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Abstract

HSPCs, as well as hematopoiesis.

The maintenance and differentiation of hematopoietic stem/progenitor cells (HSPCs) is a critical process of
hematopoiesis that includes the formation of lymphoid lineage and myeloid lineage. Epigenetic regulation is mainly
composed of DNA methylation, histone modifications, non-coding microRNA (miRNA) regulation and chromatin
remodeling, which are essential for the maintenance and differentiation of hematopoietic stem/progenitor cells
(HSPCs). This review details the epigenetic studies of four major epigenetic mechanisms in normal and aberrant

Epigenetics is the study of heritable changes in gene function
caused by mechanisms other than changes in the underlying DNA
sequence and is mainly composed of DNA methylation, histone
modifications, non-coding microRNA (miRNA) regulation and
chromatin remodeling [1-3]. Epigenetic regulation is essential for the
maintenance and differentiation of hematopoietic stem/progenitor
cells (HSPCs), a critical process of hematopoiesis that includes the
formation of lymphoid lineage cells, such as T and B cells and the
constitution of myeloid linage cells, such as neutrophils, eosinophils,
basophils, monocytes, macrophages, megakaryocytes, platetes and
erythrocytes [4,5]. The understanding of the epigenetic biomarkers and
the mechanisms of epigenetic regulation in the normal and abnormal
development of HSPCs will benefit the diagnosis and therapy of blood
and immune diseases, such as myelodysplastic syndromes (MDS) and
various subtypes of leukemia.

DNA Methylation and HSPCs

DNA methylation occurs at position C5 of cytosine in CpG
dinucleotides. The DNA methyltransferases (DNMTs), such as
DNMTI1, DNMT3A and DNMTS3B, are required for the maintenance of
DNA methylation patterns [6]. The gene expression regulated by DNA
methylation of the gene promoter regions is critical for developmental
processes [7-9].

DNA methylation and normal HSPC development and
differentiation

DNA methylation is a key mechanism for normal HSPC
development and hematopoiesis. The DNA methyltransferases are
important for HSPC development. DNMT1 plays a significant role
in the self-renewal of adult hematopoietic stem cells (HSCs) and
DNMT1-deficient HSCs intended to differentiate into multilineage
hematopoietic cells, particularly into myeloid progenitor cells [10].
Reduced DNMT1 activity resulted in the differentiation of mouse
HSCs into myeloerythoid, but not lymphoid, progeny [11]. In addition,
DNMT3A and DNMT3B are critical for HSC relf-renewal but not
differentiation [12]. DNMTs mediate the genomic DNA methylation
levels in HSPCs. There are several genome-wide DNA methylation
studies that have identified differential stages of HSPCs [13-17]. Bisulfite
sequencing analysis identified that CpG dinucleotides colocalize across
defined regulatory regions of lineage-affiliated genes in HSCs [17].
CD34 is a specific membrane protein marker for HSPCs [18-21]. A
comparison of genome-wide CpG methylation levels in human CD34+
and CD34- cells found a characteristic undermethylation dip around the
transcription start site of promoters and an overmethylation of flanking

regions in undifferentiated CD34+ cells [16]. A study examined 4.6
million CpG sites and obtained comprehensive differential methylome
maps of different hematopoietic progenitors [15]. Bocker et al. [14]
indentified differential genome-wide promoter DNA methylation
levels of human HSPCs during differentiation and aging. Particularly,
by comparing CD34+ HSPCs to myeloid cells, they identified a defined
set of differentiated-related genes that are hypermethylated in HSPCs.
They also compared HSPCs between fetuses and adults and observed
a bimodal pattern with hypomethylation of differentiation-related
genes in older HSPCs. A genome-wide promoter methylation analysis
identified that promoter demethylation in hematopoietic-specific
genes occurred during hematopoietic differentiation from human
embryonic stem cells (hESCs) [13] and directional DNA methylation
changes have been observed during the differention of HSPCs into
different hematopoietic lineages in another genomic DNA methylation
study [22].

