1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

"% NIH Public Access
@@‘ Author Manuscript

2 HEpst

NATIG,

O

Published in final edited form as:
Leukemia. 2012 November ; 26(11): 2310-2316. d0i:10.1038/leu.2012.137.

MicroRNAs in erythroid and megakaryocytic differentiation and
megakaryocyte—erythroid progenitor lineage commitment

L Zhang!23:9 VG Sankaran14569 and HF Lodish!.7:8
lWhitehead Institute for Biomedical Research, Cambridge, MA, USA

2Computation and Systems Biology, Singapore-Massachusetts Institute of Technology Alliance,
Singapore, Singapore

3Stem Cell and Developmental Biology, Genome Institute of Singapore, Singapore
“Broad Institute, Cambridge, MA, USA

SDepartment of Medicine, Children’s Hospital Boston, Boston, MA, USA

5Department of Pediatrics, Harvard Medical School, Boston, MA, USA

"Department of Biology, Massachusetts Institute of Technology, Cambridge, MA, USA

8Department of Bioengineering, Massachusetts Institute of Technology, Cambridge, MA, USA

Abstract

MicroRNAs (miRNAs) are a class of small regulatory noncoding RNAs that modulate the
expression of their target genes through either mRNA degradation or inhibition of protein
translation. In recent years, miRNAs have been shown to be critical regulators of hematopoiesis
and have important roles in the differentiation of specific lineages. Here, we summarize our
current understanding of miRNAs involved in hematopoiesis with a focus on the role of miRNAs
in regulating erythroid and megakaryocytic differentiation and megakaryocyte—erythroid
progenitor lineage commitment.
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INTRODUCTION

Each day the average human produces over 1011 new erythrocytes and platelets. If this
output is not maintained, the individual is at risk for significant pathologic conditions
including anemia and thrombocytopenia. Because of this rapid turnover in circulating blood
cells, the hematopoietic system is poised to continually replenish these lineages through the
proliferation, differentiation and maturation of immature progenitor populations that are the
progeny of self-renewing stem cells. In contrast to most other organ systems, the
hematopoietic system is unique because the output of these various progenitors can be
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functionally validated in vivo through the use of transplantation assays.! Because of the
ability to experimentally validate the hierarchy of progenitor cell populations within the
hematopoietic system, as well as the ability to prospectively identify and purify these same
cell populations, the hematopoietic system has served as a useful paradigm for
understanding the process of differentiation of stem and progenitor cells in normal
physiology and development.12

A great deal has been learned about the molecules necessary for normal differentiation,
including identification of extrinsic regulators of hematopoiesis such as lineage-specific
cytokines. In addition, there has been an intense focus on the identification of the intrinsic
regulators of this process.! There is significant experimental support for the notion that
transcription factors act as critical intrinsic regulators of hematopoiesis and also serve to
integrate the distal regulatory output of extrinsic signals.34 The importance of transcription
factors in normal hematopoiesis is illustrated by their frequent disruption as translocation
partners in a variety of leukemias and other hematopoietic malignancies. Even less is
understood about the regulation of hematopoiesis by other classes of intrinsic regulators.
Here, we discuss how microRNAs (miRNAS), a recently described class of~23 nucleotide
RNA molecules that bind to sequences in mRNA and mediate their degradation or
translational repression,®6 have a role in the regulation of erythroid and megakaryocytic
cells within the hematopoietic hierarchy. An extensive amount of literature has been
published on this topic in just the past several years and numerous comprehensive reviews
on this topic exist.”~19 Here, we cover vignettes that illustrate the types of regulatory roles
that miRNAs have in erythroid and megakaryocytic differentiation and megakaryocyte—
erythroid progenitor (MEP) lineage commitment.

