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Abstract

It is now common knowledge that specific repertoires of transcription factors
(TFs) determine a cell’s protein content and thereby its phenotype. The expres-
sion of a given TF is not necessarily cell specific, and many TFs play a pivotal
role in several different cell types. For example, TAL1, FLI1, RUNX1, ERG and
GATA?2 are important regulators of stem cells, but also play a vital role in mega-
karyopoiesis. Although the megakaryocyte (MK) and its closest relative, the red
blood cell, share key TFs like GATA 1 and NFE2, the bifurcation between the two
lineages has been associated with pairs of TFs that act as a toggle switch (such
as FLI1 and KLF1). This chapter will summarise the current knowledge of key
transcriptional regulators of MK differentiation and how some of these TFs,
despite being expressed in several cell types, can impose MK cell identity. Since
the discovery of TPO in 1994, our knowledge of MK biology and differentiation
has increased exponentially, but we still lack a deep understanding of what trig-
gers the transition from MK growth and maturation to proplatelet formation. We
describe how some well-known TFs control the expression of proteins that play
a pivotal role in the dramatic cytoplasmic and cytoskeletal events that accom-
pany proplatelet formation. Finally, we show how TFs can be harnessed in a
powerful way to produce MKs and, potentially, platelets in vitro for future clini-
cal applications.
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2.1 Introduction

Although the role of platelets clearly extends well beyond their primary role in
homeostasis, the main symptom of thrombocytopenia (low platelet count) or platelet
dysfunction is bleeding. Human peripheral blood contains 150-450x 10° platelets/L,
and since platelets have a life span of 10 days, there is a substantial demand for con-
tinuous platelet production in the bone marrow (estimated to be around 10" platelets
per day). This process is tightly regulated, and the body has means to increase it
when more platelets are needed, for example, in the case of increased platelet con-
sumption following a haemorrhage or infection. All blood cells originate from mul-
tipotent haematopoietic stem cells (HSCs) that can self-renew and differentiate into
specialist cells. Platelets are derived from large polynucleated cells called the mega-
karyocytes (MKs) that are generated from HSCs. Although there is still a debate
whether MKs descend directly from the HSCs, a specific population of stem cells, or
go through the stage of a common myeloid progenitor first (see Sect. 2.2), we do
have extensive knowledge on the transcription factors (TFs) involved in enforcing an
MK cell fate. Once an MK has matured, it will ultimately release thousands of plate-
lets into the bloodstream. Despite researchers rather efficiently recapitulating the
process of MK formation and maturation from stem cells in the laboratory, we can at
present only harvest five to ten functional platelets per MK in vitro. It is possible that
these in vitro-derived MKs are not given the right environment to produce higher
numbers of platelets or that the in vitro-produced platelets are somehow activated
and therefore non-functional and lost from the final harvest. Alternatively, we may be
missing crucial cues in vitro for the final step of MK maturation or platelet forma-
tion. Therefore, the knowledge of the transcriptional regulation of MK differentiation
is extremely relevant in order to understand how platelets are produced and to ulti-
mately harness that knowledge and translate it into the efficient in vitro production of
platelets for clinical applications.

2.2 Haematopoietic Stem Cell Differentiation:
About Heterogeneity, Stochastic and Directed Fate
Decisions

The accepted central concept of “a stem cell” is that of a cell that possesses the abil-
ity to self-renew and is able to differentiate into lineage-restricted cells that become
increasingly specialised until they reach the terminally differentiated fully mature
cells. This concept was first demonstrated in the haematopoietic system in the 1950s
through mouse models of bone marrow transplantation. Low numbers of stem cells
could repopulate the bone marrow of a mouse with a compromised haematopoietic
system and regenerate all haematopoietic cell types. The multiple observations
resulting from this large body of work have produced strong support for a hierarchi-
cal model in which the long-term self-renewal potential of the HSCs is restricted
upon differentiation into lineage progenitors that will eventually produce the termi-
nally differentiated mature blood and immune cells [1].
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However, the advent of cell sorting technologies and single-cell assays has
allowed us to realise that even a well-defined HSC population is heterogeneous,
with each cell possessing specific differentiation patterns and self-renewal proper-
ties. Fascinatingly, these properties appear to be largely intrinsically stable within
the original HSC and its progeny (reviewed in [2]), although external stimuli (usu-
ally described under the blanket term of “niche”) can influence HSC behaviour
(reviewed in [3]). This heterogeneity of HSC has been brought to light specifically
in terms of MK differentiation by the demonstration by two independent groups of
a previously undescribed subpopulation of HSCs which is “primed” to preferen-
tially differentiate to the MK lineage [4, 5]. This suggests HSCs do not necessarily
need to go through the multipotent progenitor stage.

Despite a massive body of research into stem cell traits, the field is still divided
with regard to the mechanism triggering the cell to stop self-renewing and to com-
mit to a certain cell fate. There is obvious evidence for both a “directed” decision
(i.e. under the influence of both external stimuli and intrinsic cell characteristics)
and a stochastic process. However, a stochastic cell fate decision might only appear
to be so as a consequence of our current inability to look into the minute molecular
details of each individual cell in order to identify the probabilistic outcome of cell
differentiation. The orchestration of the outcome of differentiation is ultimately
driven at the cellular level by the precise arrangement of TFs in a given progenitor
which will trigger the expression of lineage-specific gene regulatory networks.

This paradigm is illustrated by the bipotent MK-erythroid progenitors (MEPs)
that can develop either into an erythroblast or an MK for which they need to switch
on a completely different gene repertoire. Erythrocytes reduce their cell size and
condense their nucleus, which is finally expelled. MKs on the other hand become
bigger, increase their DNA content, and form specific “granules”. Although the
demonstration that pairs of TF “switches” may regulate the MEPs cell fate decision,
the process by which the cell decides which TF to favour (and thereby the choice of
pathway) is still unclear.

2.3  Regulation of Gene Expression: Multilayer Complexity

Each cell of the body contains the same genetic information, whilst its specific func-
tion and identity are defined by the restricted protein set that it contains and thereby
its pattern of gene expression. Regardless of whether the cell fate decision is sto-
chastic or directed, it will be executed by changes in the gene expression profile of
the cell. The regulation of each protein concentration in a specific cell is subject to
a very complex multilayered regulation at the transcriptional, translational and pro-
tein structure levels. This includes epigenetic regulation which relates to the three-
dimensional organisation of the chromatin and its accessibility to DNA-binding
proteins that regulate gene transcription [6], non-coding RNA such as miRNA
(which regulate degradation of mRNA or repress translation) [7] and long non-
coding RNAs whose role in haematopoiesis (including erythroid/Mk maturation) is
gradually being uncovered [8]. For example, although the level of TFs involved in
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late MK differentiation and platelet formation (such as GATA1, FOG1, FLI1, TALI1,
RUNXI1 and NFE2) does not increase with polyploidisation, the transcripts of their
target genes are upregulated [9] indicating that several nonmutually exclusive
mechanisms (translational and/or post-translational regulation) might be at play. In
addition, a recent publication showed that an extra dimension is added to this tran-
scriptional regulation by the lineage-specific expression of different isoforms from
the same gene, conferring specific biological activity to the protein within a given
cell type in the haematopoietic tree [10]. The mechanisms underlying lineage-
specific alternative promoter use or splicing are still to be fully understood.
Intriguingly, recent studies have shown that whilst devoid of nuclei, platelets are
still endowed with gene expression control mechanisms including mRNA splicing
in response to external cues and effective RNA interference machinery associated
with miRNA expression [11, 12]. This chapter will, however, concentrate specifi-
cally on the role of TFs in MK differentiation and, ultimately, platelet production.
Expression of actively transcribed genes is generally initiated by binding of ubiq-
uitously expressed general TFs to the TATA sequence in the promoter of these genes.
This leads to the recruitment of the transcription machinery consisting of other regu-
latory cofactors and RNA polymerases [13]. Specificity is introduced by the tight
regulation of the expression of a repertoire of cell-type-specific TFs. These TFs rec-
ognise certain sequences in the DNA called motifs. These motifs are usually not long
and appear many times in the DNA. Whether a TF will bind to its motif depends on
the accessibility of the DNA and collaborative association with cofactors. To accom-
modate the large eukaryotic genome in the nucleus, the DNA is packed into chroma-
tin. It is organised in nucleosomes by histone proteins and repeating units of
nucleosomes make up the chromatin. The cell uses modifications of the histone pro-
teins to regulate the tightness of the packaging and thereby DNA access to TFs and
the transcriptional machinery. Interestingly, these modifications are inherited by
daughter cells and are thus one of the ways to regulate cell-type specificity [14].
Complexes of different TFs can bind a single DNA element inducing transcrip-
tional activation or repression depending on the constituents of the complex [15]
(Fig. 2.1). The crucial role of TFs in lineage specification from HSC to MK and sub-
sequent MK maturation is well documented [16], but the exact role that these TFs may
play in enabling MKs to form platelets is not as clear. Some evidence can however be
gleaned from existing data and will be discussed for individual key TFs in Sect. 2.5.
It was long thought that once a cell had gone down the path of differentiation, this
decision was irreversible. However, as early cell nuclei transfer experiments sug-
gested [17] and the birth of Dolly the sheep in 1996 spectacularly demonstrated, the
transfer of a somatic nucleus into an egg can reverse programme the cell back into
development to make it pluripotent. More recently, the discovery that this reversal of
a cell’s differentiation status (so-called reprogramming) can also be accomplished by
overexpression of four TFs (thereby creating an “induced” pluripotent stem cell)
earned Shinya Yamanaka a Nobel Prize [18]. It has become clear that overexpressing
key TFs can not only reprogramme a somatic cell into a pluripotent cell, but that a
somatic cell can be pushed into an alternative cell identity without necessarily going
through the pluripotent stage (lateral programming) and that a similar approach can
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Fig.2.1 Transcriptional regulation of gene expression. The specificity for spatio-temporal regula-
tion of gene expression is acquired by combinatorial binding of multiple transcription factors
(TFs). TFs and co-activators bind at the promoter of a gene proximal to the transcription start site
(TSS). The subsequent recruitment of the RNA polymerase-II and ubiquitous transcriptional
machinery factors will initiate transcription. Sets of TFs binding on a distal DNA element are
called cis-regulatory modules (CRMs). CRMs can be located several hundreds of kilobases (kb) or
even more away from the promoter and still function as enhancers/repressors of gene expression
through long-range DNA loop interaction. Gene expression is further regulated by the chromatin
structure (opened euchromatin and closed heterochromatin) guided by epigenetic modifications
involving histone modifications (e.g. acetylation and methylation of lysine residues on H3) and
DNA methylation on cytosine which ultimately controls accessibility of TFs to their DNA-binding
sequence. These mechanisms are illustrated here for the key megakaryocyte surface receptor gene
integrin alpha-2b (ITGA2B) based on ChIP-Seq data [206, 244]