Studies also found other DNA methylation markers in promoters
of specific hematopoietic-related genes during HSPC development
and differentiation. The HLA-G (human leukocyte antigen G) gene
was hypomethylated in CD34+ cells compared to CD2+ lymphocytes
[23]. Dynamic DNA methylation of the p15 gene promoter region was
associated with proliferation, but not differentiation of normal human
myeloid progenitors [24]. The gamma-globin gene promoter was highly
methylated in the early stage of HSPCs and progressively demethylated
during erythroid differentiation [25]. The DNA methylation of the
MLL5 (mixed lineage leukemia-5) gene regulated HSC self-renewal
[26]. The HIF1A (hypoxia-inducible factor 1 alpha) gene was
hypermethylated and showed lower expression in HSPCs compared
with other cell lines [27]. The X-linked HUMARA (human androgen
receptor) gene showed methylation changes during the differentiation
of hESCs into HSPCs, suggesting a methylation mechanism of the
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HUMARA gene in hESC-derived hematopoiesis [28]. The SALL4 (Sal-
like protein 4) gene regulated promoter methylation of silenced genes
in primary HSPCs via recruitment of DNMTs [29].

DNA methylation and aberrant HSPCs

Myelodysplastic syndromes (MDS) are clonal HSC disorders with
dysplasia in one or more hematopoietic cell lineages [30]. MDS displays
ineffective hematopoiesis, impaired maturation of hematopoietic
cells and an increased risk of developing acute leukemia [31]. DNA
methylation plays an important role in the etiology of MDS. MDS
patients mostly showed hypermethylation of the p1 5INK4B (CDKN2B,
cyclin-dependent kinase 4 inhibitor B) gene promoter that may also be
associated with disease progression [32]. The p15INK4B methylation
in HSPCs in MDS patients was restricted to the MDS clone [33]. The
CTNNALI (catenin alpha-1) promoter was highly methylated and the
gene was down-regulated in HSCs from MDS patients compared with
normal HSCs, suggesting that DNA methylation of the CTNNAI
promoter in HSCs may contribute to human MDS development [34]. A
biallelic hypermethylation pattern of the MGMT (O°-methylguanine-
DNA methyltransferase) gene promoter was specifically shown in
early myeloid precursor cells from therapy-related MDS patients
[30]. Eighty percent (33/41) of MDS bone marrow samples showed
hypermethylation of four tumor-associated genes, p15, p16, E-cadherin
and MGMT [35]. A study found that hypermethylation silencing of the
lineage-specific associated genes, survivin, CHK2 (checkpoint kinase 2)
and WT1 (Wilms tumor 1), in MDS HSPCs, may contribute to an MDS-
specific phenotype [36]. There were associations between the aberrant
promoter methylation of the DNMT gene and its expression in high-
risk MDS for all lineages and during erythropoiesis [37]. Moreover,
DNMT3A mutation in HSPCs in MDS patients may alter DNA
methylation of relevant genes implicated in the MDS pathogenesis [38].
Demethylation of the PI-PLCbetal (phosphoinositide-phospholipase
C betal) gene promoter correlated to the increased expression of
transcription factors implicated in HSC differentiation, which hints
the role of PI-PLCbetal in myeloid differentiation and as a potential
therapy target for MDS [39].

Leukemia is a type of blood or bone marrow cancer caused by
abnormal HSPC proliferation and differentiation. DNA methylation
contributes to some of the subtypes of leukemia, such as AML
(acute myelogenous leukemia), CMML (Chronic myelomonocytic
leukemia), etc. CEBPA (CCAAT/enhancer-binding protein alpha)
promoter CpGs were hypermethylated in AML cells compared
with normal HSPCs [40,41]. A DNA methylation profiling study
identified specific methylation signatures in HSPCs associated with
AML and the methylation status of the DBC1 (deleted in bladder
cancer protein 1) was validated as a predictor of AML with a normal
karyotype [42]. A large AML patient cohort study revealed that IDH1/2
(isocitrate dehydrogenase 1/2)-mutant AMLs displayed global DNA
hypermethylation and a specific hypermethylation signature, which
also impaired hematopoietic differentiation and increased HSPC
maker expression [43]. ABL1 (c-abl oncogene 1) promoter methylation
has been discovered as an early marker in HSPCs for CML [44]. DNA
methylation analysis in 127 JMML (juvenile myelomonocytic leukemia)
cases identified frequent hypermethylated CpG islands in four genes,
BMP4 (bone morphogenetic protein 4), CALCA (calcitonin-related
polypeptide alpha), CDKN2B and RARB (retinoic acid receptor beta)
[45].

The DNA methylation mechanism also affects other aberrant
HSPC related diseases. For example, hypermethylation of the CXCR4

[chemokine (C-X-C motif) receptor 4] promoter contributed to the
development of abnormal HSPCs in primary myelofibrosis patients
[46]. Hypomethylation of the p16 gene promoter and upregulated p16
expression were found in HSPCs from psoriasis compared with normal
controls, suggesting that the promoter methylation status of the p16
gene in hematopoietic cells is involved in psoriasis [47].