A BACKGROUND ON ERYTHROID AND MEGAKARYOCYTIC
DIFFERENTIATION AND MEP LINEAGE COMMITMENT

The traditional view of hematopoiesis involves a hierarchical model where long-term self-
renewing hematopoietic stem cells, which stably maintain hematopoiesis in the adult, give
rise to more rapidly cycling short-term stem and multipotential progenitor cells, some of
which may have limited self-renewal capabilities.1:2 There is a split between the lymphoid
and myeloid lineages, with the production of a common myeloid progenitor (CMP) and a
common lymphoid progenitor. The common lymphoid progenitor is then responsible for the
production of committed progenitors that give rise to all of the cells of the lymphoid lineage:
T, B, natural killer and a subset of dendritic cells.211 In contrast, the CMP has to produce
progenitors that can allow for the production of all other hematopoietic lineages, which are
classified as myeloid or myeloerythroid cells.2:12.13 This includes erythrocytes, platelets,
mast cells, neutrophils, eosinophils, basophils, monocytes, macrophages and a subset of
dendritic cells. The CMP is able to differentiate into two prospectively isolatable progenitor
populations, which include MEP and the granulocyte-monocyte progenitor (GMP).2:13 The
MEP and GMP solely give rise to lineage-committed progenitors that can undergo further
differentiation to the particular lineages that they are dedicated to—megakaryocytes and
erythroid cells for the MEP and neutrophils, eosinophils, basophils, monocytes and
macrophages for the GMP.

Recent studies challenge this traditional hierarchical model of hematopoiesis.214 It has been
suggested that the MEP may arise from a multipotent progenitor that then gives rise to the
common lymphoid progenitor and GMP populations, 4 although subsequent work has
suggested that this model alone may be oversimplified.1> The majority of evidence supports
the existence of the more traditional model of hematopoietic differentiation with the
bifurcation between the myeloid and lymphoid lineages, although these recent studies
suggest that some progenitor populations may be more heterogeneous and/or display more
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plasticity in differentiation than was once appreciated.:3 An important molecular
underpinning of this increasing complexity in hematopoiesis may be attributable to the
existence of lineage priming by transcription factors. This concept arises from the finding
that stem cells and multipotential progenitors express a number of lineage-specific
transcription factors?3 that are required for the generation of specific mature lineages to
which that progenitor is able to give rise. It is thought that this early expression of these
transcription factors facilitates chromatin remodeling to maintain an open and permissive
chromatin state that allows for differentiation of cells mediated by the underlying
transcriptional program for that particular lineage.23 The existence of lineage priming may
also underlie the ability of variations in transcription factor levels to mediate alterations in
lineage choice or even reprogramming within the hematopoietic system.?

As a result of intensive studies, much is understood about the role of transcription factors in
hematopoietic differentiation and particularly in erythropoiesis and megakaryopoiesis.12 Far
less is understood about the role that miRNAs have in regulating these processes.” Here, we
examine a few well-studied examples of such factors involved in these processes (Figure 1
and Table 1). Recent work suggests that these molecules may be capable of mediating as
powerful an effect on lineage choice as transcription factors, as exemplified by the ability of
miRNAs to reprogram cells to a pluripotent state.16:17 As further work is done in this area, it
is likely that similar types of findings will result for some of the miRNAs necessary during
hematopoiesis, particularly those that play roles during erythropoiesis and
megakaryopoiesis.

MIRNAS IN ERYTHROPOIESIS

miR-144/451

The earliest lineage-committed erythroid progenitor is the burst-forming unit-erythroid
(BFU-E). The proliferation and self-renewal of BFU-Es as well as the differentiation from
BFU-E to late erythroid progenitor, the colony-forming unit-erythroid (CFU-E), is regulated
by IL-3, IL-6, stem cell factor, glucocorticoids and other extra-cellular signaling molecules.
Once the erythroid progenitors have reached the CFU-E stage, they become increasingly
dependent on erythropoietin and undergo terminal differentiation, a process that includes
three—five more cell divisions, accumulation of important proteins required for hemoglobin
synthesis, chromatin condensation and enucleation.1®19 In recent years, a few miRNAs have
been linked to the regulation of these different stages of erythropoiesis.

