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Introduction

Platelets are essential for hemostatic plug formation and pathogene-
sis of arterial thrombosis. Platelets are released from terminally dif-
ferentiated megakaryocytes (MKs) through lineage commitment be-
ginning with hematopoietic stem cells (HSCs), and approximately 1 
×1011 platelets are produced each day in the human body.1-3 HSCs 
have self-renewal capacities and differentiate into all types of blood 
cells according to an HSC hierarchy model (Fig. 1).2 Other models 
of MK development that are not consistent with the traditional HSC 
hierarchy model have been suggested.4 MK formation (megakaryo-
poiesis) and subsequent platelet production are complex processes, 
although the underlying mechanisms of MK lineage commitment 
are only partially understood. During MK differentiation, immature 
MKs further differentiate into mature MKs, which possess highly 
unique features such as large cell size, polyploidy, and an invaginat-
ed membrane system. Finally, mature MKs undergo terminal throm-
bopoiesis with proplatelet formation and platelet release.1-3 In this 
chapter, we review the cellular aspects and molecular regulations of 
megakaryopoiesis. The current state of the ex vivo production of 
MKs and subsequent platelets is also described as a topic in MK re-
search. 

Stage-specific surface markers of MK 
differentiation

HSCs have dual abilities to self-renew and to differentiate into all 
types of blood cells. During hematopoietic development, HSCs pro-
duce cell progeny consisting of multipotent progenitors (MPP), com-
mon myeloid progenitors (CMP), and megakaryocyte-erythroid pro-
genitors (MEP) (Fig. 1). MEP are bipotent progenitors for erythroids 
and MKs. Hematopoietic progenitors and mature cells during mega-
karyopoiesis are characterized by stage-specific surface markers. The 
phenotype of MEP is IL7R-/Lin-/c-Kit+/Sca1-/CD34-/FcγR- in mice 

and Lin-/CD34+/CD38+/IL3R-/CD45RA- in humans.5 MK progen-
itor cells are divided into two stages: the primitive cells in the earlier 
stage, called burst-forming unit-megakaryocytes (BFU-MKs), and 
the more differentiated cells in the later stage, called colony-forming 
unit-megakaryocytes (CFU-MKs). The protein expression of HLA-
DR is low in BFU-MK and high in CFU-MK. CD41 (integrin alpha 
IIb, also known as platelet glycoprotein IIb), a key platelet surface 
glycoprotein, is relatively specific for the MK lineage and is used as 
a specific surface marker throughout MK differentiation. CD42b 
(also known as platelet glycoprotein Ib alpha) is used as a surface 
marker for the late stage of MK differentiation and is associated with 
a marked increase in the expression of MPL, glycoprotein VI, gly-
coprotein IaIIa (α2β1 integrin), and CD36 (glycoprotein IV). 

Cytokines and MK differentiation

Thrombopoietin (TPO) is a primary cytokine for the regulation of 
megakaryopoiesis via binding to its receptor, c-MPL. Since TPO 
was first identified,6-9 we have learned much about platelet produc-
tion and regulation.10 Both TPO- and c-MPL-deficient mice show 
reduced MK numbers and thrombocytopenia. Recombinant human 
TPO and pegylated recombinant human megakaryocyte growth and 
development factor (PEG-rhMGDF) were developed for clinical 
use.10 These recombinant agents have been widely used in a large 
number of studies and are effective in increasing platelet count. How-
ever, in 13 of 535 healthy volunteers, autoantibodies against PEG-
rhMGDF and thrombocytopenia were observed. Eventually, produc-
tion of both PEG-rhMGDF and recombinant human TPO for clini-
cal use was stopped. Recently, a second generation of c-MPL ago-
nists was developed and has been used for the treatment of immune 
thrombocytopenic purpura. Regarding other cytokines for regulation 
of MK differentiation, Avecilla et al. demonstrated that SDF-1 and 
fibroblast growth factor-4 enhanced megakaryopoiesis and platelet 
production in TPO/c-MPL-deficient mice.11 Also, Salim et al.12 re-
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ported that dysregulation of SDF-1 and its receptor CXCR4 axis 
leads to thrombocytopenia.

