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Summary. Cell type-specific transcription factors regulate
the repertoire of genes expressed in a cell and thereby
determine its phenotype. The differentiation of mega-
karyocytes, the platelet progenitors, from hematopoietic
stem cells is a well-known process that can be mimicked in
culture. However, the efficient formation of platelets in
culture remains a challenge. Platelet formation is a
complicated process including megakaryocyte maturation,
platelet assembly and platelet shedding. We hypothesize that
a better understanding of the transcriptional regulation of
this process will allow us to influence it such that sufficient
numbers of platelets can be produced for clinical
applications. After an introduction to gene regulation and
platelet formation, this review summarizes the current
knowledge of the regulation of platelet formation by the
transcription factors EVI1, GATAI, FLI1, NFE2, RUNXI,
SRF and its co-factor MKLI1, and TALI. Also covered is
how some platelet disorders including myeloproliferative
neoplasms, result from disturbances of the transcriptional
regulation. These disorders give us invaluable insights into
the crucial role these transcription factors play in platelet
formation. Finally, there is discussion of how a better
understanding of these processes will be needed to allow for
efficient production of platelets in vitro.

Keywords: megakaryocyte, platelet formation, thrombocy-
topenia, transcription factor.

Introduction

Platelets are the second most abundant cell in the blood.
They monitor blood vessels for damage. Upon injury they
initiate blood clotting and contribute to vessel wall repair.
On the flip side of the coin platelets cause thrombosis
when too many and/or hyperactive platelets cause vessel
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occlusion, leading to heart attacks or strokes. Each day
about 10'" platelets are formed from their precursor cells,
the megakaryocytes (MKs).

The hematopoietic system and its lineage decisions have
been characterized in some detail. Transcription factors
are key regulators of these decisions. Over the last decade
a lot of progress has been made in identifying the factors
involved in the differentiation of the bipotent megakaryo-
cyte-erythroid progenitor (MEP) from hematopoietic stem
cells (HSCs) in the bone marrow (BM). Also, factors
involved in the lineage bifurcation into committed early
erythroid or megakaryocytic cells have been identified,
making it possible to model MK /erythroid differentiation
[1]. Changes in the transcriptional program responsible
for maturation of early MKs into cells that shed platelets
are less clear. This review summarizes our current knowl-
edge of the transcriptional regulation of the final stages
of MK maturation and platelet formation. We discuss
how dysregulation may lead to platelet disorders. Finally,
fields of research that hold promise for improving our
understanding of MK maturation and platelet formation
are touched upon.

Gene regulation

Each cell of the body contains the same genetic informa-
tion. Cell function and identity are defined by the genes
that each cell expresses. Expression of actively transcribed
genes is generally initiated by binding of ubiquitously
expressed general transcription factors to the TATA
sequence in the promoters of these genes. This leads to
the recruitment of the transcription machinery consisting
of other regulatory co-factors and RNA polymerase [2].
Specificity is introduced by the tight regulation of the
expression of a repertoire of cell type-specific transcrip-
tion factors. These transcription factors recognize certain
sequences in the DNA called motifs. These motifs are
usually not long and appear many times in the DNA.
Whether a transcription factor will bind to its motif
depends on the accessibility of the DNA. To accommo-
date the large eukaryotic genome in the nucleus the DNA
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is packed into chromatin. It is organized in nucleosomes
by histone proteins and repeating units of nucleosomes
make up the chromatin. The cell uses modifications of the
histone proteins to regulate the tightness of the packaging
and thereby DNA access to transcription factors and the
transcriptional machinery. Interestingly, these modifica-
tions are inherited by daughter cells and are thus one of
the ways to regulate cell type-specificity [3].

Complexes of different transcription factors can bind a
single DNA element, inducing transciptional activation or
repression [4] (Fig. 1). Depending on the constituents of
the complex it may act to activate or repress transcrip-
tion. The crucial role of transcription factors in lineage
specification from HSC to MK and subsequent MK mat-
uration is well documented [5], but the exact role that
these transcription factors may play in making MKs spe-
cifically capable of platelet formation is not as clear.
Some evidence can, however, be gleaned from existing
data and is discussed below after introducing some essen-
tial cell biology concepts that are particular to megak-
aryocytes and platelet formation.

