:
10.1182/blood-2010-04-280305

112. Amsellem S, Pflumio F, Bardinet D, Izac B, Charneau P, Romeo PH, et al. Ex
vivo expansion of human hematopoietic stem cells by direct delivery of the Hoxb4
homeoprotein. Nat Med (2003) 9:1423-7. doi: 10.1038/nm953

113. Kataoka K, Sato T, Yoshimi A, Goyama S, Tsuruta T, Kobayashi H, et al. Evil is
essential for hematopoietic stem cell self-renewal, and its expression marks
hematopoietic cells with long-term multilineage repopulating activity. ] Exp Med
(2011) 208:2403-16. doi: 10.1084/jem.20110447

114. Ichikawa M, Goyama S, Asai T, Kawazu M, Nakagawa M, Takeshita M, et al.
Amll/Runx1 negatively regulates quiescent hematopoietic stem cells in adult
hematopoiesis. ] Immunol (2008) 180:4402-8. doi: 10.4049/jimmunol.180.7.4402

115. Benyoucef A, Calvo J, Renou L, Arcangeli ML, Van Den Heuvel A, Amsellem S,
et al. The Scl/Tall transcription factor represses the stress protein Ddit4/Reddl in

Frontiers in Oncology

14

10.3389/fonc.2023.1151343

human hematopoietic Stem/Progenitor cells. Stem Cells (2015) 33:2268-79. doi:
10.1002/stem.2028

116. Antonchuk J, Sauvageau G, Humphries RK. Hoxb4-induced expansion of adult
hematopoietic stem cells ex vivo. Cell (2002) 109:39-45. doi: 10.1016/S0092-8674(02)
00697-9

117. Mercer EM, Lin YC, Benner C, Jhunjhunwala S, Dutkowski J, Flores M, et al.
Multilineage priming of enhancer repertoires precedes commitment to the b and
myeloid cell lineages in hematopoietic progenitors. Immunity (2011) 35:413-25. doi:
10.1016/j.immuni.2011.06.013

118. Laslo P, Spooner CJ, Warmflash A, Lancki DW, Lee HJ, Sciammas R, et al.
Multilineage transcriptional priming and determination of alternate hematopoietic cell
fates. Cell (2006) 126:755-66. doi: 10.1016/j.cell.2006.06.052

119. Burda P, Laslo P, Stopka T. The role of Pu.l and gata-1 transcription factors
during normal and leukemogenic hematopoiesis. Leukemia (2010) 24:1249-57. doi:
10.1038/1eu.2010.104

120. Wheat JC, Sella Y, Willcockson M, Skoultchi AL, Bergman A, Singer RH, et al.
Single-molecule imaging of transcription dynamics in somatic stem cells. Nature (2020)
583:431-6. doi: 10.1038/s41586-020-2432-4

121. Singh RP, Grinenko T, Ramasz B, Franke K, Lesche M, Dahl A, et al.
Hematopoietic stem cells but not multipotent progenitors drive erythropoiesis
during chronic erythroid stress in epo transgenic mice. Stem Cell Rep (2018)
10:1908-19. doi: 10.1016/j.stemcr.2018.04.012

122. Gillespie MA, Palii CG, Sanchez-Taltavull D, Perkins TJ, Brand M, Ranish JA.
Absolute quantification of transcription factors in human erythropoiesis using selected
reaction monitoring mass spectrometry. Star Protoc (2020) 1:100216. doi: 10.1016/
jXpro.2020.100216

123. Gillet LC, Navarro P, Tate S, Rost H, Selevsek N, Reiter L, et al. Targeted data
extraction of the Ms/Ms spectra generated by data-independent acquisition: a new
concept for consistent and accurate proteome analysis. Mol Cell Proteomics (2012) 11:
O111 016717. doi: 10.1074/mcp.0111.016717

124. Caron E, Roncagalli R, Hase T, Wolski WE, Choi M, Menoita MG, et al. Precise
temporal profiling of signaling complexes in primary cells using swath mass
spectrometry. Cell Rep (2017) 18:3219-26. doi: 10.1016/j.celrep.2017.03.019