MKs and endomitotic processes

Mature MKs initiate the synthesis of platelet proteins and undergo a 
proliferative 2 N stage as in other hematopoietic cells.3 Additionally, 
MKs undergo a unique process called endomitosis, which allows 
them to support the large quantities of mRNA and protein that are 
packaged into granules. DNA polyploidy is a hallmark of MKs. Poly-
ploid MKs achieve a nuclear content of 4 N to 128 N, with about 
half of the MKs in humans being 16 N. To form proplatelets, it is 
thought that MKs must be at least 4 N. The diameter of a 2 N MK is 
21±4 μm, while that of a 64 N MK is 56±8 μm. Endomitotic MKs 
enter the mitotic cycle and proceed through to the initiation of the 
contractile ring, but they deviate from mitosis in late anaphase, after 
the initiation of the cleavage furrow. They develop mitotic spindles 
during the process, although the spindle of a polyploid MK is multi-
polar, with the number of poles corresponding to the ploidy level. 
Chromatids proceed toward each pole without spindle elongation. 
During the normal mitotic process, cells form a cleavage furrow and 
undergo fission into two daughter cells. In endomitosis, MKs ex-
hibit regression of the cleavage furrow and re-enter G1 as polyploid 
cells, with each cell containing a single nucleus and a single nuclear 
membrane made up of multiple nuclear lobes.

The invaginated membrane system

As MKs mature, they develop an invaginated membrane system 
(IMS) serving as a reservoir for proplatelet formation.13 This IMS 
was formerly called the demarcation membrane system (DMS) as it 
was thought to demarcate the MK cytoplasm into small platelet-
producing parts. However, as the proplatelet model of platelet re-
lease was established and became more widely accepted, the IMS 
was considered to more accurately describe the unique characteris-
tics of this structure because it is derived from the plasma membrane, 
maintains contact with the extracellular environment, and functions 

as a membrane reservoir for proplatelet formation.

Proplatelet transformation

Once MKs mature, they extend long tubular structures called pseu-
dopods and transform into proplatelets.13 The elongation of the pseu-
dopod starts from one single region on the MK plasma membrane. 
Subsequently, the proplatelets develop platelet-sized small swellings 
in tandem arrays along the tubule. After that, the multi-lobed nucle-
us is extruded and degraded.