The specificity for spatio-temporal regulation of gene
expression is acquired by combinatorial binding of multi-
ple transcription factors [6]. Transcription factors and co-
activators bind at the promoter of a gene proximal to the
transcription start site. Recruitment of RNA polymerase
will initiate transcription. Sets of transcription factors
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 [7]. Looping of
the DNA allows the CRM to interact with the factors

_ Several hundreds kb or more

bound at the promoter and to considerably enhance/
repress transcription [8,9].

Megakaryopoiesis and platelet formation

Signals that promote megakaryopoiesis

The main driver of MK differentiation is the binding of
thrombopoietin (TPO) to its receptor MPL [10]. The sub-
sequent dimerization of the receptor induces the auto-
phosphorylation of the janus kinase 2 (JAK2). JAK2
phosphorylates a number of downstream substrates, lead-
ing to the activation of multiple signaling pathways,
including mitogen-activated protein kinases (MAPK),
phosphoinositol-3 kinase (PI3K) and signal transducers
and activators of transcription (STATs). The ultimate
effect of the activation of these signaling pathways is
induction and repression of gene expression and MK dif-
ferentiation.

Besides TPO, other cytokines, chemokines and extracel-
lular matrix proteins influence megakaryopoiesis [11,12].
Noteworthy is the residual level of platelets (about 15%)
in Tpo or Mpl knock-out mice, probably driven by the
interaction between the MK progenitor and the BM
endothelial niche [13].

Platelet formation

Platelet  assembly in  proplatelets  and  platelet
shedding Maturation of MKs is accompanied by
successive rounds of DNA replication without cytokinesis
(endomitosis), resulting in large polyploid cells with a
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Fig. 1. Schematic representation of how a cis-regulatory module can enhance transcription.
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lobulated nucleus. Concurrently, the MK matures into a
cell that contains all the machinery necessary for platelet
function. Secretion granules appear in the cytosol, which,
in addition to many constituents found in other cells, also
contain platelet-specific proteins that promote coagulation
and vessel repair. MK maturation is also accompanied by
the expression of cell surface receptors that allow platelet
adhesion and aggregation.

These cytoplasmic and membrane constituents ulti-
mately need to be packaged into the small anucleate
platelets before they are shed into the circulation. A
widely accepted model for platelet assembly and shedding
is the proplatelet model. BM MKs develop multiple
branched extensions that protrude into the marrow sinu-
soids, where their terminal buds are released into the cir-
culation [14]. The extensive network of demarcation
membrane formed during MK maturation may serve as a
reservoir of membrane for proplatelet formation [15].
Dynamic organization of tubulin and the sliding of
microtubules past one another are essential to the elonga-
tion of the proplatelet branches and the accumulation of
granules in the buds [16,17]. In keeping with this observa-
tion, disruption of the MK-specific TUBBI (B1-tubulin)
in mice, dogs and human patients leads to macrothromb-
ocytopenia [18-20]. Actin and myosin control branching
of the proplatelet elongations and MYH9 (myosin Ila)
alongside its regulator RHOA restrains platelet forma-
tion. Consequently, mutations that reduce myosin Ila
activity, such as seen in the MYH9-related May-Hegglin
syndrome, lead to inappropriate platelet shedding, caus-
ing macrothrombocytopenia [21,22]. Recently, the ITIM-
containing receptor G6b-B was implicated in proplatelet
formation. Knock-down of G6b-B results in macrothrom-
bocytopenia which was shown to result, at least partly,
from aberrant integrin signaling disrupting cytoskeletal
remodeling [23].

Release of MK fragments with proplatelet characteris-
tics into the circulation has been observed in vivo in mice
[24]. However, as the actual release of platelets from these
proplatelets has not been observed as such, some claim
that proplatelet formation is an artefact and propose an
alternative hypothesis where platelets are formed by cyto-
plasmic fragmentation of the MK [25].

Triggers for platelet assembly and shedding 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
[26,27]. 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 compartmentalized caspase-
dependent cell death. Over-expression of anti-apoptotic
molecules (chiefly BCL2 and BCL2L1 [BcelxL]) or reduced
expression of proapoptotic members of the BCL2 family
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(BCL2L11 [Bim]) reduces platelet formation by MKs [28—
30], as does pharmacological inhibition of caspases
[31,32]. A recent study confirmed the central role played
by BCL2LI 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 [33]. Also, a
lack of caspase-9 does not affect steady-state platelet
formation [34]. These two studies from the same group
suggest that the intrinsic (mitochondrial) apoptosis
pathway is dispensable for platelet formation.