force a pluripotent stem cell towards a specific stem cell fate (forward programming).
The latter has great potential for the generation of cells from patients (enabling dis-
ease modelling) or the production of cells for clinical use and will also be discussed in
the context of megakaryopoiesis and in vitro platelet production.

24  Making Platelets: The Megakaryocyte, Its Niche and Its
DNA Content

2.4.1 MK Specification and Differentiation
The main driver of MK differentiation is the binding of thrombopoietin (TPO) to its

receptor MPL [19]. The subsequent dimerisation of the receptor induces the auto-
phosphorylation of the Janus kinase 2 (JAK2). JAK2 phosphorylates a number of
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downstream substrates leading to the activation of multiple signalling pathways
including mitogen-activated protein kinases (MAPK), phosphoinositol-3 kinase
(PI3K) and signal transducers and activators of transcription (STATSs). The ultimate
effect of the activation of these signalling pathways is induction and repression of
gene expression and MK differentiation.

Besides TPO, other cytokines, chemokines and extracellular matrix proteins
influence megakaryopoiesis [20, 21]. Noteworthy is the residual level of platelets
(about 15%) in Tpo or Mpl knockout mice probably driven by the interaction
between the MK progenitor and the BM endothelial niche [22].

2.4.2 Triggers for Proplatelet Formation and Platelet Release:
The Little Bit We Do Know

As the process of platelet formation is still debated, so is the trigger for this process.
Although the role of TPO in MK maturation is undisputed, TPO seems dispensable
for platelet formation and maybe even inhibits this process [23, 24]. Removal of
growth factors commonly triggers cell death. Therefore, the dispensability of TPO
may be related to the fact that proplatelet formation has been described as a form of
compartmentalised caspase-dependent cell death. Overexpression of antiapoptotic
molecules (BCL2 and BCL2L1 [BclxL]) or reduced expression of proapoptotic mem-
bers of the BCL2 family (BCL2L11 [Bim]) reduces platelet formation by MKs [25—
27] as does pharmacological inhibition of caspases [28, 29]. A recent study confirmed
the central role played by BCL2L1 in platelet release from mature MKs, although in
this particular study, mice with combined deletion of both proapoptotic BAK1 and
BAX proteins showed no alteration of platelet formation [30]. Also, a lack of cas-
pase-9 or BCL2, in contrast to overexpression, does not seem to affect steady-state
platelet formation [31, 32]. Together, these studies suggest that proplatelet formation
does not require the activation of the intrinsic (mitochondrial) apoptosis pathway.
The location of the MK and interaction with its environment seem to be crucial
for platelet formation. It is known that the relocation of immature MKs from the
osteoblastic niche to the endothelial niche driven by chemotactic agents is essential
for maturation and platelet production [21]. Contact with bone marrow endothelial
cells (BMECs) induces further maturation and platelet formation [33]. The chemo-
kine CXCL12 (SDF1a) and growth factor FGF4 promote both MK migration and
interaction with the BMECs, thereby promoting platelet production [22]. Interestingly,
this interaction is enhanced by inflammatory cytokines, such as interleukin-1 beta
(IL-1B) [33, 34]. Furthermore, stimulation of the pro-inflammatory VEGFR1 path-
way leads to an upregulation of the CXCL12 receptor CXCR4 and increased in vivo
platelet formation [35]. These findings suggest that increased interaction between
MKs and stimulated endothelium is responsible for the thrombocytosis often
observed in inflammation [36]. It is also clear that when MK migration is impaired,
platelet formation is impaired too. This is true for Wiskott-Aldrich syndrome (WAS)
where actin polymerisation is disturbed [37] and for thrombocytopenia induced by
compounds like the kinase inhibitor dasatinib that decrease MK migration [38].
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In addition to this direct MK-to-endothelial cell contact, extracellular matrix pro-
teins influence proplatelet formation. Type I collagen inhibits proplatelet formation
through integrin olIfI [39]. Fibrinogen on the other hand promotes proplatelet for-
mation through interaction with glycoprotein IIB/IIIA (GPIB/IIIA, integrin
alIbP3). Mutations causing constitutive GPIIB/IIIA activation interfere with pro-
platelet formation and lead to the production of very large platelets (macrothrombo-
cytopenia) [40, 41]. There is also evidence that von Willebrand factor (VWF) binding
to the GPIB/V/IX complex regulates proplatelet formation, which may be the rea-
son for the macrothrombocytopenia observed in patients with Bernard-Soulier syn-
drome who suffer from a defect in the GPIB/V/IX complex [42]. Platelet production
seems therefore under control of several adhesive interactions between the MK, the
BM vasculature and the extracellular matrix. However, these do not trigger the pro-
trusion of the proplatelet extensions into the sinusoids. For this, one would expect
the presence of a compelling factor in the serum, which could be sphingosine
1-phosphate [43, 44].

2.4.3 MKDNA Content: Does Ploidy Really Matter?

Maturation of MKs is accompanied by successive rounds of DNA replication with-
out cytokinesis (endomitosis), resulting in large polyploid cells with a lobulated
nucleus. It has been hypothesised that polyploidisation is required to meet the
MK’’s vast need of protein synthesis and cell growth, as well as production of the
demarcation membrane system which provides extra cell membrane supply for
platelet formation [45]. This is supported by a study by Raslova et al. showing that
all alleles of a series of MK-specific genes in cells ranging from 4N to 32N are
functional and not epigenetically silenced [9]. However, a subsequent study, by the
same authors, showed that multiple genes involved in platelet formation and DNA
proliferation are regulated differently depending on ploidy levels [46]. Thus, spe-
cific gene regulatory processes are at work at different levels of ploidy to ensure
the MK develops into a platelet-producing cell. Indeed, murine MKs with high
ploidy have downregulated genes involved in DNA replication and upregulated
genes involved in cytoskeletal dynamics, cell migration, G-protein signalling and
platelet function [47].

Surprisingly, proplatelet formation is not strictly within the remit of the higher
ploidy MKs. Both in vivo and in culture 2N or 4N MKs form proplatelets [48—50],
and platelet numbers are similar in mouse backgrounds with different levels of BM
MK polyploidy [51]. Therefore, although some cytoskeletal (TUBB1, MYHY,
RACI1, RAPIB), transmembrane (GPIIIA, GPIBA and B) and signalling proteins
(LAT and SRC family kinases) known to be involved in proplatelet formation are
slightly more abundant in high-ploidy MKs, this appears not to affect platelet shed-
ding. However, instead of having an effect on its ability to produce platelets, the
ploidy level of an individual MK might influence protein content. Platelets originat-
ing from high-ploidy MKs might be more easily activated than platelets generated
from MKs with a lower ploidy [52].
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In keeping with the idea that platelet shedding is not necessarily coupled with
ploidy, genes regulating platelet production, such as nuclear factor erythroid-
derived 2 (NFE2, discussed below), are not involved in the regulation of polyploid-
isation [53], and inversely, genes that increase MK ploidy, such as cyclin D3
(CCND3), do not modify the platelet count [54].

2,5 Transcription Factors Controlling the Megakaryocyte
Cell Fate

2.5.1 The GATAs

2.5.1.1 GATA1 and GATA2

The six members of the GATA (globin transcription factor) family of TFs recognise
[5'-(A/T)GATA(A/G)-3'] motifs for which they are named [55]. The defining fea-
ture of this family is the presence of two highly conserved Cys4 zinc fingers. The
C-terminal finger binds DNA, whilst the N-terminal finger mediates the binding of
cofactors [56] and may be involved in stabilising DNA binding [57]. The GATA
N-terminal domain regulates target genes depending on the context of the cell type
through its binding to co-activators. Interestingly, genes that have low sensitivity to
GATA activation are more prominently affected by mutations affecting binding to
co-activators [58].