miR-144 and miR-451 are co-transcribed miRNAs highly induced in the erythroid cell line
G1E-ER4 when the important erythroid transcription factor, GATAL, is restored by
treatment with estradiol. This is consistent with the observations that miR-144 and miR-451
are upregulated during erythroid differentiation of human CD34+ and murine
erythroleukemia cells.29 In both GIEER4 and murine erythroleukemia cells and primary
mouse fetal liver cells, chromatin immunoprecipitation experiments demonstrated that
GATAL1 binds a genomic locus 2.8 kb upstream of miR-144/451, a region containing a
predicted GATAL binding motif. Furthermore, luciferase reporter assays suggested that this
motif is indeed a functional erythroid enhancer, implying that miR-144/451 is a direct
transcriptional target of GATA1.20

In zebrafish, knockdown of miR-451 by antisense morpholino impairs erythropoiesis, which
suggested an important functional role of miR-451 in erythropoiesis.2%-21 Erythropoietic
defects have also been observed in mnr, a nonanemic zebrafish mutant with reduced
expression of miR-144/451. By injection of a green fluorescent protein reporter containing
the Gata2 3’UTR into zebrafish embryo, the authors showed that Gata2 expression is
downregulated by and is a potential target of miR-144/451. Injection of a Gata2 morpholino
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partially rescued the erythroid differentiation defects of the mnr mutant, further confirming
that Gata2 is a direct target of miR-451.21 In contrast to miR-451 morpholino-injected
embryos, zebrafish embryos injected with miR-144 locked nucleic acids to reduce miR-144
expression are morphologically normal. By using /n situ hybridization to detect the
expression of several hematopoietic- and vascular-specific genes, the authors found that
embryonic alpha-globin expression was significantly upregulated in miR-144 locked nucleic
acid-injected embryos. /n vivo reporter assays suggested that KIfd might be a target of
miR-144. Chromatin immunoprecipitation experiments demonstrated that KIfd binds to the
promoter region of miR-144 and alpha-globin. Together, this suggested that miR-144 and
Klfd form a negative feedback loop modulating the expression of an embryonic form of
alpha-globin: KIfd induces miR-144 (and miR-451) expression, and miR-144 downregulates
KIfd.22 This model of globin regulation by miR-144 awaits confirmation in other
experimental systems.

Recently, several groups created miR-144/451 or miR-451 knockout mice.23-25
miR-144/451 knockout mice displayed moderate erythroid hyperplasia, moderate
splenomegaly and mild anemia. When exposed to phenylhydrazine, more than half of the
miR-144/451/~ mice died from the resulting hemolytic anemia, whereas all of the wild-type
mice fully recovered, which suggests that the knockout mice have an impaired response to
oxidative stress.23-25 One direct target gene of miR-451 is 14-3-3C, a phospho-serine/
threonine-binding protein4:2 that inhibits nuclear accumulation of the transcription factor
FoxO3, a positive regulator of erythroid anti-oxidant genes. As a result, the abnormal
accumulation of 14-3-3C in miR-144/4517/~ erythroblasts causes a partial relocalization of
FoxO3 from nucleus to cytoplasm and dampens the expression of several FoxO3 target
genes that encode important antioxidant proteins, including Cat and Gpx1. ShRNA
suppression of 14-3-3C has been shown to protect miR-144/451~/~ erythrocytes against
peroxide-induced destruction.2* Together, these results suggest that miR-451 is critical for
protecting erythroid cells against oxidant stress. Although the miR-451 knockout mice only
display a subtle anemia, the importance of this miRNA in ensuring optimal differentiation of
erythrocytes that are capable of mounting a robust antioxidant response is well demonstrated
through these elegant /n vivo studies. Interestingly, recent work has shown that the
maturation of miR-451 does not require Dicer, but instead relies on the enzymatic activity of
Ago2. Consistent with the anemic phenotype of miR-144/451 knockout mice, Ago2
knockout mice die shortly after birth from anemia. These mice exhibit dysregulation of
expression of miR-451, suggesting that this dysregulation contributes to the anemic
phenotype of Ago2 knockout mice.26 However, this work is controversial, given the
dramatically different phenotypes seen in the two knockout animals.23-26 The Ago2
knockout animals have a severe fetal anemia, whereas a knockout of miR-451 has very
subtle effects. Further work is necessary to better understand the physiological role of these
miRNAs in erythropoiesis and is likely to uncover critical reasons for the evolutionary
conservation of these miRNAs.