Transcription factors 

Transcription factors play an essential role in cell fate decisions 
from stem cells to MK lineage cells. Several studies have indicated 
that various transcription factors regulate the expression of specific 
genes for MK lineages, including genes involved in the polyploidi-
zation process and proplatelet formation.14,15 The promoter regions 
of MK-specific genes, such as glycoprotein IIb, platelet factor 4, 
and glycoprotein Ib alpha, and erythroid-specific genes contain a 
consensus binding sequence (WGATAR) for transcription factors of 
the GATA family. In addition, MK-specific genes have a consensus 
sequence (GGA/T) for transcription factors of the ETS family. Among 
the transcription factors of the GATA family, GATA-1 and GATA-2 
have been shown to regulate differentiation of stem cells into blood 
cells.16-20 These transcription factors share similar binding sequenc-
es. GATA-2 is expressed in erythroblasts and MKs. Previous studies 
suggest that GATA-2 is critical for driving MK lineages via down-
regulation of GATA-1. GATA-2 expression during erythrocyte dif-
ferentiation is downregulated by GATA-1 activation. Enforced ex-
pression of GATA-2 during erythroid development impairs differen-
tiation into mature erythrocytes through a possible mechanism that 
blocks GATA-1-mediated regulation. The occupancy pattern of GA
TA during erythrocyte differentiation is seen in GATA target genes, 
including GATA-2 and KIT. GATA-2 interacts with friend of GATA 
(FOG)-1, a hematopoietic cofactor, during MK development. GATA-
2 and FOG-1 share the gene encoding PU.1, a critical transcription 
factor for development into CMPs and common lymphoid progeni-
tors (CLPs), and they suppress its expression. Repression of PU.1 
by GATA factors is necessary for MK development. Both GATA-1 
and GATA-2 bind to FOG-1. GATA-1 is required for maturation of 
several blood lineages, including erythrocytes, MKs, eosinophils, 
and mast cells. Mutations in GATA-1 and ZFPM-1 are responsible 
for human X-linked congenital thrombocytopenia. GATA-1 is a 
critical factor for erythroid and MK development. GATA-1 might 
also have an overlapping function with GATA-2. Previous studies 
demonstrated that GATA-2 coordinates MK differentiation in GA-
TA-1-deficient and mutant cells. 
 Runt-related transcription factor-1 (RUNX-1) is also known as 
acute myeloid leukemia 1 protein (AML1). Familial platelet disor-
der patients with RUNX-1 mutations have a high risk of developing 
myelodysplasia and leukemia. Several studies suggest that RUNX-
1 regulates MK differentiation and platelet formation via constitu-
ents of the MK and platelet cytoskeleton. Serum response factor 
(SRF) is a MADS-box transcription factor regulating genes for growth 
factor-inducible factors and the cytoskeleton. Megakaryoblast leu-
kemia 1 (MKL1) is an activator of SRF transcriptional activity and 
promotes MK differentiation. Recently, MKL1/MKL2-double knock-
out mice were shown to have less MK maturation and platelet for-
mation.21 Smith et al.22 also reported that subcellular localization 

Fig. 1. Hierarchy in hematopoietic cells. HSC, hematopoietic stem cells; MPP, 
multipotent progenitor; CLP, common lymphoid progenitor; CMP, common my-
eloid progenitor; GMP, granulocyte-macrophage progenitor; MEP, megakaryo-
cyte-erythroid progenitor.
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and regulation of MKL1 are dependent on Rho-A activity and actin 
organization in MK development. Ecotropic virus integration site 1 
(EVI-1) is expressed in hematopoietic progenitor cells, MKs, and 
platelets and has an inhibitory effect on the differentiation of HSCs 
into granulocytes and erythrocytes but enhances MK differentiation. 
Nuclear factor erythroid-derived 2 (NF-E2) p45 unit (p45NF-E2)23-29 
is a tissue-restricted subunit that forms a basic-leucine zipper hetero-
dimeric complex with small Maf proteins that are widely expressed 
in many cells, a complex known as NF-E2. While NF-E2 was origi-
nally identified in erythroid cells, p45NF-E2-deficient mice show 
mild anemia but significant thrombocytopenia. Studies using p45NF- 
E2-deficient MKs suggest that the p45NF-E2 is important in termi-
nal MK differentiation and platelet release, while in vitro and in vivo 
studies using p45NF-E2-overexpressing mouse bone marrow cells 
indicate that p45NF-E2 has additional roles in early megakaryopoi-
esis.30 We recently demonstrated that fibroblasts transfected with 
p45NF-E2, its binding protein, v-maf musculoaponeurotic fibrosar-
coma oncogene homolog (avian; Maf) G, and Maf K differentiate 
into MKs and platelets, whereas untransfected fibroblasts did not dif-
ferentiate into MK lineage cells.31 This finding indicates that p45NF-
E2, Maf G, and Maf K are critical factors for megakaryopoiesis and 
thrombopoiesis. 