Location of the MK and interaction with its environ-
ment seems 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 che-
motactic agents is essential for maturation and platelet
production [12]. Here, contact with bone marrow endothe-
lial cells (BMECs) induces further maturation and platelet
formation [35]. The chemokine CXCLI12 (SDF1) and
growth factor FGF4 promote both MK migration and
interaction with the BMECs, thereby promoting platelet
production [13]. Interestingly, this interaction is enhanced
by inflammatory cytokines, such as ILIB (interleukin-1
beta) [33,34]. Furthermore, stimulation of the pro-inflam-
matory VEGFRI1 pathway leads to an up-regulation of
the CXCL12 receptor CXCR4 and increased in vivo plate-
let formation [36]. These findings suggest that increased
interaction between MKs and stimulated endothelium is
responsible for the thrombocytosis often observed in
inflammation [37]. It is also clear that in diseases where
MK migration is impaired, such as Wiskott-Aldrich syn-
drome (WAS) where actin polymerisation is disturbed,
have impaired platelet formation [38]. The same is true for
thrombocytopenia induced by compounds such as Dasati-
nib that decrease MK migration [39].

In addition to this direct MK-to-endothelial cell con-
tact, extracellular matrix proteins also influence proplat-
elet formation. Type 1 collagen inhibits proplatelet
formation through integrin olIfI [40]. Fibrinogen, on the
other hand, promotes proplatelet formation through gly-
coprotein IIB/IITA (GPIIB/IIIA; integrin olIbf3). Muta-
tions causing constitutive GPIIB/IIIA activation interfere
with proplatelet formation and lead to the production of
very large platelets (macrothrombocytopenia) [41,42].
There is also evidence that von Willebrand factor (VWF)
binding to the GPIB/V/IX complex regulates proplatelet
formation, which may be the reason for the macro-
thrombocytopenia observed in patients with Bernard-Sou-
lier syndrome who suffer from a defect in the GPIB/V/IX
complex [43]. Platelet production seems therefore under
the control of several adhesive interactions between the
MK, the BM vasculature and the extracellular matrix.
However, these do trigger the protrusion of the proplat-
elet extensions into the sinusoids. For this, one would
expect the presence of a compelling factor in the serum,
which could be sphingosine 1-phosphate [44,45].
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Uncoupling of polyploidization from terminal differentiation
and proplatelet formation

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 [46—48] and platelet num-
bers are similar in mouse backgrounds with different BM
MK ploidy [49]. Therefore, although some cytoskeletal
(TUBBI, MYHY9, RACI and RAPIB), transmembrane
(GPIIIA, GP1BA and B) and signaling 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 shedding. However,
instead of having an effect on its ability to produce plate-
lets, the ploidy level of an individual MK might influence
protein content. Platelets originating from high ploidy
MKSs might be more easily activated than platelets gener-
ated from MKs with a lower ploidy [50].

It has been hypothesized that polyploidization is
required to meet the MK’s vast need for protein synthesis
and cell growth. This is supported by a study by Raslova
et al. [51] showing that all alleles of a series of MK-spe-
cific genes in cells ranging from 4N to 32N are functional
and not epigenetically silenced. However, a subsequent
study by the same authors showed that multiple genes

Cytoplasmic
maturation

involved in platelet formation and DNA proliferation are
regulated differently depending on ploidy levels [52].
Thus, specific gene regulatory processes are at work at
different levels of ploidy to ensure the MK develops into
a functional platelet-producing cell. Indeed, murine MKs
with high ploidy have down-regulated genes involved in
DNA replication and up-regulated genes involved in cyto-
skeletal dynamics, cell migration, G-protein signaling and
platelet function [53].

In keeping with the idea that platelet shedding is not
necessarily coupled with ploidy, genes regulating platelet
production, such as NFE2 (nuclear factor [erythroid-
derived 2], discussed below), are not involved in the regu-
lation of polyploidization [54], and inversely, genes that
increase MK ploidy, such as CCND3 (cyclin D3), do not
modify the platelet count [55].