Histone modifications and HSPCs

The histone tails on the nucleasome surface have many histone
modifications, including acetylation, methylation, phosphorylation,
poly-ADP ribosylation, ubiquitination and plycosylation [48].
Histone modifications determine the histone-DNA interaction
and the interaction of nonhistone proteins with chromatin [49].
Gene expression can be regulated by histone modifications. Histone
acetylation, catalyzed by histone acetyltransferases (HATSs) such
as MORF, MOZ, MOF, TIP60 and HBO, is one of the most studied
modifications [50]. Histone acetylation mainly occurs at lysine
residues of histone H4 and H3, which alters histone-DNA binding
and binding codes of chromotin-interacting transcription factors
[48]. The acetylation levels are determined by the balance between
the action of HATSs and histone deacetylaseas (HDACs) [51]. Histone
methylation is another well-known histone modification, which
regulates both transcriptional activation and repression [48]. Histone
tails are normally methylated at lysine and arginine residues and the
methylation levels are determined by the balance between histone
methyltransferases (HMTs) and histone demethylases (HDMs) [438].
One specific family of proteins, know as the Polycomb group (PcG), are
known to play a critical role in epigenetic regulation in hematopoietic
stem cells, mainly via histone modifications [52].

Histone modifications and normal HSPC development and
differentiation

Recently, there are many studies on histone modifications
for normal HSPC development and hematopoiesis. For histone
acetylation, the transcription factor GABP (GA binding protein)
activated transcription of HDACs including p300, which contributes
to regulation of HSC self-renewal and differentiation [53]. Many B-
and T-lymphoid genes are associated with active H3 and H4 histone
acetylation in human HSCs [54]. Histone H3 acetylation is important
for activation of human beta-globin gene promoters during human
and mouse HPC (hematopoietic progenitor cell) development [55]. A
study demonstrated that BTG2 (B-cell translocation gene 2) enhanced
retinoic acid-induced HSPC differentiation by modulating histone H4
methylation and acetylation of the RARbeta (retinoic acid receptor
beta) gene [56]. Histone H3 acetylation in the mouse lambda5-VpreB1
locus may affect the B-cell development from mouse ESCs [57].

Many studies found histone acetylation markers and/or
mechanisms in erythoid differentiation during hematopoiesis. Histone
H3 and H4 acetylation peaks throughout the SCL (stem cell leukemia)
gene in different hematopoietic cells were located at the SCL enhancer
that targets the primitive erythroid lineage in vivo, which may provide
a powerful tool for studying the biology of primitive erythroid
lineage [58]. Increased histone acetylation in the gamma-globin
gene correlated with increased gamma-globin expression in erythoid
progenitor cells from adult baboons [59]. Continued expression of Myc
(avian myelocytomatosis viral oncogene homolog) at physiological
levels prevented mammalian erythoid cell maturation by blocking
deacetylation of several lysine residues in histone H3 and H4 [60].
Deacetylation levels of histone H4 associated with the increased alpha
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(pi)-globin levels during the development in chick primary erythroid
cells [61]. Recruitment of the SWI/SNF protein Brgl (Brahma-related
gene 1) repressed P4.2 (protein 4.2) expression by occupying the P4.2
gene promoter and reducing its histone H3 and H4 acetylation until
the terminal differentiation of erythroid progenitors [62].

Based on the histone acetylation mechanisms in HSPC development
and differentiation, HDAC and HAT inhibitors may be used for
hemopoieticlineage differentiation or HSPC proliferation. VPA (valroic
acid), an HDAC inhibitor, altered hematopoietic homeostasis in vitro
by inhibition of erythroid differentiation and activation of the myelo-
monocytic pathway in HSPCs [63]. VPA increased CXCR4 expression
by increasing the acetylation status of histone H4 in cord blood HSPCs,
which may improve homing and engraftment of cord blood HSPC
transplants [64]. VPA also enhanced cord blood HSPC self-renewal
[65]. Normal CD34+ HSPCs showed inhibition of differentiation
and an G2/M cell cycle arrest when treated with the HDAC inhibitor
LAQ824, indicating the presence of a histone acetylation mechanism
in HSPC development [66]. The HDAC inhibitor TSA (Trichostatin
A) augmented histone acetylation in mouse HSPCs and resulted in
an increase of cell frequency and survival [67]. Blocking of histone
deacetylation by an HDAC inhibitor FK228 (depsipeptide) inhibited
the differentiation of erythroid cells from human HSPCs [68]. Human
HSPCs were able to be ex vivo expanded by a HAT inhibitor, Garcinol,
by inhibition of HAT activity and histone acetylation [69].