MicroRNAs in megakaryopoiesis

MicroRNAs (miRNAs), non-coding RNAs of 20-22 nucleotides, 
bind to targeted mRNA sequences, leading to translational repres-
sion and/or degradation of mRNA. Aspects of miRNAs in mega-
karyopoiesis and their functionality have been assessed by experi-
mental studies. MEP and MK development are reportedly regulated 
by miR-216, miR-10a, miR-10b, miR-17, miR-130a, miR-20, miR-
146a, miR-34a, miR-181, miR-126, miR-109, miR-17, miR-20, and 
miR-155. Platelet production from MKs is regulated by miR-125b2 
and miR-27a. Petriv et al. published the top 10 expressed miRNAs 
in murine CMPs, MEPs, and MKs [32]. For CMPs, miR-720 is 
first, followed by miR-16, miR-142-3b, miR-30b, miR-706, miR-
136, miR-98, miR-18a, miR-15a, and miR-19b. For MEPs, the top 
10 are miR-720, miR-142-3p, miR-16, let-7, miR-709, miR-19b, 
miR-106a, miR-19a, miR-15b, and miR-25. Similar to both CMPs 
and MEPs, miR-720 is most prevalent in MKs, followed by miR-
142-3p, miR-16, miR-223, miR-98, miR-18a, miR-709, miR-15b, 
miR-706, and miR-19b. 
 During megakaryopoiesis and thrombopoiesis, miR-28 and miR-
150 are involved in MEP development. miR-150 promotes differen-
tiation from MEPs toward MKs,33 and TPO induces miR-150 ex-
pression in UT7/TPO cells, which in turn targets expression of c-
MYB.34 Several studies show that miR-150 promotes late-stage MK 
differentiation and platelet production. Overexpression of miR-155 
in K562 cells causes a block in megakaryocytic differentiation,35 
and enforced expression of miR-155 also impairs MK proliferation 
and development by targeting Ets-1 and Meis-1.36 Transplantation 
of HSCs overexpressing miR-155 into irradiated mice leads to a re-
duction in the number of MKs. Several reports suggest that miR-
155 has an inhibitory effect on megakaryopoiesis. MiR-34a inhibits 
cell proliferation and enhances MK differentiation by targeting c-
MYB, a negative regulator of megakaryopoiesis, and CDK4 and 
CDK6, regulators of the cell cycle.37,38 Several studies have reported 
that miR-146a level changes during the MK differentiation process, 
but its effect on gene regulation during megakaryopoiesis is contro-
versial.39 The effects of miR-146a on megakaryopoiesis depend on 

the experimental conditions. Girardot et al.40 reported that miR-28 
has an inhibitory effect on MK differentiation via targeting the c-
MPL. 