Originally identified as miRNAs downregulated during erythroid differentiation of human
cord blood CD34+ cells, miR-221 and miR-222 are important regulators of early erythroid
proliferation.2” The 3"UTR of KIT contains sequences complementary to the similar
miR-221 and miR-222 seed sequence and these sequences are responsive to miR-221 and
miR-222 in luciferase reporter assays. This suggests that KIT, the stem cell factor receptor
and an important regulator of early erythroid progenitor proliferation, may be a direct target
downregulated by miR-221 and miR-222. In erythroid cultured human cord blood CD34+
cells, miR-221 and miR-222 are normally downregulated during erythroid differentiation,
and overexpression of these two miRNAs by either oligonucleotide transfection or lentiviral
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infection impairs erythroid progenitor expansion and accelerates erythroid differentiation,
accompanied by the decrease of KIT expression. These data suggest that miR-221 and
miR-222 together with KIT form a regulatory cascade involved in balancing erythroid
progenitor expansion and erythroid differentiation.2” The physiological importance of these
miRNASs in /n vivo erythropoiesis remains to be established.

miR-24 is a negative regulator of activin type | receptor ALK4,28 and the 3'UTR of ALK4
contains sequences complementary to miR-24. Indeed, luciferase reporter assays
demonstrated that the 3'UTR of ALK4 is miR-24 responsive, and in HEK293 cells,
overexpression of miR-24 downregulated the expression of ALK4. In contrast,
overexpression of miR-24 impaired activin-triggered Smad2 phosphorylation and activin-
induced luciferase reporter activity, indicators of a defect in activin signaling. In K562 cells,
activin A functions as a positive regulator of erythropoiesis and induces the accumulation of
hemoglobin. Overexpression of miR-24 partially blocked the accumulation of hemoglobin,
whereas knockdown of miR-24 slightly promoted it. This negative effect of miR-24 on
erythropoiesis has further been suggested by data from primary human CD34+
hematopoietic progenitor cells where overexpression of miR-24 impaired erythropoiesis and
knockdown of miR-24 promoted it, as indicated both by erythroid colony formation assays
and a liquid culture erythroid differentiation assay. Together, these data suggested that
miR-24 negatively regulates erythropoiesis by downmodulating the activin signaling
pathway.28 The /n vivo function of miR-24 remains to be tested to better understand the
physiological significance of this miRNA.

miR-15a, miR-16-1 and miR-16-2

Initially, miR-15a had been identified as a miRNA that down-regulates MY B expression:29
the 3"UTR of MYB contains sequences complementary to the miR-15a seed sequence.
Further, luciferase reporter assays suggested that this DNA fragment is indeed miR-15a
responsive. Interestingly, in K562 cells, chromatin immunoprecipitation experiments
suggested that MY B binds to the promoter region of miR-15a, and overexpression of
miR-15a downregulated MYB expression at the protein level whereas knockdown of
miR-15a upregulated MYB expression. The regulation of miR-15a expression by MYB also
has been shown in K562 cells where knockdown of MYB impairs miR-15a expression. This
data suggested that there exists an autoregulatory loop between miR-15a and MYB, in
which MYB promotes expression of miR-15a, and that this miRNA in turn downmodulates
MYB expression.2® During erythroid differentiation of cultured human primary CD34+
hematopoietic progenitor cells the expression patterns of MYB and miR-15a were inversely
correlated with each other. Overexpression of miR-15a in human bone marrow mononuclear
cells or CD34+ cells impaired formation of CFU-E and colony-forming unit-granulocyte-
macrophage colonies and had a modest effect on BFU-E colony formation. These data
suggested that this autoregulatory feedback loop between miR-15a and MYB is involved in
normal hematopoietic regulation.2®