Transcription factors implicated in late megakaryocyte
differentiation and related diseases

Specific transcription factors implicated in late MK differen-
tiation and abnormalities causing disease are summarized in
Fig. 2. Transcription factors that have been implicated in the
cell fate decision from stem cell to megakaryocyte or in the
early phase of megakaryopoiesis only will not be discussed.
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Fig. 2. Summary of the transcription factors and downstream targets implicated in different stages of thrombopoiesis.
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Late MK differentiation involves endomitosis, cytoplas-
mic maturation and proplatelet formation. Depicted are
the transcription factors (black) shown to play a role in
these processes and, if identified, their downstream targets
(grey) performing this role. Some of these also affect
platelet function. The arrow indicates in which stages the
transcription factors have been implicated (blue, strong
evidence; grey, weak evidence).

GATA1/2 and Bernard-Soulier syndrome, X-linked
thrombocytopenia and acute megakaryoblastic leukemia

GATA1 (GATA-binding factor 1) and GATA?2 are zinc-
finger transcription factors. Both bind to a common co-
factor ZFPM1 (FOGI; friend of GATA 1). GATALI is
highly expressed in erythroid cells, mast cells and MKs.
Although GATA2 plays a role in the maintenance of
early multipotent stages of hematopoiesis, it is also
expressed in MKs and there are indications that GATA2
may have an overlapping function with GATA1 [56]. A
lack of GATAI in the MK lineage leads to decreased
polyploidization and a lack of cytoplasmic maturation [57
—59]. Restoration of the levels of genes targeted by
GATAL, such as CCNDI (cyclin D1), increases MK size
and DNA content in Gatal knock-out MKs, but does
not rescue expression of late MK genes or proplatelet for-
mation [59]. In contrast, ectopic expression of STATI (or
its downstream effector IRF1) not only induces polyploi-
dization, but also enhanced expression of a subset of
platelet-specific genes. In keeping with this concept, a
point mutation in a GATA-binding site in the GPI/BB
promoter proximal region causes a form of Bernard-Sou-
lier syndrome [60], illustrating the link between GATAI1
and expression of a typical marker of mature MKs.
Mutations in GATAI are causative for a number of
human disorders, further illustrating its central role in
megakaryopoiesis [61]. In X-linked thrombocytopenia,
missense mutations that decrease its affinity for ZFPM1
or its DNA-binding ability not only affect the number
but also the maturation of MKs. In addition, the few
platelets that are eventually produced have an abnormal
size and contain few alpha granules. GATAI is also
implicated in the development of acute megakaryoblastic
leukemia (AMKL). AMKL can be separated into three
subtypes: pediatric AMKL, either associated with Down
Syndrome (DS-AMKL) or not, (non-DS-AMKL) and
adult AMKL. Apart from having a very different clinical
prognosis (DS-AMKL has generally a much better prog-
nosis than the other two), each differs in its genetic
abnormality. DS-AMKL, in particular, is associated with
somatic mutations in the GATAI gene, which universally
leads to the expression of a truncated form called
GATAIls. GATAIs overlaps in its function with GATAI
in that it allows for commitment to the MK lineage, but
does not allow full maturation of the MK. This leads to
marked expansion of MK progenitors. It is believed that
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this is the mechanism that leads to a pre-leukemic tran-
sient myeloproliferative disorder (TMD) present in 4—
10% of newborns with DS. TMD is characterized by an
expansion of immature Mks, but subsequently often
undergoes spontaneous remission. The development of
DS-AMKL requires additional hits to the trisomy 21 and
GATAIls mutations. For example, over-expression of
ETS family transcription factors such as ERG (a tran-
scription factor of early megakaryopoiesis [62]) can
immortalize GATAIls cells, but not cells expressing full-
length GATAL [63].