Ex vivo generation of platelets

Platelet transfusions are administered for a wide variety of condi-
tions including thrombocytopenia after chemotherapy, and the clini-
cal demand is greatly increasing. However, there are several impor-
tant issues to solve to stabilize the platelet supply. First, platelet sup-
ply depends solely on volunteer donors who must undergo a lengthy 
process of apheresis. Second, the shelf-life of platelet concentrate is 
only 4 days in Japan (5 days in the USA) because it is stored at room 
temperature so as to maintain its functionality and shape; this stor-
age method increases the risk of bacterial growth. Thus, there is great 
interest in the generation of platelets from stem cells for clinical use. 
New strategies for manufacturing MKs and subsequently platelets 
beginning with non-donor-dependent sources may obviate these and 
other platelet transfusion concerns.41-44 Since TPO was first isolated 
and reported, it has been used to generate enriched populations of 
MKs using in vitro differentiation systems. Terminally differentiated 
cells of the MK lineage release platelets during thrombopoiesis. MKs 
and platelets have been differentiated from hematopoietic stem cells 
(HSCs),44 fetal liver cells,45 embryonic stem (ES) cells,46-49 and in-
duced pluripotent stem (iPS) cells.50,51 Moreover, we have reported 
the generation of MKs and functional platelets beginning with sub-
cutaneous adipose tissues and preadipocyte cell lines.52-55 There has 
been initial success in producing platelets from umbilical cord blood 
stem cells and human embryonic stem cells (hESC). Experimental-
ly, hESC-derived MKs reached a final ploidy of 32 N and released 
platelets with intact fibrinogen, although the number of MKs pro-
duced was small, and they yielded far fewer platelets than bone mar-
row-derived cells. In addition, hESCs do involve an ethical concern 
with regard to clinical use. Recently, induced pluripotent stem cells 
(iPSC) were also reported to be the source of ex vivo platelet pro-
duction.50,51 These iPSC are embryonic stage stem cells transformed 
from mature adult fibroblasts by retroviral transduction or plasmid 
transfection with four reprogramming genes, POU5F1, SOX2, KLF4, 
and MYC. IPSC-sacs are formed by co-culturing fibroblast-derived 
iPSC with C3H10T1/2 feeder cells, and they are replated with a cock-
tail of cytokines such as TPO in order to induce MK differentiation. 
After 22 to 26 days of culture, MKs develop and start to release plate-
lets. Platelets released from iPSC are confirmed to form blood clots 
in laser-induced vessel injury in irradiated non-obese diabetic severe 
combined immunodeficient mice. The major drawbacks of both of 
hESC and iPSC are that they are both relatively complex and high-
cost techniques that require several weeks of culture to derive MKs. 
One strategy to solve these issues is the establishment of stable im-
mortalized self-renewing MK progenitors through the over-expres-
sion of BMI1 and BCL-XL to respectively suppress senescence and 
apoptosis and the constrained over-expression of c-MYC to promote 
proliferation. Immortalized MK cell lines can be expanded in cul-
ture over extended time periods and managed to produce CD42b+ 
platelets with functionality comparable to that of native platelets. 
However, there are some safety concerns in the clinical use of plate-
lets derived from iPSC due to their potential oncogenicity because 
of the necessary gene manipulation. Recently, non-integrated and 
transgene-free induction methods were developed, which reduce the 
mutagenic potential of manufactured platelets. Also, fibroblasts trans-
fected with p45NF-E2, Maf G, and Maf K differentiated into MKs 
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and platelets, whereas fibroblasts did not differentiate into MK lin-
eage cells. Platelets created ex vivo from various kinds of cells suc-
cessfully show aggregation functions, and their yield has been im-
proving, although it is not yet sufficient for clinical application. To 
improve the efficiency of production, a better understanding of each 
rate-limiting step of ex vivo platelet generation is essential.

Conclusions

Megakaryopoiesis and subsequent thrombopoiesis are unique and 
complex processes involving various cytokines, transcription fac-

tors, and microRNAs for regulation. MKs are few in human bone 
marrow, and HSCs do not have a strong ability to proliferate in vi-
tro. Thus, due to the difficulty in obtaining sufficient numbers of 
MKs for analysis, the underlying mechanisms of MK lineage com-
mitment remain largely unclear. Recent advancements in cell biolo-
gy have allowed for a broad spectrum of research into the mecha-
nisms of megakaryopoiesis and thrombopoiesis. Hopefully, current 
successes and future breakthroughs will elucidate the mechanisms 
of megakaryopoiesis and thrombopoiesis and lead to a method of ex 
vivo platelet generation. 

References

1. Battinelli EM, Hartwig JH, Italiano JE Jr. Delivering 
new insight into the biology of megakaryopoiesis and 
thrombopoiesis. Curr Opin Hematol 2007;14:419-26.

2. Chang Y, Bluteau D, Debili N, Vainchenker W. From 
hematopoietic stem cells to platelets. J Thromb Hae-
most 2007;5:318-27.

3. Geddis AE. Megakaryopoiesis. Semin Hematol 2010; 
47:212-9.

4. Sanjuan-Pla A, Macaulay IC, Jensen CT, Woll PS, Luis 
TC, Mead A, et al. Platelet-biased stem cells reside at 
the apex of the haematopoietic stem-cell hierarchy. Na-
ture 2013;502: 232-6.

5. Yu M, Cantor AB. Megakaryopoiesis and thrombopoi-
esis: an update on cytokines and lineage surface mark-
ers. Methods Mol Biol 2012;788:291-303.

6. Kaushansky K, Lok S, Holly RD, Broudy VC, Lin N, 
Bailey MC, et al. Promotion of megakaryocyte progen-
itor expansion and differentiation by the c-Mpl ligand 
thrombopoietin. Nature 1994;369:568-71.