GATA1-3 are known as the haematopoietic GATA factors although they have
also been found to be expressed in other tissues. GATA3 is expressed in HSCs and
lymphoid cells, but not in MKs. Both GATA1 and GATA?2 are expressed in the
MK lineage, erythroid progenitors, eosinophils and mast cells. Importantly, GATA
factors are also endowed with pioneer activity — i.e. they can access their DNA
target sites in compact chromatin and presumably bind to the genome before the
binding of other factors, a phenomenon notably at play in the process of lineage
anticipation [59].

GATA?2 is essential for the appearance of early haematopoietic progenitor
cells [60]. It is part of the “stem cell heptad” (together with TAL1, LYL1, LMO2,
RUNXT1, FLI1 and ERG) defined by overlapping occupancy in chromatin immu-
noprecipitation (ChIP) experiments combined with deep whole genome sequenc-
ing (ChIP-Seq) in the mouse haematopoietic progenitor cell-7 (HPC-7) cell line
[61]. GATA2 is necessary for the early commitment to the red cell lineage.
Subsequent induction of GATA1 expression in the red cell lineage leads to a
rapid decrease of expression of GATA2 (the “GATA switch”) which is necessary
to achieve terminal red cell maturation [62]. In the red cell lineage, GATA1-
binding sites appear “de novo” in the maturing erythroblasts, whilst in MKs,
40 % of GATA1-binding sites correspond to sites already occupied by GATA?2 in
HSCs. These sites are enriched for TAL1 and strongly associated with gene
induction [63]. Unlike the red cell lineage, GATA2 expression is maintained
alongside GATA1 in the developing MKs with evidence that GATA2 can com-
pensate and reinforce MK identity in the absence of GATA1 [64, 65]. The
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GATA1- and GATA2-bound sites in mature MKs do not overlap, however, with
GATAL sites found mostly in platelet-specific genes (and enriched for ETS factor
motifs) and GATA?2 sites corresponding to genes expressed in stem cells that are
repressed in MKs [63].

GATAL is expressed primarily in mature cell types, including red cells and MKs.
GATAL deficiency leads to a complete block of erythroid maturation, but mega-
karyopoiesis is not completely absent, presumably due to some compensation by
overexpression of GATA2. However, GATA1 deficiency leads to a decrease in
ploidy and abnormalities of certain features that are characteristic of MK terminal
maturation (such as cytoplasmic granules) [66, 67]. Overexpression of some down-
stream targets of GATA1 can restore, at least in part, some of the MK phenotype:
cyclin D1 (CCND1) overexpression increases ploidy, but not cytoplasmic matura-
tion [68], whereas overexpression of signal transducer and activator of transcription
1 (STAT1) or IFN regulatory factor-1 (IFR1, its downstream effector) not only
increases DNA content but also expression of platelet-specific genes.

A key role for the regulation of MK-specific genes expression by GATAL1 is
illustrated by human pathologies: for example, a point mutation in a GATA-binding
site in the glycoproteinlB f subunit (GPIBB; CD42b) promoter proximal region
causes a form of Bernard-Soulier syndrome [69].

The GATAI gene locus is on the X chromosome (Xp11.23). X-linked muta-
tions of GATAI present with a wide range of phenotypes. Patients have bleeding
tendencies ranging in severity, associated in some instances, with red cell abnor-
malities. These patients show not only a decrease in the number of platelets, but
their platelets also lack key features such as alpha granules [70]. The variety of
phenotypes observed with GATAI mutation relates to whether the mutation
affects binding of GATA1 to the DNA itself or to cofactors such as FOG1 [71]
and TALI [72].

2.5.1.2 FOG1 and Other Partners of GATA1

Friend of GATA1 (FOG1, encoded by the gene ZFPM I on chromosome 16q24.2)
does not bind to DNA, but binds to GATA1 and GATA?2. It was originally identi-
fied as a GATA1 co-partner in yeast two-hybrid studies and shown to be a co-
activator of transcription for haematopoietic genes such as NFE2 and to play a
role in both erythroid and MK development [56]. This was confirmed in Fogl
knockout mice that die at mid-gestation with severe anaemia and absence of plate-
let production [73]. The loss of FOG1 leads to a decrease of GATA1 binding to its
DNA targets and, crucially, prevents the association of the GATA1/FOG!1 com-
plex with the nucleosome remodelling and deacetylase (NURD) complex. The
formation of the “GATA1/FOG1/NURD” complex leads to the efficient regula-
tion of gene transcription necessary to enforce the lineage commitment and cell
maturation [74, 75]. Loss of Fog! in a conditional Mx-Cre mouse model leads to
a much more extensive phenotype than the loss of Gatal using the same Mx-Cre
conditional approach. This is due to a deficient repression of Gata2 by GATA1
and a complete loss of erythroid/MK commitment in progenitors and a skewing
towards myeloid differentiation [76, 77]. Interestingly FOG1 can also inhibit
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GATA1-driven transcription at certain promoter sites, which is mediated by bind-
ing of FOGI to the corepressor C-terminal binding protein 2 (CTBP2) [78].
Overexpressing either wild-type GATA1 or a mutant GATA1V205G (which does
not bind FOG1) in an erythroid-MK cell line deficient in endogenous GATA1
(GIME), Chlon et al. showed that GATA1V205G bound to genomic regions dis-
tinct from those bound by wild-type GATA1. In particular, in the absence of
FOGI1, wild-type GATA1 was less likely to bind to promoter regions, more likely
to bind into regions of “closed chromatin” and less likely to bind to regions where
concurrent ETS factor (see Sect. 2.5.4)-binding motifs are found. Crucially, over-
expression of GATA1V205G failed to induce transcription of MK genes, but
instead led to overexpression of genes belonging to the myeloid lineage (particu-
larly mast cell genes). Therefore, binding of GATAI to its cofactor FOG1 main-
tains erythroid/MK lineage fidelity [79].

In addition to FOG1, GATA1 combines with other TFs such as leukaemia/
lymphoma-related factor (LRF, encoded by ZBTB7A), TAL1 and CBFA2T3 (core-
binding factor, runt domain, alpha subunit 2; translocated to 3, also known as
ETO2). Interestingly, the association of TAL1 with GATA1 is only seen at genomic
loci where GATAL acts as an activator not as a repressor [75]. CBFA2T3 acts as a
corepressor of GATA 1-bound genes. It is only expressed in immature MKs where it
presumably represses inappropriate early expression of a subset of genes expressed
in terminally differentiated MKs [80], and therefore Chfa2t3 knockdown promotes
MK maturation. ChIP-Seq studies have been carried out in primary murine cells in
order to look specifically at the erythroid/MK lineage bifurcation and have shown
some key features of GATA1 association with other TFs. GATA1-binding sites in
MKSs are mostly distinct to those seen in erythroblasts. The genomic region around
these GATA1-binding sites is enriched for ETS and RUNX motifs in the former,
whilst they are enriched for KLF1-binding motifs in the latter. Whilst clearly the
combination of GATA1 and FLII binding identifies genes that are actively tran-
scribed in MKs, the combination of GATA1 and ETS factor elements results in gene
silencing in the erythroid lineage [63].

2.,5.1.3 Down Syndrome and Megakaryopoiesis

Foetuses with trisomy 21 (Down syndrome) have haematological abnormalities
characterised by an expansion of MK-erythroid progenitors in the foetal liver during
the second trimester [81]. This expansion is dramatically increased in 5 % of chil-
dren with Down syndrome and develops into a transient clonal myeloproliferative
disorder (TMD) characterised by an expansion of immature MKs which often
undergoes spontaneous remission. This is the result of an acquired mutation on the
X chromosome resulting in the production of a shorter isoform of GATA1, so-called
GATATs [82]. GATAs lack the N-terminal transactivation domain and is normally
co-expressed with full-length GATA1 [83]. Mice that express Gatals only show
MK proliferation with maturation arrest in the prenatal period [84], which is thought
to be driven by the removal of the inhibitory activity of the GATA1 N-terminal
domain on E2F [85]. Down syndrome patients can develop a specific type of child-
hood megakaryocytic leukaemia (DS AMKL) that has a much better prognosis than
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other forms of AMKL. It is thought that it is the combination of GATA s with over-
expression of other genes (such as ERG, see Sect. 2.5.4.2) through the trisomy 21
that leads to DS AMKL.

2.5.2 TAL1

T-cell acute lymphocytic leukaemia 1 (TALL, also called as SCL) is a basic-helix-
loop-helix (bHLH) TF (encoded on chromosome 1p32). TALI functions as an obli-
gate heterodimer with the ubiquitously expressed bHLH TF E2A. It binds to its
consensus sequence, the so-called E-box (CANNTG). In red cells it functions in a
multiprotein complex, which also includes LMO2 (LIM domain only 2) and LIM
domain-binding 1 (LDB1). Depending on other factors recruited to this complex
(such as EP300, GFI1B, CBFA2T3 and KDM1A), it can function as an activator or
repressor of transcription (summarised in [86]). As mentioned above, TAL1 binding
in conjunction with GATA1 distinguishes active from repressed transcription sites.
Furthermore, evolutionary conserved association of E-box and GATA motifs sepa-
rated by 9-12 base pairs has been documented in regulatory regions of several ery-
throid/MK genes including GATA1 itself [67]. A study of TALI-binding sites in
primary mouse erythroid and MK cells has shown very distinctive patterns of bind-
ing, which is conferred by the state of the chromatin (active/inactive) and interac-
tions with other TFs, particularly GATA1. The phenomenon of lineage anticipation
was also clearly demonstrated in this study, with a significant number of MK genes
bound by TAL1 in mature MKs, already bound by TAL1 in the HPC-7 haematopoi-
etic progenitor cell line [87].