RUNX1 and familial platelet disorder with propensity to
develop acute myeloid leukemia

RUNXI (AMLI1) is a member of the RUNT family of
transcription factors and together with its cofactor
CBFB (core-binding factor, beta subunit) represents the
most common mutational target in human acute leuke-
mia. RUNXT1’s essential role in HSCs is illustrated by
the fact that emergence of all definitive hemopoiesis out
of the aorto-gonadal-mesonephros during embryogenesis
is prevented in mice that completely lack RUNXI1. Con-
ditional knock-out studies also show a fundamental role
for RUNXI in megakaryopoiesis, with a marked
decrease in polyploidization and cytoplasmic develop-
ment of MKs, similar to what is observed for Gatal.
The complex role of RUNXI1 in MK differentiation is
further illustrated by the autosomal dominant human
syndrome familial platelet disorder with propensity to
develop acute myeloid leukemia (FDP/AML), in which
germline heterozygote RUNXI mutations lead not only
to thrombocytopenia, but also to impaired platelet func-
tion. In addition, FDP/AML patients also carry a high
risk of development of myelodysplasia and leukemia.
Platelets from these patients have abnormal expression
of, amongst others, the TPO receptor [64] and MYL9
(myosin light chain 9) [65]. In MKs cultured from these
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 MYH9 (non-muscle myosin IIa) [66]. Silencing of
MYHI10 by RUNXI contributes to the transition from
mitosis to endomitosis, as in immature MKs MYHI10
specifically localizes to the contractile ring separating the
cells [67]. Thus, RUNXI regulates constituents of the
MK and platelet cytoskeleton and thereby late megak-
aryopoiesis and platelet formation.

FLIT and Paris-Trousseau syndrome

Friend leukemia virus integration 1 (FLI1) and another
member of the family of ETS transcription factors,
GABPA (GA binding protein transcription factor, alpha
subunit), seem to act in tandem in MKs. As MK matura-
tion progresses, the ratio of FLI1/GABPA increases. In
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keeping with this observation, GABPA regulates expres-
sion of early MK genes (including GPIIB and the TPO
receptor MPL) whilst FLI1 binds to both early and late
(GPIBA, GPIX, PF4 [platelet factor 4]) MK genes [68].
This is clearly illustrated by the Paris-Trousseau syn-
drome, an inherited disorder associated with 11q chromo-
some deletion with thrombocytopenia and an increased
tendency to bleed. FLII hemizygous loss due to a deletion
underlies the disease. Patients show a maturation block
with microMKs on BM smears and typical abnormal
granule formation [69,70].

Tal1

Conditional knock-out studies of TAL1 (T-cell acute lym-
phocytic leukemia 1, SCL) in the hemopoietic lineage
have shown a specific decrease of red cell and MK pro-
duction [71]. Knock down of TALI translates into a lack
of proliferation, polyploidization and cytoplasmic matura-
tion and reduced platelet numbers but not platelet func-
tion in MKs [72]. One of the targets of TALI1 is the cell
cycle regulator CDKNIA (cyclin-dependent kinase inhibi-
tor 1A, p21), which is over-expressed upon knock down
of TALI expression. Crucially, knock down of CDKNIA
in TALI-mutant MKs restores the endomitotic cell-cycle
progression, but only partially restores the cytoplasmic
maturation necessary for the production of fully func-
tional platelets. Thus other targets of TALI1 are also
responsible for the defects in these late stages of MK
maturation. One of these targets may be MEF2C (myo-
cyte enhancer factor 2C), as mice lacking MEF2C in the
hemopoietic lineage have reduced numbers of platelets
with larger size and abnormal shape and granularity [73].

SRF and MKL1 in megakaryocytic leukemia

Serum response factor (SRF) is a MADS-box transcrip-
tion factor regulating growth factor-inducible genes and
genes controlling cytoskeleton structures involved in cell
spreading, adhesion and migration. Its role in megakaryo-
poiesis was identified when its co-factor MKLI (mega-
karyoblastic leukemia [translocation] 1) was found to be
involved in the #(1;22) translocation found in MK leuke-
mias. SRF deficiency leads to a drop in platelet count
accompanied by an increase in the BM content of MK
progenitors, similar to that observed in NFE2 and FLII-
deficient animals [74]. As this study focuses on the effect
on stem cells and not MKs, it suggests that SRF acts
mainly through cell-matrix interactions and integrin sig-
naling, which may be of importance for retention of MKs
in the endothelial niche of the BM and platelet formation
[74]. Tt was recently shown in double knock-out mice that
MKL1 and its homologue MKL2 are both critical
for MK maturation and platelet formation as well as
function and that they exert these effects, at least partly,
in an SRF-independent manner [75].