7. Kuter DJ, Beeler DL, Rosenberg RD. The purification 
of megapoietin: a physiological regulator of megakaryo-
cyte growth and platelet production. Proc Natl Acad 
Sci U S A 1994; 91:11104-8.

8. Kato T, Ogami K, Shimada Y, Sohma Y, Akahori H, Ho-
rie K, et al. Purification and characterization of throm-
bopoietin. J Biochem 1995;118:229-36. 

9. Hitchcock IS, Kaushansky K. Thrombopoietin from 
beginning to end. Br J Haematol 2014; 165:259-68.

10. Kuter DJ. Milestones in understanding platelet produc-
tion: a historical overview. Br J Haematol 2014;165: 
248-58.

11. Avecilla ST, Hattori K, Heissig B, Tejada R, Liao F, Shi-
do K, et al. Chemokine-mediated interaction of hema-
topoietic progenitors with the bone marrow vascular 
niche is required for thrombopoiesis. Nat Med 2003; 
10:64-71.

12. Salim JP, Goette NP, Lev PR, Chazarreta CD, Heller 
PG, Alvarez C, et al. Dysregulation of stromal derived 
factor 1/CXCR4 axis in the megakaryocytic lineage in 
essential thrombocythemia. Br J Haematol 2009;144: 
69-77.

13. Machlus KR, Thon JN, Italiano JE Jr. Interpreting the 
developmental dance of the megakaryocyte: a review 
of the cellular and molecular processes mediating plate-
let formation. Br J Haematol 2014;165:227-36.

14. Shivdasani RA. Molecular and transcriptional regula-
tion of megakaryocyte differentiation. Stem Cells 2001; 
19:397-407.

15. Kaushansky K. Historical review: megakaryocytopoie-
sis and thrombopoiesis. Blood 2008; 111:981-6.

16. Doré LC, Crispino JD. Transcription factor networks 
in erythroid cell and megakaryocyte development. Blood 
2011;14;118:231-9.

17. Ravid K, Doi T, Beeler DL, Kuter DJ, Rosenberg RD. 
Transcriptional regulation of the rat platelet factor 4 gene: 
interaction between an enhancer/silencer domain and 
the GATA site. Mol Cell Biol 1991;11:6116-27.

18. Martin F, Prandini MH, Thevenon D, Marguerie G, Uzan 

G. The transcription factor GATA-1 regulates the pro-
moter activity of the platelet glycoprotein IIb gene. J 
Biol Chem 1993;268:21606-12.

19. Lemarchandel V, Ghysdael J, Mignotte V, Rahuel C, 
Roméo PH. GATA and Ets cis-acting sequences medi-
ate megakaryocyte-specific expression. Mol Cell Biol 
1993;13:668-76.

20. Vicente C, Conchillo A, García-Sánchez MA, Odero 
MD. The role of the GATA2 transcription factor in nor-
mal and malignant hematopoiesis. Crit Rev Oncol He-
matol 2012;82:1-17.

21. Smith EC, Thon JN, Devine MT, Lin S, Schulz VP, Guo 
Y, et al. MKL1 and MKL2 play redundant and crucial 
roles in megakaryocyte maturation and platelet forma-
tion. Blood 2012;120:2317-29.

22. Smith EC, Teixeira AM, Chen RC, Wang L, Gao Y, Hahn 
KL, et al. Induction of megakaryocyte differentiation 
drives nuclear accumulation and transcriptional func-
tion of MKL1 via actin polymerization and RhoA acti-
vation. Blood 2013;121:1094-101.

23. Mignotte V, Wall L, deBoer E, Grosveld F, Romeo PH. 
Two tissue-specific factors bind the erythroid promoter 
of the human porphobilinogen deaminase gene. Nucle-
ic Acids Res 1989;17:37-54.

24. Ney PA, Sorrentino BP, Lowrey CH, Nienhuis AW. In-
ducibility of the HS II enhancer depends on binding of 
an erythroid specific nuclear protein. Nucleic Acids Res 
1990;18: 6011-7.