TALL is essential for the emergence of all haematopoietic lineages, which has
been demonstrated both in vivo (7all knockout mice die between embryonic day
8.5-10.5 due to a complete lack of blood formation) [88] and in vitro [89]. Although
TALT1 is necessary for the emergence of HSCs, the use of Mx-Cre and Tie2-Cre
conditional models has shown that TAL1 is dispensable for the maintenance of
long-term repopulating stem cells and their multipotency, but is absolutely required
for differentiation of the erythro-MK lineage [90, 91]. Knockdown of TAL1 trans-
lates into a lack of proliferation, polyploidisation and cytoplasmic maturation of the
MKs and a reduced platelet number [92]. One of the targets of TALI is the cell-
cycle regulator cyclin-dependent kinase inhibitor 1A (CDKNIA, p21) which is
overexpressed upon knockdown of TAL1 expression [92]. Crucially, knockdown of
CDKNI1A in TALI-mutant MKs restores the endomitotic cell-cycle progression,
but only partially restores the cytoplasmic maturation necessary for the production
of fully functional platelets. Thus, other targets of TAL1 are also responsible for the
defects in these late stages of MK maturation. One of these targets may be myocyte
enhancer factor 2C (MEF2C), as mice lacking MEF2C in the haematopoietic lin-
eage have reduced numbers of platelets with larger size and abnormal shape and
granularity [93].

Other TAL1-interacting proteins include epigenetic modifier enzymes such as
LSD1 (histone 3 lysine 4 demethylase), HDAC1 and HDAC2 (histone deacetylases)
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and the corepressor molecule CoREST [94]. CoREST (REST corepressor 1,
encoded by the RCORI gene) was recently identified as part of a genome-wide
association study as a locus linked to platelet count in humans [95], and its role in
haematopoietic lineage specification has been recently confirmed in a zebrafish
model [96].

2.5.3 RUNX1

2,5.3.1 RUNX1 and Haematopoiesis

RUNXI (runt-related transcription factor 1, aka AMLI) is a member of the RUNT
family of TFs and together with its cofactor core-binding factor, beta subunit
(CBFB ) represents the most common mutational target in human acute leukaemia.
RUNXI1 plays an essential role in definitive HSC emergence from the aorta-gonad-
mesonephros region during embryogenesis [97]. Therefore complete absence of
RUNXT1 in mice is embryonic lethal [98]. However, using a murine Mx-Cre condi-
tional system which allows the deletion of Runx! from adult haematopoiesis, a
clear role for RUNX1 was shown for the development of lymphocytes and MKs,
whilst myelopoiesis and HSC function were preserved [99], similar to what is
observed for TAL1. Runx! deletion resulted in the accumulation of small immature
MK progenitors within the bone marrow and a marked decrease in polyploidisation
and cytoplasmic development of MKs, similarly to what is observed for GATA1
deficiency.

2.5.3.2 Familial Platelet Disorder/AML

The complex role of RUNX1 in MK differentiation is illustrated by the autoso-
mal dominant human syndrome familial platelet disorder with propensity to
develop acute myeloid leukaemia (FDP/AML) in which germline heterozygous
RUNXI mutations lead not only to thrombocytopenia but also to impaired plate-
let function, in addition to a high risk for the development of myelodysplasia
and leukaemia [100]. In MKs cultured from FPD/AML patients’ stem cells,
expression of non-muscle myosin is perturbed with persistent expression of
MYHI10 (non-muscle myosin IIb) and decreased expression of MYL9 and
MYHO9 (non-muscle myosin Ila) [101, 102]. Actin and myosin control branch-
ing of the proplatelet elongations and MYH9 alongside its regulator RHOA
(RAS homolog family member A) restrain platelet formation. Consequently,
mutations that reduce myosin Ila activity such as seen in the MYH9-related
May-Hegglin syndrome lead to inappropriate platelet shedding causing macro-
thrombocytopenia [103, 104]. MYHI1O0 specifically localises to the contractile
ring separating the cell during mitosis, and its silencing by RUNX1 contributes
to the transition from mitosis to endomitosis as the MKs mature [105]. Thus,
RUNXI regulates key constituents of the MK and platelet cytoskeleton and
thereby affects features of late megakaryopoiesis such as polyploidisation and
platelet formation.
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2.,5.3.3 RUNX1 in Partnership

The role of RUNX1 in megakaryopoiesis is a perfect illustration of how TFs are part
of a network of regulatory proteins with differential effects depending on the cel-
lular stage and crucially other TF partners. One publication analysed the dynamics
of gene expression regulation during megakaryopoiesis using three cell line models:
the erythroleukaemia K562 cell line, K562 cells induced towards the MK lineage
using 12-O-tetradecanoylphorbol-13-acetate (TPA) and the megakaryoblastic CMK
cell line, which reportedly represents a more mature MK type than the K562 cell
line. Although the results have to be interpreted with caution due to the use of cell
lines, the authors report that constitutive RUNX 1-binding sites (i.e. present in K562
cells prior to induction) were enriched for GATA 1 motifs, whilst in the TPA-induced
K562, de novo RUNX1-binding sites regulating the expression of MK-specific
genes were enriched for the AP1 complex binding motif. In the CMK line, looking
at genes more specifically expressed in the later stages of MK differentiation (such
as RAB27B), the authors showed enrichment for the ETS binding motif. They
therefore proposed a model whereby RUNXI1 controls early MK differentiation
genes in collaboration with GATA1, whilst for genes which are more typically
expressed in later stages, RUNXI regulation is effected in collaboration with FOS/
JUN family members and ETS TFs [106]. Another example of how RUNXI1 can
regulate the expression of the same gene, but with different partners, is exemplified
by the analysis of the promoter for myeloproliferative leukaemia (MPL, virus onco-
gene, the TPO receptor) where RUNXI interacts with the SIN3A corepressor com-
plex in haematopoietic stem and progenitor cells, whilst it forms a complex with the
transcription activator EP300 (E1A-binding protein p300) on the same promoter in
MKs [107]. The co-occupancy of RUNX1 and EP300 on the promoter region of
multiple key MK genes was later confirmed in a genome-wide ChIP-Seq study
using primary murine MKs [108].

2.5.4 ETS Factors

2541 FLI

The E26 transformation-specific (ETS) family of TFs contains more than 20 helix-
loop-helix domain TFs. Friend leukaemia virus integration 1 (FLII, encoded on
chromosome 11g24) is involved in several types of malignancies such as Ewing’s
sarcoma in humans [109] and erythroleukaemia in mice [110]. Evidence for its
contribution to haematopoiesis comes from knockout mice. These mice die at day
11.5 of embryogenesis of cerebral bleeds caused by a lack of vascular integrity. In
those animals, megakaryopoiesis was clearly affected with an increase in MK
forming colonies, accompanied by the production of small MKs that lack expres-
sion of maturity markers [111]. Forced expression of FLI1 induces MK differentia-
tion in K562 cells [112], and the overexpressed FLI1 binds to MK-specific gene
promoters such as the promoter of ITGA2B (GPIIB, see Sect. 2.4.2) where it acts
in synergy with GATA1 and FOGI1 [113]. Inducible deletion of FLI1 in the
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haematopoietic compartment showed a marked increase in bipotent MEPs, which,
in colony assays, were biased towards the erythroid compartment [114]. This
observation is consistent with the concept that FLI1 and EKLF act as a toggle
switch in MEPs each favouring differentiation towards the MK or erythroid lin-
eage, respectively [115].

A lack of FLI1, however, does not seem to affect early commitment to the MK
lineage as the number of ITGA2B-positive early MKs was only marginally
decreased in knockdown studies [111]. It has in fact been shown that FLI1 acts in
tandem with another ETS family TF GABPA (GA-binding protein TF alpha sub-
unit). GAPBA is composed of a DNA-binding a-subunit and a 3-subunit responsi-
ble for nuclear localisation. As MK maturation progresses, the ratio of FLI1/GABPA
increases. In keeping with this observation, GABPA regulates expression of early
MK genes (including ITGA2B and MPL), whilst FLII binds to both early and late
(GPIBA, GP9 [both part of the von Willebrand factor receptor complex GPIb-V-1X]
and PF4 [platelet factor 4]) MK genes [116].

The key role of FLII in the terminal differentiation of MKs is illustrated in the
Paris-Trousseau syndrome, an inherited disorder associated with an 11q chromo-
some deletion with thrombocytopenia and an increased tendency to bleed.
Hemizygous loss of FLI1 due to the deletion underlies the disease [117]. Patients
show a maturation block with microMKs on BM smears and typical abnormal gran-
ule formation [117, 118].