EVI1 in thrombocytopenia with absent radii and acute
myeloid leukemia

The MECOM locus on chromosome 3, encoding EVI1
(ecotropic virus integration site 1), is implicated in 4-6%
of all AML cases. Interestingly, the so-called 3q21q26
syndrome leukemias present with particular dysmorphic
MKs and an elevated platelet count. This is thought to
be caused by inhibition of CDK2 (cyclin A dependent
kinase inhibitor 2) expression mediated by the abnormal
expression of EVI1 [76].

EVII is expressed in hematopoietic progenitor cells,
MKs and platelets. Ectopic expression in UT-7/GM cells
changes these cells into polynuclear large cells that
express PF4 [77]. Knock down of EVI1 in K562 cells
reduces ITGA2B and ITGB3 expression after 12-O-tetra-
decanoylphorbol 13-acetate (TPA) treatment [78].

Additional evidence for the role of EVII in megakaryo-
poiesis is supported by a recent study showing that a
mutation, creating an EVII1 binding site, discovered by
exome sequencing in the promoter of the RBM8A4 (RNA
binding motif protein 8A) gene can underlie the thrombo-
cytopenia with absent radii (TAR) syndrome [79]. Exome
sequencing is aimed at reading the genetic code of an
individual for all known coding regions across the gen-
ome (2% of the whole genome content). However, it also
includes some of the non-coding ‘overhangs’ either side of
the coding region, such as the 5UTR (untranslated
region). In TAR patients, a single nucleotide polymor-
phism (SNP) was discovered in the SUTR of RBMS8A.
The SNP increases binding of EVI1 and leads to a reduc-
tion of transcription of RBMS8A and the encoded protein.
TAR patients have low numbers of MKs in the BM that
seem to have a maturation defect [80]. In addition, there
is some evidence that platelet function may be abnormal
in these patients [81-83]. Therefore, one might speculate
that EVI1 regulation of RBMS8A is crucial for late MK
differentiation.

Transcriptional regulators implicated in myeloproliferative
neoplasms

The discovery by different groups in 2005 of a
JAK2V617F mutation present in 50% of patients with
essential thrombocythemia (ET), 60% of patients with
myelofibrosis (MF) and over 90% of patients with poly-
cythemia vera (PV) emphasized the importance of the
JAK2 signaling pathway in MK growth and the produc-
tion of platelets. The main downstream effectors of JAK2
are the STATs and the MAPK and the PI3K pathway,
all of which ultimately regulate transcription.

There is evidence that not only MK growth, but also
the last steps of maturation are altered in the above-men-
tioned myeloproliferative neoplasms (MPNs). One study
showed that culture-derived MKs from patients with ET
had an increased ability to form proplatelets and that the
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number of proplatelet-forming MKs in culture correlated
with the platelet count in the patient from whom the
MKSs were derived [84]. This has also been observed in a
knock-in JAK2V617F mouse model of ET [85]. A more
indirect confirmation that JAK2V617F not only increases
numbers but also influences cell biology is the observation
that in patients with JAK2V617F mutations thrombosis
in specific sites such as splenic veins can precede the
development of overt overproduction of blood cells
[86,87].

What is not clear at this stage is through which of
the transcription factors JAK2V617F influences the
maturing MKs. STAT3 analysis of a small group of ET
patients showed that in about half of the patients, there
was a STAT3 hyperactivation, but interestingly this did
not correlate with the presence of the JAK2 mutation.
In support of the central role played by STAT3 in
MPN:s, forced expression of RUNX1/MDSI1/EVII in the
BM of mice leads to an ET phenotype with an elevated
number of dysplastic platelets with anisocytosis, degran-
ulation and giant size [88]. Although the RUNXI/
MDSI1/EVII-positive mice did not harbour Jak2 muta-
tions, significantly higher levels of activated STAT3 were
found in the BM as the complex of the three transcrip-
tion factors binds to the Star3 promoter, inducing its
expression.

It is well known that the MAPKs play a central role in
megakaryopoiesis [89]. Activation of the MAPKs has
been documented downstream of JAK2V617F [90], and
has also been seen in MPNs in the absence of the
JAK2V617F mutation, either in the presence of the TPO
receptor mutation WS5I1SL/K [91] or the KANKI-
PDGFRp fusion [92], in all cases causing a marked
increase in the platelet count. FLT3-mediated MAPK
activation also controls the abnormal megakaryopoiesis
seen in MF [93].