25. Ney PA, Andrews NC, Jane SM, Safer B, Purucker ME, 
Weremowicz S, et al. Purification of the human NF-E2 
complex: cDNA cloning of the hematopoietic cell-spe-
cific subunit and evidence for an associated partner. 
Mol Cell Biol 1993;13:5604-12.

26. Peters LL, Andrews NC, Eicher EM, Davidson MB, 
Orkin SH, Lux SE. Mouse microcytic anaemia caused 
by a defect in the gene encoding the globin enhancer-
binding protein NF-E2. Nature 1993;362:768-70.

27. Chan JY, Han X-L, Kan YW. Isolation of cDNA en-
coding the human NF-E2 protein. Proc Nat Acad Sci U 
S A 1993;90:11366-70.

28. Andrews NC, Erdjument-Bromage H, Davidson MB, 
Tempst P, Orkin SH. Erythroid transcription factor NF-
E2 is a haematopoietic-specific basic-leucine zipper 
protein. Nature 1993;362:722-8.

29. Igarashi K, Kataoka K, Itoh K, Hayashi N, Nishizawa 
M, Yamamoto M. Regulation of transcription by dimer-
ization of erythroid factor NF-E2 p45 with small Maf 
proteins. Nature 1994;367:568-72.

30. Fock EL, Yan F, Pan S, Chong BH. NF-E2-mediated 
enhancement of megakaryocytic differentiation and pla-
telet production in vitro and in vivo. Exp Hematol 2008; 
36:78-92.

31. Ono Y, Wang Y, Suzuki H, Okamoto S, Ikeda Y, Murata 
M, et al. Induction of functional platelets from mouse 
and human fibroblasts by p45NF-E2/Maf. Blood 2012; 
120:3812-21.

32. Petriv OI, Kuchenbauer F, Delaney AD, Lecault V, White 
A, Kent D, et al. Comprehensive microRNA expres-
sion profiling ofthe hematopoietic hierarchy. Proc Natl 
Acad Sci U S A 2010;107:15443-8.

33. Lu J, Guo S, Ebert BL, Zhang H, Peng X, Bosco J, et al. 

MicroRNA-mediated control of cell fate in megakaryo-
cyte-erythrocyte progenitors. Dev Cell 2008;14:843-53.

34. Barroga CF, Pham H, Kaushansky K. Thrombopoietin 
regulates c-Myb expression by modulating micro RNA 
150 expression. Exp Hematol 2008;36:1585-92.

35. Georgantas RW 3rd, Hildreth R, Morisot S, Alder J, Liu 
CG, Heimfeld S, et al. CD34+ hematopoietic stem-pro-
genitor cell microRNA expression and function: a cir-
cuit diagram of differentiation control. Proc Natl Acad 
Sci U S A 2007;104:2750-5.

36. Romania P, Lulli V, Pelosi E, et al. MicroRNA 155 mo-
dulates megakaryopoiesis at progenitor and precursor 
level by targeting Ets-1 and Meis1 transcription factors. 
Br J Haematol 2008;143:570-80.

37. Navarro F, Gutman D, Meire E, Caceres M, Rigoutsos I, 
Bentwich Z, et al. miR-34a contributes to megakaryo-
cytic differentiation of K562 cells independently of p53. 
Blood 2009;114:2181-92.

38. Ichimura A, Ruike Y, Terasawa K, Shimizu K, Tsuji-
moto G. MicroRNA-34a inhibits cell proliferation by 
repressing mitogen-activated protein kinase kinase 1 
during megakaryocytic differentiation of K562 cells. 
Mol Pharmacol 2010;77:1016-24.

39. Edelstein LC, McKenzie SE, Shaw C, Holinstat MA, 
Kunapuli SP, Bray PF. MicroRNAs in platelet produc-
tion and activation. J Thromb Haemost 2013;11(Supp 
l1):S340-50.