25.4.2 ERG

ERG (v-ets avian erythroblastosis virus E26 oncogene homolog) is another member
of the ETS protein family and is the most closely related to FLI1. In the multipotent
murine HPC-7 line, ERG genome-wide occupancy paralleled that of FLI1 [61].
Studies of ERG mutant mice have shown that it is essential for the establishment of
definitive haematopoiesis and stem cell maintenance as well as production of plate-
lets [119]. ERG is a well-known oncogene: its expression level correlates with bad
prognosis in myeloid leukaemias. In murine stem cells, ERG overexpression leads
to both lymphoid leukaemia and myeloid leukaemia with erythromegakaryocytic
characteristics [120, 121].

ERG is encoded by a gene on chromosome 21q22.3 and has been implicated in
the development of DS AMKL. In a mouse model, overexpressed ERG was shown
to synergise with GATA s to potentiate the expansion of foetal MK-erythroid pro-
genitors [122]. These mice went on to develop frank leukaemia by 3 months of age.
In a separate study, Erg overexpression was found to immortalise haematopoietic
stem cells expressing Gatals, but not full-length Gatal [123]. Interestingly ChIP-
Seq profiling in haematopoietic cells overexpressing Erg identified potential thera-
peutic targets such as the PIM1 kinase. PIM1 inhibition could potentially be used to
treat leukaemias when the leukaemic blasts overexpress ERG [121]. AKT is overex-
pressed in DS AMKL, and it has been recently shown that AKT-induced MK apop-
tosis is inhibited by both ERG and GATA1s and that in fact GATAls block MK
differentiation induced by AKT and sustain long-term proliferation, which makes
the AKT pathway another potential target for therapy in DS AMKL [124].
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2.5.43 ETVe

ETS variant 6 (ETV6, also called TEL) is another ETS family TF which is fre-
quently rearranged and fused to other partners in chromosomal translocations seen
in leukaemia. Although 7el knockout mice die of vascular malformations by day 11
post-fertilisation, blood formation in the embryo is largely unaffected [125].
However, in an inducible 7el knockout mouse model, deletion of 7el in the stem cell
compartment using Mx-Cre resulted in a dramatic decrease of the HSCs content in
the bone marrow, with a gradual recovery from the cells where the floxed allele was
not excised. This indicates an absolute requirement for TEL in the maintenance of
adult haematopoietic stem cells. Noticeably, following Mx-Cre induction, mature
blood cells were unaffected except for a dramatic drop in the platelet count. In keep-
ing with this observation, excision of 7el in the MK-erythroid compartment using
Cre expression driven by the Gatal promoter had no effect on red cell production,
but again caused a drop in the platelet count >50 %. This was accompanied by an
increase in MK forming colonies, suggesting that TEL plays a role in MK matura-
tion rather than lineage commitment [126].

255 EVIl

Ecotropic virus integration site 1 (EVI1) is a member of the SET/PR domain family
of TFs, and it contains a total of ten zinc finger motifs organised in two discrete
domains, located at the N terminus and towards the C terminus, comprising seven
(ZF1) and three (ZF2) repeats, respectively, which have distinct DNA-binding spec-
ificities [127].

The first evidence that EVI1 plays a role in megakaryopoiesis comes from patients
with myeloid leukaemias. The MECOM locus on chromosome 3, encoding EVI1, is
implicated in translocations in 4-6% of all AML cases. These so-called 3q21926
syndrome leukaemias present with particular dysmorphic MKs and an elevated
platelet count. This is thought to be caused by inhibition of cyclin A-dependent
kinase inhibitor 2 (CDK?2) expression mediated by the abnormal expression of EVII1
[128]. EVII is expressed in haematopoietic progenitor cells and MKs. Cell line
experiments have shown that EVII regulates expression of MK-specific genes.
Ectopic expression in the human megakaryoblastic UT-7/GM cell line changes these
cells into polynuclear large cells that express PF4 [129]. Knockdown of EVII in
K562 cells reduces ITGA2B and ITGB3 expression after TPA treatment [130].

The evidence is further strengthened by animal models. Evi/ knockout mice die
by day 10.5 of gestation due to widespread hypocellularity of the paraxial mesen-
chyme and haemorrhages. Conditional knockdown in Evil Mx-Cre mice has shown
that EVII is essential for both embryonic and adult stem cell maintenance and
repopulating activity. Lineage commitment appears conserved, but after Cre activa-
tion the mice developed mild thrombocytopenia and showed delayed platelet recov-
ery after SFU administration [131]. The role of EVI in stem cell (and MK) biology
may be mediated through the expression of GATA2 and RUNXI1, which are both
regulated by EVI1 [132, 133].
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Further evidence that EVI1 transcriptional regulation plays a key role in mega-
karyopoiesis comes from whole exome sequencing showing that a mutation creat-
ing an EVII-binding site in the promoter of the RNA-binding motif protein 8A
(RBM8A) gene underlies the thrombocytopenia with absent radii (TAR) syndrome
[134]. In 80 % of a cohort of TAR patients, a single nucleotide polymorphism (SNP)
was discovered in the 5’"UTR of RBMS8A. The SNP increases binding of EVI1 and
leads to a reduction of transcription of RBMS8A and the encoded protein Y14. TAR
patients have low numbers of MKs in the BM, which seem to have a maturation
defect [135]. In addition there is some evidence that platelet function may be abnor-
mal in these patients [136—138]. Therefore, one might speculate that EVI1 regula-
tion of RBM&A is crucial for late MK differentiation.

2.5.6 NFE2 and Related Transcription Factors

2.5.6.1 NFE2

NFE2 was first identified as a transcriptional regulator in erythroblasts where it
binds to the B-globin locus in a region that contains the core symmetric AP-1 motif
TCAT/C to which dimers of JUN and FOS subfamily proteins are bound. NFE2 is
an obligate dimer between a large 45KDa subunit specifically expressed in haema-
topoietic cells (p45 NFE2, encoded on chromosome 12) and a choice of smaller,
widely expressed, 18 KDa subunits belonging to the MAF family (p18). MAFK is
the prominent p18 expressed in erythroblasts, whilst MAFG and MAFF predomi-
nate in MKs, which may dictate the binding site preference on DNA sequences and/
or p45 NFE2 activity [139]. Remarkably p45 Nfe2 knockout mice display a mild
dyserythropoiesis, but completely lack circulating platelets. This is despite an
apparent increased number of MKs in the BM [53]. It was therefore proposed that
NFE2 acts as a regulator of proplatelet formation by promoting the final stage of
maturation of MKs to the point where they are capable of platelet shedding. NFE2-
deficient MKs can be grown in vitro in response to TPO, but are unusually large,
and have a disorganised demarcation membrane and granules which are small and
sparse indicating a late maturation block [140]. Knocking out MafG phenocopies
the findings in the p45 Nfe2 knockout mice, confirming its specific role in mega-
karyopoiesis [141].

Overexpression of NFE2 has been reported in patients with all three subtypes of
myeloproliferative neoplasms, independent of the presence or absence of the
JAK2V617F mutation [142, 143]. When expressed ectopically in BM cells, NFE2
also influences earlier stages of MK differentiation and allegedly enhances in vivo
platelet production. However, transplantation of NFE2 overexpressing cells only
accelerated platelet production and did not lead to an increase in the maximum level
or total number of platelets detected in recipient blood [144].

The apparent role of NFE2 in proplatelet formation might be explained
through the function of some of its direct transcriptional targets such as tubulin 1
(TUBBL1) [145], RAB27b [146], caspase 12 (CASP12) [147] and HSD3B1 (3-beta-
hydroxysteroid dehydrogenase) [148]. Tubb 1 knockout mice have thrombocytopenia
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with spherical platelets [149], and a mutation in TUBBI has been identified in a
patient with congenital macrothrombocytopenia [150]. Mice with deficient RAB
signalling have macrothrombocytopenia with few granules and abnormal MK mor-
phology, and RAB27B may coordinate granule transport during proplatelet forma-
tion [146]. Nfe2 null MKs fail to bind to fibrinogen in response to platelet agonists
indicative of a defect in the signalling leading to activation of GPIIB/IIIA, and,
similarly, CaspI2 null platelets have a defect in GPIIB/IIIA which is a well-doc-
umented positive regulator of proplatelet formation [151]. Finally, HSD3B1 (an
enzyme implicated in oestrogen metabolism) rescues proplatelet formation in Nfe2
null MKs [148]. The authors conclude that MKs may secrete autocrine estradiol
that regulates proplatelet formation. Additional studies have shown that oestrogens
can induce MK differentiation [152, 153], but to our knowledge this has not been
successfully applied to increase in vitro platelet formation.

2,5.6.2 BACH1 and BACH2

The NFE2 heterodimer binds to MARE (musculoaponeurotic fibrosarcoma onco-
gene recognition), a cis-regulatory element that can be bound by a variety of het-
erodimers consisting of MAF and p45-related proteins such as BACH1 (BTB and
CNC homology 1) and BACH2, both of which are repressors of transcription.
BACH]1 (encoded on chromosome 21q22) is expressed in both the erythroid and
MK compartment. In murine models, a lack of BACHI does not affect platelet
counts, but when Bachl is overexpressed specifically in the erythroblasts and MKs
using the Gatal promoter, the mice showed thrombocytopenia, very similar to the
Nfe2-deficient mice (including a defect in proplatelet formation), but without an
effect on erythroid differentiation [154]. In this particular study, the authors showed
that target genes of NFE2 (such as thromboxane A2 synthetase) were bound by
BACHI and their levels of expression reduced. Overexpression studies are difficult
to interpret, but the authors propose that relative levels between p45 NFE2 and
BACHI may act as a rheostat favouring either erythroid or MK development.