Importantly, a recent discovery has linked, via its target MYB, the miR-15a and miR-16-1
miRNA cluster with a certain phenotype of human trisomy 13: an additional chromosome
copy of human trisomy 13 results in abnormal upregulation of the human -y-globin (fetal
hemoglobin) genes. This segment of chromosome 13 contains the miR-15 and miR-16
genes; the abnormal upregulation of these miRNAs leads to downregulation of their target
gene MYB, which in turn elevates fetal hemoglobin expression.39 As increased fetal
hemoglobin is important to ameliorate the symptoms of sickle cell disease and beta-
thalassemia, alteration of miR-15a/16-1 expression or MYB expression may be useful for
developing more targeted therapeutic approaches to treat these conditions.3! Other recently
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published work has linked miR-16-2 with the regulation of erythropoiesis; the pathological
upregulation of miR-16-2 may contribute to the abnormal expansion of erythroid cells in
polycythemia vera.32 This finding needs to be confirmed. Furthermore, the in vivorole of
these miRNAs in normal erythropoiesis remains to be established.

According to a miRNA RNA-seq expression profiling of primary mouse CFU-Es and more
mature Ter119+ erythroblasts, the majority of miRNAs are downregulated during terminal
erythroid differentiation.33 Among the predominant developmentally downregulated
miRNAs, ectopic overexpression of miR-191 in primary mouse fetal liver erythroid
progenitors blocked chromatin condensation in late erythroblasts as well as enucleation, but
had minor effects on terminal erythroid proliferation or differentiation. Two
developmentally upregulated genes, Riok3 and Mxi1, were identified as direct targets of
miR-191, and were subsequently shown to be essential for chromatin condensation and
enucleation. Both overexpression of miR-191 and knockdown of Riok3 or Mxil impaired
the normal downregulation of histone acetyltransferase Gen5. As Mxil is a well-known
antagonist of Myc3* and as downregulation of c-Myc and its transcriptional target Gen5 are
required for chromatin condensation,3® miR-191, Riok3, Mxi1, c-Myc and Gen5 may form a
cascade that regulates the chromatin condensation process; normal downregulation of
miR-191 allows normal upregulation of Riok3 and Mxi1 that in turn promotes
downregulation of Gen5.32 The physiological importance of this miRNA /77 vivo remains to
be tested.

MIRNAS IN MEP LINEAGE COMMITMENT AND MEGAKARYOPOIESIS

miR-150

Megakaryopoiesis begins with the lineage commitment of a bi-potential MEP to the
megakaryocytic lineage. Further differentiation of megakaryocytic progenitors is regulated
by thrombopoietin (TPO), the principle hormone that promotes megakaryocytopoiesis. TPO
binds to its receptor c-Mpl and triggers several downstream pathways that are important for
megakaryopoiesis.36-38 Despite the fact that TPO and some downstream mediators of its
effects in megakaryopoiesis have been well characterized, the roles of miRNAs in
modulating megakaryopoiesis are less clear. Here, we describe several miRNAs that
function as another layer of regulation during megakaryopoiesis.

Using miRNA expression profiling of purified human umbilical cord blood hematopoietic
progenitors, miR-150 was found to be enriched in MEPs and megakaryocyte progenitors
relative to erythroid progenitors.3? In the human CD34+ hematopoietic stem/progenitor cell
(HSPC) culture system, in which erythropoietin and TPO promote the differentiation
towards erythrocyte and megakaryocyte lineages, respectively, overexpression of miR-150
resulted in an eight-fold increase of megakaryocytic cells. That miR-150 promotes
megakaryocyte formation was further supported by data from /77 vivo HSPC transplantation
assays, where overexpression of miR-150 resulted in >15-fold increase of megakaryocytes
and a 60% decrease of erythroid cells. In addition, overexpression of miR-150 increases
colony-forming unit megakaryocyte (CFU-MK) formation and decreases CFU-E formation.
In contrast, antagomir triggered loss-of-function of miR-150 decreased CFU-Mk formation.
Together, these results indicate that miR-150 is important for promoting MEP lineage
determination.