For histone methylation, a study found that the forced expression of
HDMT Fbxl10 (F-box and leucine-rich repeat protein 10) maintained
HSC self-renewal, which for the first time highlighted a role of histone
demethylation in the regulation of HSCs [70]. A unique HMT DOTI1L
(disruptor of telomere silencing 1-like) that specifically methylates
histone H3 at lysine 79 acts as a critical regulator in mouse early
hematopoiesis by regulating steady levels of GATAZ2 (an erythoid growth
factor) and PU.1 ( a myelopoietic transcription factor) transcription
and thus controlling the numbers of erythroid and myeloid cells in
mice [71]. The HMT G9a displayed a dual role in the proper expression
(repression and activation) of the beta-globin genes by a histone
methylation mechanism to regulate differentiation of erythroid cells
[72]. Genome-wide assessment of the concordance of histone histone
H3 lysine 4 dimethylation (H3K4me2) and trimethylation (H3K4me3)
in erythroid development by analyzing pluripotent, multipotent and
unipotent cell types identified a subset of differentially methylated
(H3K4me2+/me3-) genes highly enriched in lineage-specific
hematopoietic genes, suggesting differential histone H3K4 methylation
in lineage-specific differentiation [73]. Transcription factor Sox2 has
been demonstrated to assist in the formation of a monovalent histone
methylation marker at an enhancer in the pro/pre-B cell-specific
lambda5-VpreB1 locus in ESCs, indicating that there is a histone
methylation regulatory mechanism via Sox2 in B-cell development
from ESCs [74]. The tumor suppressor menin directly activates Hoxa9
expression by binding to the Hoxa9 locus, facilitating methylation of
H3K4 in the locus and recruiting the methylated H3K4 binding protein
chdl to the locus, which maintains normal hematopoiesis in mice [75].

Histone modifications and aberrant HSPCs

Histone modifications have also been found in diseased HSPCs
and abnormal hematopoiesis. For histone methylation mechanisms, a
study demonstrated that ectopic expression of the histone H3 lysine
36 dimethyl-specific HDM KDM2b/JHDM.1b is sufficient to transform
HSPCsand depletion of KDM2b/JHDM1b in HSPCs impaired leukemic
transformation, indicating a critical role of KDM2b/JHDMI1b in

leukemia development and maintenance [76]. The only known H3K79
HMT, Dotl, is pivotally required in MLL fusion protein-mediated
leukemogenesis and is implicated as a potential therapeutic target
[77]. Expression of AF4-MLL fusion protein in murine HSPCs caused
altered histone methylation signatures and resulted in the development
of proB ALL [78]. The MLL1 gene led to transformation of HSPCs into
leukemia stem cell by binding to histone H3K4me3/2 and recruiting
factors that cause chromosomal translocations [79]. Increased histone
H3K4 and H3K79 methylation with the SALL4 binding region of the
BMI1 (B lymphoma Mo-MLYV insertion region 1 homolog) promoter
correlated with up-regulation of BMII in transgenic mice that over
expressed human SALL4, which also transformed the mice from
normal to MDS and AML stages [80].

MiRNAs and HSPCs

MiRNAs (18-24 nucleotide non-coding RNAs) are epigenetic
regulatory components that mainly down-regulate gene expression by
sequence-specific base paring at the 3'UTR (untranslated regions) of
the target gene mRNA, resulting in mRNA degradation or inhibition
of translation. They bind to target mRNA by the ‘seed’ sequence of the
miRNA, nucleotides 2-8 (counted form the 5’end) [81,82]. The miRNA
regulatory mechanism has been implicated widely in cellular functions
such as differentiation, proliferation, development and apoptosis [81-
84].

MiRNAs and normal HSPC development and differentiation

Normal HSPC development and differentiation are regulated
by miRNAs. MiR-125b is an important miRNA in normal HSPCs.
Overexpression of miR-125b enhanced hematopoietic engraftment
in human immune system mice [85]. In a mouse study, miR-125b
regulated HSC survival and promoted lymphoid-lineage differentiation
[86]. Overexpression of miR-125b improved colony-formation in
primary mouse HSPCs and promoted myelopoiesis in mouse bone
marrow chimeras [87]. Moreover, miR-125b directly suppressed 20
novel targets in the p53 network in human, mouse and zebrafish stem
cells and regulated cell proliferation and apoptosis [88].