2.5.7 SRF and MKL1

Serum response factor (SRF) is a ubiquitously expressed TF part of the MCM1-
Agamous-Deficiens-SRF (MADS) family of TFs. SRF binds to CArG sites, the
so-called serum response elements, which control more than 150 targets, including
genes of the cytoskeleton [155]. Extracellular stimuli can activate SRF through two
main signalling pathways: the MAP-kinase pathway through members of the ter-
nary complex factor (TCF) such as ELK1, SAPI and SAP2 and the small GTPase
pathways (Rho family members such as RHO, RAC and CDC42) via two main
cofactors from the myocardin-related family, megakaryocytic leukaemia transloca-
tion 1 (MKLI, also called MAL) and MKL2 (MAL16). MKL1 was originally
described as part of an in-frame translocation t(1,22)(p13;q13) which fuses MKL1
(encoded on chromosome 22q13) with the protein RBM15 (also called OTT) and is
frequently found in acute megakaryoblastic leukaemias occurring de novo in infancy
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or in children older than 1 year, but only occasionally in Down syndrome patients
[156-158]. MKL1 activity is regulated by its subcellular localisation. MKL1 binds
to monomeric actin (G-actin) which traps it into the cytoplasm. Upon actin poly-
merisation and formation of F-actin, the pool of G-actin is depleted which promotes
MKL1 nuclear localisation [159]. MKL1 expression increases during MK differen-
tiation [160], and its nuclear localisation increases in response to TPO or upon stim-
ulation of the RhoGTPase activation [161, 162].

Srfknockout mice fail to form mesoderm and therefore die early in development.
However specific deletion of Srf in the MK compartment using a PF4-Cre system
leads to macrothrombocytopenia with accumulation of abnormal low ploidy early
MK progenitors. Mkll knockout mice also display thrombocytopenia [160, 163]
although with a phenotype that is less severe than the one observed in Srf knockout
mice, probably relating to a compensating role of MkI2 [164].

In both cases, SRF and MKL1 depletion resulted in alterations in cytoskeletal
proteins resulting in abnormalities of MK and platelet ultrastructures and functions.
Matrix metalloproteinase 9 (MMP9) and MYLO9 are both directly regulated by
MKL1, and through dysregulation of the expression of these two proteins, MKL1
deficiency leads to abnormalities of cell migration and proplatelet formation,
respectively [161]. MKL1 has also an effect on MK polyploidisation, through dys-
regulation of RhoA. MK polyploidisation is dependent on RhoA inhibition [165].
RhoA activity is regulated by guanine exchange factors (GEFs) such as ECT2 and
GEF-HI. Both of these GEFs are downregulated during MK polyploidisation: the
first endomitotic division (from 2N to 4N) requires low levels of GEF-H1, whilst
subsequent endodivisions require low levels of ECT2. MKL1 null MKs express
persistently high levels of GEF-HI preventing polyploidisation, reflected in the
increase in 2N immature MKs found in the bone marrow of these mice [166].

Of note, RBM15, the other partner involved in the t(1,22) megakaryoblastic leu-
kaemias, is an RNA-binding protein, probably involved in transcriptional regula-
tion. RBM15 has been shown to play a role in megakaryopoiesis in its own right.
Rbm15 conditional knockout mice show an increase in the myeloid and MK com-
partment [167]. RBM15 also plays a role in stem cell quiescence by controlling the
production of an alternative dominant-negative isoform of the TPO receptor [168].

2.5.8 NFAT

The nuclear factor of activated T-cell (NFAT) family of TFs plays a role in a multi-
tude of developmental pathways including in the haematopoietic system. Calcineurin
is a calcium-dependent phosphatase which, upon a sustained rise in intracellular
calcium, dephosphorylates NFATs, which allows their entry into the nucleus. The
two main NFATSs expressed in MKs are NFATC1 and NFATC2 [169]. Calcium entry
into MKs in response to collagen, for example, has been shown to induce calcineu-
rin/NFATs [170]. It is thought that NFATSs negatively regulate megakaryopoiesis in
two ways. First is the downregulation of cell cycling and induction of apoptosis.
Pharmacological inhibition of calcineurin with cyclosporin A leads to
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thrombocytosis in mice with accumulation of MKs showing an increase in cell
cycling driven by enhanced transcription of CDK4 and G1 cyclins [171]. Second,
NFATs have been shown to increase expression of FAS ligand (FASLG) on the
surface of MKs, increasing apoptosis in the MKs and bystander cells expressing
FAS [170].

Interestingly, NFATs may also be implicated in the pro-inflammatory role of
platelets. FASLG expression on the surface of platelets has been shown to modulate
inflammatory target cells [172]. The regulation of the expression of FASLG on
platelets is effected through NFATC2, but modulated by another TF, namely, early
growth factor 1 (EGR1) [173]. EGRI itself has been shown to play a role in mega-
karyopoiesis including the regulation of the expression of the platelet signal trans-
duction protein G, [174].

The NFAT pathway appears to be involved in several MK pathologies. Two
genes known to inhibit calcineurin (DSCRI and DYRKIA) are situated on Chr21
and are overexpressed in Down syndrome, probably contributing to the develop-
ment of the Down syndrome-associated TMD and AMKL [175, 176]. This was
confirmed in a mouse model where overexpression of a single copy of Dscr! repro-
duced the results obtained with cyclosporin A inhibition of calcineurin [171].
NFATs are also implicated in myeloproliferative diseases. FKBPS5, another calci-
neurin inhibitor, was found to be upregulated in myelofibrosis [177]. Furthermore,
in one patient with essential thrombocythaemia, a three-way translocation which
created a breakpoint in NFATC2 was identified possibly contributing to the overp-
roliferation of MKs [178].

2.5.9 MEIS1 and Its Regulator GFI1B

Myeloid ecotropic viral integration site 1 (MEISI) belongs to the TALE class of
homeodomain TFs, characterised by three amino acid loop extensions between the
a-helices of its homeodomain. It interacts with other homeodomain proteins, in
particular PBX1 (pre-B-cell leukaemia homeobox 1) forming a DNA-binding het-
erodimer and cooperatively associates with HOX homeodomain proteins (such as
HOXADY9). MeisI knockout mice are embryonically lethal due to impaired vasculo-
genesis and haematopoiesis alongside limb and eye defects [179].

MEIS1 plays a key role at the stem cell/progenitor stages, promoting appearance
of definitive haematopoiesis and cellular self-renewal [180, 181]. However, MEIS 1
expression is also maintained specifically in the MK lineage [182]. Overexpression
studies have shown a MEIS I-driven induction of a MK transcriptional programme
[183] and a skewing towards the MK lineage rather than erythroid development
[181]. The embryonic lethality and haemorrhages observed in the MEIS1-deficient
animals are attributed to a defect in the separation of lymphatic from the blood ves-
sels secondary to a complete lack in the production of platelets [184].

Further evidence of the role of MEISI in the production of platelets was found in
a GWAS study which identified the existence of a variant in a binding site for
MEISI in the gene DNM3 associated with the regulation of platelet count and
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volume [95]. This MEIS1 binding site falls within a region acting as an alternative
promoter for DNM3 solely used in MKs [185]. DNM3 has since been confirmed as
a key regulator of proplatelet formation [186].

The transcriptional repressor growth factor independence (GFI) has a clearly
documented role in maintaining stem cell homeostasis [187], and its homolog
GFI1B has been shown to play a role in the emergence of both erythroid and MK
lineages in the foetal liver [188]. GFIIB and its cofactors lysine (K)-specific
demethylase 1A (LSDI1, encoded by the KdmlIA gene) and rest corepressor 1
(RCORI) have been identified in ChIP-Seq studies as key regulators of MeisI [189].
The evidence that GFI1B plays a role in MK maturation has been recently further
exemplified with the identification of a mutation creating a dominant-negative form
of GFI1B leading to an autosomal dominant form of gray platelet syndrome [190].

2.5.10 MYB

MYB (myeloblastosis viral oncogene homolog, encoded on chromosome 6q22) clearly
plays arole in megakaryopoiesis, but essentially at the early progenitor stage. Complete
knockdown in the mouse leads to embryonic lethality due to a lack of red cell produc-
tion. However, in a murine model where the level of MYB activity has been reduced to
10% of normal rather than abolished, animals can reach adulthood and present with
anaemia accompanied by a marked thrombocytosis [191]. Erythroid maturation is
impaired due to failure to progress from the BFU-E to erythroblasts stage due to inhibi-
tion of the KIT receptor and persistence of “stem cell”-like TFs such as GATA2 and
FLII [192]. Analysis of the MK compartment, however, shows an increase in the pro-
liferation of early progenitors, but low levels of c-Myb are still permissive of full MK
maturation therefore leading to thrombocytosis. Interestingly, in dual Gatallow
Myblow mice, the reduction in MYB only partially rescues the thrombocytopenia due
to GATALI deficiency, showing clearly separate, nonoverlapping roles for both TFs
[193]. Recently, it was shown that one mechanism through which MYB drives ery-
throid versus MK differentiation is by the transactivation of miR-486-3p expression
resulting in the downregulation of MAF (NFE2 subunit) [194].