Furthermore, the level of miR-150 was dramatically decreased during phenylhydrazine-
induced acute anemia, where rapid erythroid reconstitution is required, suggesting that the
expression of miR-150 is regulated by the physiological environment.3® MYB is a target
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gene of miR-150 and MY B downregulation would be one mechanism by which this miRNA
promotes formation of megakaryocytes at the expense of erythroid progenitors. The 3’"UTR
of MYB contains a miR-150 binding site that is responsive to miR-150 in luciferase reporter
assays. Moreover, overexpression of miR-150 in the erythroleukemia cell line K562 reduced
MY B expression. In addition, ShRNA knockdown of MYB in human CD34+ cells promotes
megakaryocytic cell production mimicking the miR-150 overexpression phenotype.
Together, this work suggested that miR-150 and MYB form a regulatory network involved
in the lineage determination of the bi-potential MEP.3°

Both miR-150 and miR-15a target MY B, the partial knockdown of which causes
thrombocytosis and anemia. Although overexpression of miR-150 blocks the committment
of MEP to the erythroid lineage, enforced expression of miR-15a impairs the erythroid
differentiation from the BFU-E to the CFU-E stage. This is an interesting example that
illustrates how multiple miRNAs regulate the expression of the same gene at sequential
developmental stages, contributing to lineage specification and further differentiation. In this
scenario, the downregulation of miR-150 from MEP to erythroid progenitor promotes the
commitment of MEPs to the erythroid lineage through the upregulation of MYB, and
miR-15a fine-tunes the level of MYB in erythroid progenitors and modulates erythroid
differentiation. It will be interesting to determine the precise expression patterns of miR-15a
in MEP and megakaryocytic progenitors, and to elucidate whether miR-15a is also involved
in the MEP lineage specification, in addition to its role in erythroid differentiation.

miR-125b-2 is encoded by human chromosome 21. It is upregulated in leukemic blasts from
patients with acute megakaryoblastic leukemia with trisomy 21 (Down syndrome)
(DSAMKL), transient leukemia with trisomy 21 (DS-TL) and acute megakaryoblastic
leukemia without trisomy 21, as compared with those from patients with acute myeloid
leukemia FAB M5 and healthy donor CD34+ HSPCs and megakaryocytes. This suggests a
correlation between miR-125b-2 upregulation and the pathogenesis of these types of
leukemia.*0

In mouse megakaryocyte progenitors isolated from embryonic day 12.5 (E12.5) fetal liver,
overexpression of miR-125b-2 promoted the formation of CFU-MKSs, indicating that
overexpression of miR-125b-2 increases proliferation and self-renewal of megakaryocyte
progenitors. In a serial replicating assay performed on wild-type fetal liver cells,
overexpression of miR-125b-2 resulted in the formation of CFU-MKs that contain
hemoglobinized erythroid cells and BFU-Es, whereas empty vector-infected cells mainly
formed mast cell colony-forming units. This suggests that overexpression of miR-125b-2
induces the proliferation and self-renewal of MEPs. In addition, when miR-125b-2 is
overexpressed in fetal liver cells from Gatal-mutant mice, there is an increase in the number
and size of CFU-MKSs. In both the megakaryblastic leukemia cell line and the leukemia
blasts isolated from DS-TL patients, knockdown of miR-125hb-2 impairs their proliferation.
The author further identified DICER1 and ST18 as target genes of miR-125b-2, and found
that DICER1 and ST18 are significantly downregulated in cells isolated from DS-AMKL
and DS-TL patients. Knockdown of these two target genes recapitulates the miR-125b-2
overexpression phenotypes.40