Finally, JAK2V617F also activates the PI3K pathway,
which can in turn exert a transcriptional effect through
mammalian target of rapamycin (mTOR). There is ample
evidence for a role of mTOR in megakaryopoiesis
[94-96]. Whilst to date its role in the context of MPNSs is
yet to be clarified, inhibition of mTOR seems to have a
clinical effect in MF patients [97].

NFE2 and MPNs

NFE2 is expressed in hematopoietic progenitor cells as
well as in the myeloid, erythroid and MK lineages [98].
NFE2 knock-out mice completely lack circulating plate-
lets. This is despite an apparent increased number of
MKs in the BM [54]. It was therefore proposed that
NFE2 acts as a regulator of proplatelet formation by pro-
moting the final stage of maturation of MKs to the point
where they are capable of platelet shedding. NFE2-defi-
cient MKs can be grown in vitro in response to TPO, but
are unusually large and have a disorganized demarcation
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membrane, and granules are small and sparse, indicating
a late maturation block [99].

When expressed ectopically in BM cells, NFE2 also
influences earlier stages of MK differentiation and alleg-
edly enhances in vivo platelet production. However, trans-
plantation of NFE2 over-expressing 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 [100]. Over-expression of the transcription
factor NFE2 (supposedly downstream of RUNXI) has
also been reported in patients with all three myeloprolif-
erative subtypes, independent of the presence or absence
of the JAK2V617F mutation [101,102].

The apparent role of NFE2 in proplatelet formation
might be explained through the function of some of its
direct transcriptional targets, such as TUBBI1 [103],
RAB27b [104], CASPI12 (caspase 12) [105] and HSD3BI
(3-beta-hydroxysteroid dehydrogenase) [106]. TUBBI
knock-out mice have thrombocytopenia with spherical
platelets [107] and a mutation in TUBBI has been identi-
fied in a patient with congenital macrothrombocytopenia
[20]. Mice with deficient Rab signaling have macro-
thrombocytopenia with few granules and abnormal MK
morphology and RAB27B may coordinate granule trans-
port during proplatelet formation [104]. CASPI2 null
platelets have a defect in GPIIB/IIIA and, similarly,
NFE2 null MKs fail to bind to fibrinogen in response to
platelet agonists, which is indicative of a defect in the sig-
naling leading to activation of GPIIB/IITA [108]. Finally,
HSD3BI1 (an enzyme implicated in estrogen metablolism)
rescues proplatelet formation in NFE2 null MKs [106].
The authors conclude that MKs may secrete autocrine
estradiol that regulates proplatelet formation. Additional
studies have shown that estrogens can induce MK differ-
entiation [109,110], but to our knowledge this has not
been successfully applied in an attempt to increase in vitro
platelet formation.

Interactions between the transcription factors involved in
late megakaryopoiesis

Although it is clear that the transcription factors
described above play a role in MK differentiation, the
level of complexity regarding how they regulate gene
expression is way beyond their individual function. Sev-
eral of the transcription factors discussed above have
been shown to interact with each other to regulate
megakaryopoiesis, possibly in a linear hierarchy. For
example, GATA1, GATA2 and TALI have been shown
to regulate NFE2 [111,112]. Transcription factor biology
has to be understood in the context of networks where
each transcription factor will bind with a series of part-
ners that will influence not only its DNA binding charac-
teristics, but also its effect on transcription (i.e. activation
or repression). For example, RUNXI interacts with the
mSin3A corepressor complex on the MPL promoter in
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hemopoietic stem and progenitor cells, while it forms a
complex with a transcription activator EP300 (E1A bind-
ing protein p300) on the same promoter in MKs [113].
Furthermore, TAL1 and associated proteins distinguish
active from repressive GATA transcription factor com-
plexes [114]. In addition, transcription factors regulate
not only expression of other partners with which they co-
operate and physically associate, but also their own
expression levels.