2.5.11 Itls All About Networking

Although it is clear that the TFs described above play a role in MK differentiation,
the level of complexity as to how they regulate gene expression is way beyond their
individual function (Fig. 2.2) . Several of the TFs discussed above have been shown
to interact with each other to regulate megakaryopoiesis, possibly in a linear hierar-
chy. For example, GATA1, GATA2 and TALI have been shown to regulate NFE2
[195, 196]. TF biology has to be understood in the context of networks where each
TFs will bind with a series of partners that will influence not only its DNA-binding
characteristics but also its effect on transcription, i.e. activation or repression as is the
case for the regulation of MPL transcription by RUNX1 (see Sect. 2.5.3.3) or the
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Fig. 2.2 Transcription factors (TFs) and downstream targets regulating megakaryocyte (MK)
differentiation. MKs differentiate in the bone marrow from the common erythroid and MK pro-
genitor (MEP), which is derived from the myeloid differentiation arm of the haematopoietic stem
cell (HSC). The two TFs KLF1 and FLII act in the MEP as master switches to drive erythroid and
MK commitment, respectively. Late MK differentiation involves endomitosis, cytoplasmic matu-
ration and proplatelet formation which are accompanied by a progressive journey from the bone
marrow to the vascular niche where platelets are released into the circulation upon contact with the
endothelial layer of the sinusoids. The MK differentiation wheel depicts the TFs (purple, obligate
cofactor in brown) shown to play a role in these processes and the identified downstream targets
performing this role (peripheral circles; green and red indicate positive and negative regulation,
respectively, by the associated TF). Coloured surfaces represent the differentiation stages the tran-
scription factors have been implicated with. Further details can be found in the main text

selective binding of TAL1 to active GATA1 TF complexes (see Sect. 2.5.2) described
above [107, 197]. In addition, TFs regulate not only expression of other partners with
which they cooperate and physically associate but also their own expression levels.
Even ubiquitously expressed TFs can regulate proteins specific for a given cell type
probably through interactions with cell-type-specific transcription regulators, as a
recent study for the ubiquitous TFs SP1 and SP3 indicates. SP1 and SP3 were shown
to regulate proteins important for terminal MK maturation and platelet production
and function [198]. Several approaches have been taken in order to get a glimpse of
how these networks are organised, usually combining cellular data with bespoke
statistical tools and in silico algorithms. One group took the approach of looking at
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genome-wide expression arrays in 38 distinct populations of human haematopoietic
cells and identified 80 “modules” of highly co-expressed genes. A small number of
these modules were used specifically within a certain cell type, but most were
“reused” across multiple lineages reflecting functional requirement for certain path-
ways in various cell states. TFs were also found to belong to certain “modules”, some
of which were already known to play a regulatory role in the given cell state (e.g. a
late erythroid module contains GATA1 and forkhead box O3 [FOXO3]) alongside
novel TFs for the specific cell state (nuclear factor I/X [NFIX] and myelin transcrip-
tion factor 1 [MYTI] in the case in point). In silico analysis of putative TF motifs
found in the promoter regions of genes belonging to certain modules combined with
expression levels of TFs in each cell state allowed the design of putative hierarchical
networks responsible for a cell state and subsequent transition of one cell type to the
other [199]. Another group used a more functional approach by directly measuring
TF activity using lentiviral vectors where luciferase expression is driven by a
TF-dependent responsive element. This approach enables us to build a dynamic pic-
ture of several TF activities during differentiation. This particular approach was used
in K562 cells that were subsequently differentiated towards the red cell or MK lin-
eage using hemin or TPA (aka PMA), respectively, recording TF activity for GATA1
and GATA2, FLI1, NFE2, MYB, TAL1 and SPI1 (spleen focus forming virus provi-
ral integration oncogene 1, aka PU1). This data was used to build regulatory net-
works using bespoke software. The results, for example, confirmed the mutually
activating interaction between TAL1 and GATA1 [200].

To add to this layer of complexity, just like other proteins, the level of expression
of TFs is only one of the multiple facets by which cell fate is controlled. TF activity is
also regulated by cell signalling. One of the prime examples of this is the phosphory-
lation of the STATs and MAP kinases in response to TPO, downstream of MPL and
JAK?2. The discovery by different groups in 2005 of a JAK2V617F mutation present
in 50 % of patients with essential thrombocythaemia (ET) emphasised the importance
of the JAK?2 signalling pathway in MK growth and the production of platelets [201—
203]. There is evidence that not only MK growth but also the last steps of maturation
are altered in ET. One study showed that culture-derived MKs from patients with ET
had an increased ability to form proplatelets and that the number of proplatelet form-
ing MKSs in culture correlated with the platelet count in the patient from whom the
MKSs were derived [204]. This has also been observed in a knock-in Jak2V617F
mouse model of ET where higher phosphorylation of STATs and ERK1/2 was dem-
onstrated in bone marrow-derived MKs leading to altered expression profiles [205].

2.6 Gene Regulation: A Gateway into New Biological
Discoveries

The advent of new generation sequencing and techniques such as ChIP allows us to
identify where TFs bind in the genome (Fig. 2.3). As TF binding tends to cluster on
sites that are critical for gene regulation, looking at multiple TFs simultaneously
greatly improves the ability to infer biological relevance from a binding event. In a
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TF study technologies

Next-generation sequencing

Chromatin immunoprecipitation (chir-seq)
whole genome gene expression (arrays, RNA-seq)
Long range chromatin interaction (ChIA-PET)
Knock-down/expression technologies (RNAT, vectorology)
Genetic engineering (Talen, CRISPR/Cas9)
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In vitre platelet production
Forward programming
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Fig. 2.3 The study of transcription factors (TFs) in megakaryocytes (MKs). The main technolo-
gies allowing the deciphering of gene regulatory networks and their control by TFs are indicated.
Moving towards a better understanding of molecular mechanisms underlying the MK identity and
platelet generation could be ultimately applied to improve in vitro platelet production for clinical
development in transfusion medicine

published study, we looked at simultaneous binding of GATA1, GATA2, RUNXI1,
FLI1 and TAL1 in primary human MKSs [206]. In keeping with the existence of TF
networks that collaborate to regulate gene expression, simultaneous binding of all
five in a given genomic region was particularly enriched, i.e. it occurred far more
than would be expected by chance. The five TF-binding sites identified 151 “candi-
date” genes, some of which are already known to play a key role in megakaryopoi-
esis, whilst others are not. If one envisions a temporal hierarchy of TFs, it is likely
that, amongst the list of genes for which expression is putatively controlled by these
five TFs, there are proteins that are crucial in particular for the latter stages of MK
maturation, including platelet formation. This is illustrated by the fact that, for
seven out of nine genes selected from the 151 targets genes and not previously
known to play a role in MKs, there was a clear thrombocyte phenotype upon mor-
pholino knockdown in zebrafish. Just as the genes identified in the study described
above are now the subject of ongoing research, regulators of the very late stages of
thrombopoiesis, in particular of the proplatelet formation process will potentially be
revealed by studies centred on additional genes that are controlled by TFs that have
got a clear effect on proplatelet formation (such as NFE2).
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The tumbling costs of sequencing also allows us to look into far more detail at
the genetic events that might underlie inherited platelet disorders. In particular,
whereas most sequencing studies of pedigrees have in the past focused on exomes,
non-coding regions (containing putative regulatory motifs) are now sequenced on
an unprecedented scale (www.genomicsengland.co.uk/the-100000-genomes-
project). TAR and the GATA-binding-related Bernard-Soulier syndrome may be
only two of a series of inherited disorders where the causative mutation lies not in a
coding, but in a regulatory region of the genome. Understanding how these genetic
variants can lead to disease will further inform our knowledge of how MK matura-
tion is controlled at the transcriptional level.

The same reasoning applies to the understanding of how genetic variations affect
gene transcription in healthy individuals. A recent GWAS study identified 68 loci
associated with platelet count and volume [95]. Nine of these genes have TF activ-
ity, but are completely novel in the context of megakaryopoiesis. These novel fac-
tors may regulate genes that affect how platelets are formed.

2.7  Transcription Factors and the “Making” of Platelets
for Clinical Use

2.7.1 The Clinical Need for Platelets Produced in the Laboratory

Thrombocytopenia in patients can be caused by bone marrow failure (inherited and
acquired, such as post-cancer treatment) or peripheral bleeding (trauma or surgery),
which potentially leads to life-threatening haemorrhages. Treatment relies on trans-
fusion of ABO and rhesus D-matched platelet concentrates from voluntary dona-
tions [207]. The increase in high-dose cancer therapy, advanced surgical procedures
and the ageing population has led to a rising demand for platelets with over 4.5
million platelet units transfused per year in Europe and the United States [208].
Platelet transfusion refractoriness in chronically transfused patients and multipa-
rous women necessitates the provision of HLA class 1-matched platelet units,
sourced from genotyped recallable donors. The dependence on donations combined
with the short shelf life of platelet concentrates (5—7 days) represents a logistical,
financial and biosafety challenge for health organisations worldwide.