In addition to its role in acute megakaryaoblastic leukemia and megakaryocyte formation,
miR-125b has also been broadly linked with normal and pathological hematopoiesis,
including hematopoietic stem cell self-renewal,*1 myelodysplasia and other types of
leukemias.42-45
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miR-145 and miR-146a

Chromosome 5q deletion syndrome (5g- syndrome) is a subtype of the myelodysplastic
syndrome, which is characterized by macrocytic anemia, thrombocytosis, hypolobated
megakaryocyte and a common deleted region on chromosome 5g. Although
haploinsufficiency of RPS14 contributes to the erythroid differentiation defects of 5g-
syndrome,#® the molecular mechanisms underlying the defects related to megakaryocyte
lineage are unlikely to be explained by the loss of RPS14.

Among 13 miRNAs encoded in the common deleted region, miR-145 and miR-146a are
downregulated in CD34+ HSPC isolated from the bone marrow of 5g- syndrome patients.4’
In a mouse bone marrow transplantation model, knockdown of both miRNAs through a
‘miR decoy’ approach caused variable neutropenia, significant thrombocytosis and the
formation of hypolobated megakaryocytes, suggesting that the loss of miR-145 and
miR-146a contributes to the megakaryocyte lineage defects of 5g- syndrome. Further
experiments identified TIRAP (toll-interleukin 1 receptor (TIR) domain containing adaptor
protein) and TRAF6 (TNF receptor-associated factor 6), two molecules involved in the Toll-
like receptor signaling pathway, as target genes of miR-145 and miR-146a, respectively. In
the same mouse bone marrow transplantation model, overexpression of TRAF6
recapitulated the miR-145 and miR-146a loss-of-function phenotype, suggesting that
TRAFG6 is a functional target of miR-145. Further analysis also suggested a cell non-
autonomous effect of TRAF6 on thrombocytosis through induction of IL-6. Taken together,
these data indicate that 5q deletion results in the downregulation of miR-145 and miR-146a,
which contribute to the pathogenesis of 5¢- syndrome.?’ Consistent with this report, a recent
study shows that miR-145 and its target gene, Fli-1, are dysregulated in 5g- syndrome
patients. In both the CD34+ cell culture system and the bone marrow transplantation models,
downregualtion of miR-145 and the upregulation of Fli-1 increase the production of
megakaryocytic cells relative to erythroid cells. Importantly, it has been shown that miR-145
may functionally cooperate with RPS14 to alter erythroid and megakaryocytic lineage
differentiation, illustrating how the loss of protein coding genes and noncoding miRNAs
encoded in the same chromosomal region may contribute to a complex phenotype observed
in a microdeletion syndrome.48

In addition to its involvement in the pathogenesis of 5q-syndrome, miR-146a has also been
suggested to have a negative role in normal megakaryopoiesis.*® In the promyelocytic
leukemia zinc-finger (PLZF) overexpressing K562 cell, miR-146a is downregulated and
chemokine receptor 4 (CXCR4) is upregulated.*® These expression patterns have been
confirmed in megakaryocytic cultures of human cord blood CD34+ -derived cells.
Subsequent bioinformatic analysis and luciferase reporter assays suggested that CXCR4 is a
direct target of miR-146a, whose 3"UTR contains a miR-146a binding site. Furthermore,
chromatin immunoprecipitation assays showed that PLZF is a transcriptional repressor of
miR-146a. In megakaryocytic cultures, ectopic overexpression of miR-146a impairs
proliferation and differentiation and reduces CXCR4 expression. In contrast, knockdown of
miR-146a promotes proliferation and differentiation and increases CXCR4 expression. By
using the same megakaryocytic cultures, it was demonstrated that knockdown of either
PLZF or CXCR4 impairs megakaryopoiesis. The authors also showed that overexpression of
miR-146a disrupts PLZF-induced megakaryocytic differentiation, while overexpression of a
3’UTR-mutated CXCR4, which is no longer responsive to miR-146, blocked the ability of
miR-146 to alter megakaryocytic production. Together these data suggest that PLZF,
miR-146a and CXCR4 form a positive feedback loop required for megakaryopoiesis: PLZF
reduces miR-146a expression, and reduced levels of this miRNA in turn promote expression
of CXCR4.4°
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CONCLUDING REMARKS