The advent of new generation sequencing and tech-
niques such as chromatin immunoprecipitation (ChIP)
allow us to identify where transcription factors bind in
the genome. As transcription factor binding tends to
cluster on sites that are critical for gene regulation, look-
ing at multiple transcription factors simultaneously
greatly improves the ability to infer biological relevance
from a binding event. In a previously published study,
we looked at simultaneous binding of GATAI1, GATA2,
RUNXI, FLII and TALI in primary human MKs [115].
In keeping with the existence of transcription factor net-
works that collaborate to regulate gene expression, simul-
taneous 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 transcription fac-
tor binding sites identified 151 ‘candidate’ genes, some of
which are already known to play a key role in mega-
karyopoiesis, whilst others are not. If one envisions a
temporal hierarchy of transcription factors it is likely
that, amongst the list of genes for which expression is
putatively controlled by these five transcription factors,
there are proteins that are crucial in particular for the
latter stages of MK maturation, including platelet forma-
tion. This is illustrated by the fact that, for seven out of
nine genes selected from the 151 target genes and not
previously known to play a role in MKs, there was a
clear thrombocyte phenotype upon morpholino knock
down 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 thrombo-
poiesis, in particular of the proplatelet formation process,
will potentially be revealed by studies centred on addi-
tional genes that are controlled by transcription factors
that have got a clear effect on proplatelet formation
(such as NFE2).

Undoubtedly, microRNAs, epigenetic mechanisms and
post-translational phenomena play an additional key role
in the eventual expression of a given protein besides tran-
scription factors. Detailed discussion of this additional
layer of protein expression regulation in the context of
the MK falls outside the remit of this review. It is, how-
ever, interesting to point out that the level of transcrip-
tion factors involved in late MK differentiation and
platelet formation, such as GATAI1, FOGI, FLII1, TALI,
RUNXI1 and NFE2, does not increase with polyploidiza-
tion, whereas transcripts of their target genes are up-regu-
lated [52]. This may be due to several non-mutually

exclusive mechanisms: translational or post-translational
regulations or changes.

Future perspectives

The study of the difference between fetal and adult
megakaryopoiesis and platelet formation may uncover
other gene regulatory mechanisms to add to our current
knowledge. Fetal platelets are extremely large, with a
diameter 1.6 times larger than adult platelets, and contain
a large amount of RNA. This may be due to differences
in gene expression regulation caused by differential
expression of key transcription factors (such as GATAI)
[96]. Understanding the differences in fetal and adult
thrombopoiesis has direct clinical implications. The lag
time of platelet recovery following cord blood transplan-
tation in comparison with transplant with stem cells
derived from adult donors is a prime example of the con-
sequence of the difference between neonatal and adult
megakaryopoiesis. The progressive improvement of the
platelet count in TAR patients after their first years of life
is another example of the potential differential gene regu-
lation in MKs in the fetus/neonate versus the adult, espe-
cially taken in the context that the genetic mutation
responsible for the syndrome lies in a transcription factor
binding site.

Ultimately, the knowledge of how transcriptional regu-
lation affects megakaryopoiesis and platelet formation
will be invaluable and relevant to clinical care. TAR and
GATA binding-related Bernard-Soulier syndrome may be
only two of a series of inherited disorders where the caus-
ative 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 maturation is controlled at the
transcriptional level. The same reasoning applies to the
understanding of how genetic variations affect gene tran-
scription in healthy individuals. A recent GWAS study
identified 68 loci associated with platelet count and vol-
ume [116]. Nine of these genes have transcription factor
activity and may regulate genes that affect how platelets
are formed.

Finally, there is currently a dedicated drive in the bio-
medical community to try to produce cells in vitro for
human use. This includes platelets for transfusion, as it
would potentially have major advantages over donor-
derived products in terms of safety and blood group
matching. The most promising cell source in this aspect is
human induced pluripotent stem cells (iPSCs). Protocols
to derive MKs from iPSCs have been published, but these
clearly fail on two fronts. Firstly, the number of MKs
produced per seeded stem cell is very low (an amplifica-
tion of less than 100 in the best case [117]). Secondly, the
platelet harvest from these MKs is very often in single fig-
ures [118] whilst MKs in vivo are estimated to produce
1000 to 2000 platelets per cell. Without an increase in the

© 2013 International Society on Thrombosis and Haemostasis



knowledge of how to promote maturation of MKs from
banks of stem cells and of ways to maximize platelet pro-
duction from these MKs, production of platelets on the
scale necessary for a clinically relevant product (each
platelet concentrate contains 280 x 10° platelets) will
remain a dream.
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