2.7.2 Harvesting Platelets from In Vitro-Produced MKs

Universally the platelet harvest from in vitro-derived MKs has been in single figures
[209], whilst MKs in vivo are estimated to produce thousands of platelets per cell
[210, 211]. Maximising platelet production in vitro from these MKs will be a condi-
tion without which production of platelets on the scale necessary for a clinically rel-
evant product (each platelet concentrate contains 3x 10" platelets) will remain a
dream. The apparent shortfall in platelet formation might be due to our inability to
re-create the niche signal (including shear) necessary for efficient proplatelet
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formation and platelet release, although several approaches using 3D bioreactors have
been published to that effect [212-214]. It is also worth mentioning that the evidence
that platelets released in vitro are functional has been gathered using descriptive rather
than quantitative assays with usually no comparison to platelets freshly isolated from
donors. One way to address this issue is to functionally analyse the platelet progeny
from in vitro-produced MKs in a mouse transplantation model. Nonobese diabetic-
severe combined immunodeficient-IL-2 receptor gamma knockout (NSG) mice com-
pletely lack an immune system, which makes them tolerant to human cells [215]. In
vitro-grown MKs can be transplanted into irradiated NSG mice and have been shown
to produce functional platelets that can be readily detected and functionally analysed
by flow cytometry. Although some claim that platelet production happens in the first
moments post-MK injection (seemingly in the lung vasculature), the particles detected
are clearly heterogeneous, with a significant proportion of “platelets” not expressing
the CD42 receptors [216] raising the question whether these particles represent cell
debris. We have shown, however, that as from day 3 post-transplantation, a homoge-
neous population of human platelets appears in the murine peripheral blood, express-
ing both ITGA2B (CD41) and GP9 (CD42a) and showing the expected response to
agonists [217]. Until we have mastered the production of platelets in vitro, the mouse
transplantation model probably remains the most reliable way to interrogate the func-
tionality of the platelet progeny from in vitro-cultured MKs.

2.7.3 Developmental Differences in Megakaryocytes
and Platelets: Embryos Are Not Adults

The development of the haematopoietic system during embryogenesis, the foetal in
utero period and after birth has been studied in detail. “Primitive” haematopoiesis
first arises in the yolk sack and is followed by the emergence of “definitive” HSCs in
the aorta-gonad-mesonephros region, the colonisation of the foetal liver by the hae-
matopoietic system and finally, in the late stage of foetal development, the emer-
gence of the bone marrow as the principal site of haematopoiesis [218]. The evidence
that the transition from foetal to adult haematopoiesis is relevant to megakaryopoie-
sis is exemplified by clinical observations. TMD, characterised by a transient expan-
sion of cells with megakaryoblastic features (see Sect. 2.5.1.3), is seen exclusively in
the foetal/neonatal period in some children with Down syndrome. Patients with
thrombocytopenia with absent radii (TAR) present in the neonatal period with skel-
etal abnormalities and low platelet count. The thrombocytopenia associated with
TAR however often corrects in the first year of life, although for some patients, the
correction can be only partial and occur much later on in life [219].

Understanding the differences in foetal and adult thrombopoiesis has also direct
therapeutic implications. The lag time of platelet recovery following cord blood
transplantation in comparison to transplantation with stem cells derived from adult
donors is much longer. This is a prime example of the difference between neonatal
and adult megakaryopoiesis and results in a much longer period of time during
which patients are depending on platelet transfusions.
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These differences are also found at the cellular level. It is well known that precur-
sors isolated from the bone marrow have a higher proliferative potential when cul-
tured in vitro for MK production [220, 221]. Also, neonatal MKs are smaller and
have a lower ploidy than adult MKs (similar to what is seen for hPSC-derived MKs)
[222]. Differences between foetal and adult MKs have also emerged at molecular
level which may explain some of the cellular features and clinical findings described
above. GATA1 was shown to be overexpressed in CB-MKs compared to adult-
derived MKs, which also correlated with increased response to TPO through the
mTOR pathway [85]. The increase level of GATA1 in foetal MKs might explain the
hypersensitivity of neonatal MKs to GATA1 mutations that underlie TMD.

2.7.4 MKs and Platelets from Human Pluripotent Stem Cells

Human pluripotent stem cells (hPSCs) can be maintained in vitro whilst retaining the
capacity to differentiate towards virtually any cell type upon adequate stimulation
[223-225]. The in vitro production of platelets from genetically defined hPSC lines
could revolutionise transfusion medicine by providing a controllable source of plate-
lets [226]. Moreover, platelets are anucleate corpuscles that do not proliferate, thus
allowing irradiation of the final transfusion product. This represents a marked safety
advantage over other hPSC-derived cell therapies where there is an oncogenic risk
associated with the chance of administering partially differentiated progenitor cells.

Two types of protocols are in existence to produce MKs from hPSCs. The first
relies on external signals provided by cytokines or stromal cells to mimic embry-
onic development and direct sequential differentiation of hPSCs into MKs, a pro-
cess designated as “directed differentiation” (DD) [227-231]. These protocols are
impaired by a lack of efficiency, low purity of the MKs and often rely on serum and
xenogenic feeder cells. Use of serum or xenogenic feeders can present major regula-
tory issues for the production of a clinical-grade product. The emergence of the
knowledge that cell identities can be manipulated by enforcing expression of spe-
cific TFs [232] has led investigators to explore the potential of “forward program-
ming” hPSCs towards the MK lineage. Forced expression of GATA1 or TAL1 alone
in haematopoietic progenitors has been shown to bias differentiation towards MK
and erythroid fates [233, 234]. Accordingly, exogenous expression of TALI in
human embryonic stem cells has been reported to promote haematopoiesis and
megakaryopoiesis [235, 236]. More recently, the combinatorial expression of TAL1
with GATA2 was found to induce a haemogenic endothelial phenotype biased
towards erythro-MK differentiation from hPSCs [237]. Proceeding from a methodi-
cally curated list of candidate genes, we found that the minimal combination of
GATAL, FLI1 and TAL1 results in the highly efficient production of MKs from an
array of hPSC lines in chemically-defined serum-free conditions and with minimum
cytokine input [238]. None of these three TFs by itself or a combination of two
could efficiently induce forward programming and impose MK identity to hPSCs.
The proof of the power of the synergistic effect of key transcriptional controllers on
cell fate is exemplified by the fact that forward programmed MKSs using these three
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TFs are >90 % pure, can be cryopreserved, maintained and amplified in vitro for up
to 90 days exceeding a 100,000-fold cell yield. Gene expression arrays showed the
acquisition of a genuine MK phenotype at the whole genome level and notably the
appropriate expression of all key MK TFs and effectors discussed above.

Whilst very close phenotypically and at whole genome expression level to MKs
derived from primary neonatal haematopoietic progenitors, MKs generated from
hPSCs showed a distinct expression signature reminiscent of the “foetal MK profile”
regardless of the method of production (directed differentiation or forward program-
ming) [239]. Bluteau et al. showed that this translated into functional differences in
particular a reduction in the rate of proplatelet formation in the hPSC-derived MKs.
Whether this foetal MK signature has functional consequences on their platelet prog-
eny is unknown. Recent studies in mice showed an extended life span of neonatal
platelets and the existence of low ploidy platelet-forming MKs in the early embryo
evocative of hPSC-derived MKs [240, 241]. There are also numerous studies on the
function of platelets in newborns versus adult platelets (reviewed in [242]) which
indicate that differences do exist, although the results are not consistent and the jury is
still out as to the clinical significance of these differences. In the future, the manipula-
tion of the TF expression pattern could become a powerful approach to control devel-
opmental phenotype switches in MKs produced from different stem cell sources.

2.7.5 Disease Modelling

Beyond the production of platelets for clinical use, the development of protocols to
generate large amount of MKs from hPSCs has opened new avenues of research in
disease modelling. hPSCs can be readily derived from patients’ cells that carry spe-
cific mutations identified through genetic studies of pedigrees with inherited platelet
disorders. The emergence of genome-editing technologies such as transcription
activator-like endonucleases (TALENs) and Cas9/clustered regularly interspaced
short palindromic repeats (CRISPR) also offers the opportunity to introduce spe-
cific mutations in the genome of an hPSC line from which the phenotype and MK
output are known using a specific differentiation protocol. The latter approach has
the advantage to eliminate potential bias of interpretation due to inter-donor cell line
variability [243].

2.8 Concluding Remarks

Our knowledge of the key TFs that regulate megakaryopoiesis has grown exponen-
tially over the last 20 years. This has in part been driven by the analyses of the
phenotype of murine models where TFs have been knocked down or overexpressed,
quite often initially designed to study other cells than MKs (e.g. haematopoietic
stem cells). Another important driver has been the advent of sequencing technolo-
gies (first Sanger sequencing followed by new generation sequencing), which has
allowed us to identify mutations in TFs in pedigrees of human patients with
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inherited platelet disorders. MKs represent only 0.01 % of the cells in the bone mar-
row, and it is only since TPO was discovered 20 years ago that we have been able to
culture MKs in sufficient quantities to carry out the detailed cellular studies of how
these TFs confer cell identity and which specific biological processes they control
in the maturing MK. More recently, techniques such as ChIP-Seq have allowed us
to get a glimpse of the true complexity of transcriptional regulation of the MK,
which cannot be understood without putting each individual TF within large regula-
tory networks that interact with each other in order to confer cellular specificity on
gene transcription. It is clear that understanding gene transcription in the MK will
be key to unlock how specific cellular processes such as proplatelet formation are
controlled which, in turn, will have great bearing on our ability to, at some point in
the future, produce MKs and platelets in vitro for clinical use.
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