40. Girardot M, Pecquet C, Boukour S, Knoops L, Ferrant 
A, Vainchenker W, et al. miR-28 is a thrombopoietin 
receptor targeting microRNA detected in a fraction of 
myeloproliferative neoplasm patient platelets. Blood 
2010;116:437-45.

41. Stroncek DF, Rebulla P. Platelet transfusions. Lancet 
2007;370:427-38.

42. Freireich EJ. Origins of platelet transfusion therapy. 
Transfus Med Rev 2011;25:252-6.

43. Reems JA, Pineault N, Sun S. In vitro megakaryocyte 
production and platelet biogenesis: state of the art. Trans-
fus Med Rev 2010;24:33-43.

44. Avanzi MP, Mitchell WB. Ex vivo production of plate-
lets from stem cells. Br J Haematol 2014;165:237-47.

45. Fuentes R, Wang Y, Hirsch J, Wang C, Rauova L, Wor-
then GS, et al. Infusion of mature megakaryocytes into 
mice yields functional platelets. J Clin Invest 2010;120: 
3917-22.

46. Eto K, Murphy R, Kerrigan SW, Bertoni A, Stuhlmann 
H, Nakano T, et al. Megakaryocytes derived from em-
bryonic stem cells implicate CalDAG-GEFI integrin 
signaling. Proc Natl Acad Sci USA 2002;99:12819-24. 

47. Fujimoto TT, Kohata S, Suzuki H, Miyazaki H, Fuji-
mura K. Production of functional platelets by differen-
tiated embryonic stem (ES) cells in vitro. Blood 2003; 
102:4044-51.

48. Gaur M, Kamata T, Wang S, Moran B, Shattil SJ, Leavitt 
AD. Megakaryocytes derived from human embryonic 
stem cells: a genetically tractable system to study mega-
karyocytopoiesis and integrin function. J Thromb Hae-
most 2006;4:436-42.

49. Takayama N, Nishikii H, Usui J, Tsukui H, Sawaguchi 
A, Hiroyama T, et al. Generation of functional platelets 
from human embryonic stem cells in vitro via ES-sacs, 



CLINICAL & EXPERIMENTAL

THROMBOSIS ANd HEMOSTASIS Tozawa K, et al.

http://www.e-ceth.org/58  |  http://dx.doi.org/10.14345/ceth.14014

VEGF-promoted structures that concentrate hemato-
poietic progenitors. Blood 2008;111:5298-306.

50. Takayama N, Nishimura S, Nakamura S, Shimizu T, 
Ohnishi R, Endo H, et al. Transient activation of c-MYC 
expression is critical for efficient platelet generation 
from human induced pluripotent stem cells. J Exp Med 
2010;207:2817-30.

51. Nakamura S, Takayama N, Hirata S, Seo H, Endo H, 
Ochi K, et al. Expandable megakaryocyte cell lines en-
able clinically applicable generation of platelets from 

human induced pluripotent stem cells. Cell Stem Cell 
2014;14:535-48. 

52. Matsubara Y, Saito E, Suzuki H, Watanabe N, Murata 
M, Ikeda Y. Generation of megakaryocytes and plate-
lets from human subcutaneous adipose tissues. Biochem 
Biophys Res Commun 2009;378:716-20.

53. Matsubara Y, Suzuki H, Ikeda Y, Murata M. Generation 
of megakaryocytes and platelets from preadipocyte cell 
line 3T3-L1, but not the parent cell line 3T3, in vitro. 
Biochem Biophys Res Commun 2010;402:796-800.

54. Matsubara Y, Murata M, Ikeda Y. Culture of megakary-
ocytes and platelets from subcutaneous adipose tissue 
and a preadipocyte cell line. Methods Mol Biol 2012; 
788:249-58. 

55. Matsubara Y, Ono Y, Suzuki H, Arai F, Suda T, Murata 
M, et al. OP9 bone marrow stroma cells differentiate 
into megakaryocytes and platelets. PLoS One 2013;8: 
e58123.