125. Rosenberger G, Heusel M, Bludau I, Collins BC, Martelli C, Williams EG, et al.
Secat: quantifying protein complex dynamics across cell states by network-centric
analysis of sec-Swath-Ms profiles. Cell Syst (2020) 11:589-607e8. doi: 10.1016/
j.cels.2020.11.006

126. Wang J, Farkas C, Benyoucef A, Carmichael C, Haigh K, Wong N, et al.
Interplay between the emt transcription factors Zeb1 and Zeb2 regulates hematopoietic
stem and progenitor cell differentiation and hematopoietic lineage fidelity. PloS Biol
(2021) 19:23001394. doi: 10.1371/journal.pbio.3001394

127. Brand M, Ranish JA. Proteomic/Transcriptomic analysis of erythropoiesis.
Curr Opin Hematol (2021) 28:150-7. doi: 10.1097/MOH.0000000000000647

128. Pabst C, Krosl J, Fares I, Boucher G, Ruel R, Marinier A, et al. Identification of
small molecules that support human leukemia stem cell activity ex vivo. Nat Methods
(2014) 11:436-42. doi: 10.1038/nmeth.2847

129. Fares I, Chagraoui J, Lehnertz B, Macrae T, Mayotte N, Tomellini E, et al. Epcr
expression marks Um171-expanded Cd34(+) cord blood stem cells. Blood (2017)
129:3344-51. doi: 10.1182/blood-2016-11-750729

frontiersin.org


https://doi.org/10.1016/j.exphem.2015.08.012
https://doi.org/10.1007/978-1-4939-9151-8_1
https://doi.org/10.1038/ni1454
https://doi.org/10.1016/S1074-7613(02)00472-7
https://doi.org/10.1038/leu.2009.135
https://doi.org/10.1038/44076
https://doi.org/10.1038/44164
https://doi.org/10.1038/s41586-020-3017-y
https://doi.org/10.1038/nrm.2017.94
https://doi.org/10.1073/pnas.1413383112
https://doi.org/10.1038/s41591-020-01182-9
https://doi.org/10.3389/fgene.2020.588602
https://doi.org/10.1182/blood-2010-04-280305
https://doi.org/10.1038/nm953
https://doi.org/10.1084/jem.20110447
https://doi.org/10.4049/jimmunol.180.7.4402
https://doi.org/10.1002/stem.2028
https://doi.org/10.1016/S0092-8674(02)00697-9
https://doi.org/10.1016/S0092-8674(02)00697-9
https://doi.org/10.1016/j.immuni.2011.06.013
https://doi.org/10.1016/j.cell.2006.06.052
https://doi.org/10.1038/leu.2010.104
https://doi.org/10.1038/s41586-020-2432-4
https://doi.org/10.1016/j.stemcr.2018.04.012
https://doi.org/10.1016/j.xpro.2020.100216
https://doi.org/10.1016/j.xpro.2020.100216
https://doi.org/10.1074/mcp.O111.016717
https://doi.org/10.1016/j.celrep.2017.03.019
https://doi.org/10.1016/j.cels.2020.11.006
https://doi.org/10.1016/j.cels.2020.11.006
https://doi.org/10.1371/journal.pbio.3001394
https://doi.org/10.1097/MOH.0000000000000647
https://doi.org/10.1038/nmeth.2847
https://doi.org/10.1182/blood-2016-11-750729
https://doi.org/10.3389/fonc.2023.1151343
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Unveiling the complexity of transcription factor networks in hematopoietic stem cells: implications for cell therapy and hematological malignancies
	1 Introduction
	2 Transcription factors
	3 Investigating the role of TF levels in the regulation of hematopoiesis and HSCs
	4 Context-dependent functions of TFs in the regulation of hematopoiesis
	5 Context-dependent expression of TFs in hematopoiesis
	6 Investigation of TF networks in HSCs
	6.1 Using cis-regulatory elements to explore TF networks in HSCs
	6.2 Using a protein-based approach to explore TF networks in HSCs
	6.3 Application of TF networks for HSCs derivation strategies
	6.4 The lesson we can learn from malignant cells for better cell reprogramming of adult HSCs

	7 Conclusion and perspective
	Author contributions
	Funding
	References