From the vignettes described above, it is clear that a great deal has been learned about the
role of miRNAs in erythroid and megakaryocytic differentiation and MEP lineage
commitment over the past few years. Traditionally, it has been thought that the production
of erythroid and megakaryocytic cells are regulated by cytokines, including erythropoietin,
IL-3, IL-6, stem cell factor, glucocorticoids and TPO. These extracellular molecules activate
several intracellular downstream signaling pathways, including the JAK/STAT, RAS/
MAPK and PI3K/AKT pathways, all of which eventually regulate transcription factors, such
as GATAIL, TAL1/SCL, STATS5 and KLF1, to ultimately modulate the expression of genes
required for lineage commitment and differentiation. The discovery that miRNAs are
required for erythroid and megakaryocytic cell formation uncovers another layer of this
regulatory mechanism.

One type of this mMiRNA-mediated regulation influences the ‘decision-making’ process
through fine tuning of the expression of key regulatory molecules. An intricate example of
this type of regulation is visible in the participation of miR-150, miR-15a and their target
gene MYB in MEP lineage commitment and further erythroid differentiation. MYB is
critical for MEP lineage commitment and erythroid differentiation, and partial loss of MYB
expression promotes thrombocytosis and subtle erythroid abnormalities. However, it is not
clear how its meticulous expression pattern, expressed higher in MEP and early erythroid
progenitors than in megakaryocytic progenitors, and gradually downregulated during further
erythroid differentiation, is achieved. The identification of miR-150 and miR-15a as
miRNAs that target MY B at sequential stages of MEP lineage commitment and erythroid
differentiation, provides one possible explanation. In this case, the higher expression levels
of miR-150 in MEP and megakaryocytic progenitors modulate the destiny of such cells. The
daughter cell of a MEP that “inherits” an increased level of miR-150 will be more likely to
become a megakaryocytic progenitor, and its counterpart with lower levels of miR-150 will
be more likely to be an erythroid progenitor. This hypothesis is supported by experimental
evidence detailed above, although further studies of such regulatory mechanisms are needed.
Following the MEP stage, the upregulation of miR-15a/16-1 may allow for modulation of
MY B expression during erythropoiesis.

Another type of miRNA-mediated regulation mainly contributes to the robustness of
biological systems that control erythroid and megakaryocytic cell production. A well-studied
example is miR-451, where mice with a knockout of this miRNA have a rather subtle
phenotype and on its own, this molecule does not appear to contribute in a major way to
normal homeostatic erythropoiesis. However, during phenylhydrazine-induced hemolytic
anemia, where the demand for erythrocyte production and the resistance to peroxide-induced
destruction is greatly elevated, miR-451 becomes indispensible for erythrocyte production.

Despite the fact that much has been learned about the role of miRNAs in erythroid and
megakaryocytic cell production, the physiological role of these molecules still remains
largely enigmatic, as the vast majority of studies were performed in cell lines rather than
primary cells. Although cell lines are easily accessible and can be readily manipulated, there
are many instances where phenotypes observed /n vitro contrast with those observed when
molecules (such as transcription factors) are mutated /n vivo. In light of this, it will be
critical for the physiological relevance of these miRNAs to be discerned by combining
insight from /n vitro studies along with /n vivo models.
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miRNAs are important regulators of erythroid and megakaryocytic cells production.1:18
CFU-G, colony-forming unit-granulocyte; CFU-GM, colony-forming unit-granulocyte-
macrophage; CFU-Eo, colony-forming unit-eosinophil; CFU-M, colony-forming unit-
macrophage; CFU-Meg, colony-forming unit-megakaryocyte; MCP, mast cell progenitor.
Up arrows represent upregulation of miRNAs or protein-coding genes. Down arrows
represent the upregulation of miRNAS or protein-coding genes.
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