MiR-126 is another critical HSPC miRNA. MiR-126 and HOXA9
protein were co expressed in HSCs and both were down regulated
during progenitor cell differentiation [89]. Expression of miR-126
was found in HSCs and early progenitors, but not in differentiated
progenitors in both mice and humans [90]. In G-CSF (granulocyte-
colonystimulating factor) mobilized CD34+ cells, miR-126 was
upregulated [91]. MiRs-126/126" were up regulated and paralleled the
expression of hematopoietic transcription factors RUNX1, SCL and
PU.1 in CD34+ cells and overexpression of miRs-126/126" inhibited
erythropoiesis from hESCs [92].

Two miRNAs, miR-144 and miR-451, play roles in erythropoiesis.
MiR-144 specifically regulated the synthesis of embryonic alpha-
hemoglobin during primitive erythropoiesis in zebrafish [93]. The
miRNA miR-451 has been found to play a crucial role in promoting
erythroid maturation by targeting the transcription factor GATA2
[94]. Further study found that both miR-144 and miR-451 induced
erythropoiesis by targeting transcription factor GATA1 in zebrafish
[95]. Recently, the role of the miR-144/451 cluster has also been found
in mammalian erythropoiesis [96,97].

There are other essential miRNAs in normal HSPCs and
hematopoiesis. For example, miR-155 was upregulated in G-CSF-
mobilized CD34+ cells [91], inhibited both myeloid and erythroid
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differentiation from normal human HSPCs [98] and modulated
megakaryopoiesis from human HSPCs by targeting ETS-1 and MEIS1
transcription factors [99]. The upregulation of miR-520h promoted
differentiation of hHSCs into progenitor cells [100,101]. MiR-146a was
strongly up regulated during megakaryopoiesis, but not erythropoiesis,
in mice and humans [102] and overexpression of miR-146a in HSCs
resulted in transient myeloid expansion, decreased erythropoiesis and
impaired lymphopoiesis [103]. MiR-130a was expressed in HSPCs,
but not differentiated progeny, in both mice and humans [90] and
miR-130a targeted the transcription factor MAFB that is involved in
platelet physiology [104]. MiR-24 stimulates myelopoiesis, blocks
granulocytic differentiation and inhibits erythropoiesis [105,106].
MiR-181 preferentially induced B- or T-lymphopoiesis in mouse
HSPCs [107,108]. Overexpression of miR-150 in HSCs impaired B cell
development [109].

MiRNAs and aberrant HSPCs

The role of miRNAs in aberrant HSPCs and hematopoiesis has
also been extensively studied. Aberrant expression of miR-155 and
miR-150 is critical for the abnormal hematopoiesis. Expression levels
of miR-155 were associated with subtypes of human AML [110] and
miR-155 stimulated ALL (acute lymphoblastic leukemia) by down-
regulation of SHIP (Src homology 2 domain-containing inositol-5-
phosphatase) and C/EBPbeta (CCAAT enhancer-binding protein beta)
in mice [109,111]. Sustained expression of miR-155 in mouse bone
marrow cells injected with bacterial lipopolysaccharide (LPS) showed
pathological myeloid proliferation, correlating with its overexpression
in AML HSPCs [112]. Both miR-155 and miR-150 were aberrantly
expressed in ATL (adult T-cell leukemia) cells [113]. Polycythemia
vera (PV) is a myeloproliferative disorder from HSCs. Upregulation of
miR-155 and miR-150 was identified in PV as compared to the normal
erythroid progenitor cells [114].

Bellon et al. [113] found that miR-196b was specifically
overexpressed in MLL HSCs. However, a later study also detected an
up regulation of miR-196b in AML cells [110]. Furthermore, Schotte et
al. [115] demonstrated that high expression of miR-196b is not limited
to MLL, but also occurs in pediatric ALL cells with aberrant activation
of the HOXA gene.

The levels of miR-221 and miR-222 were gradually and sharply
down regulated in erythropoietic culture of cord blood HSPCs and
transplantation experiments in mice revealed that miR-221 and 222
treatments of HSPCs damaged their engraftment capacity and stem
cell activity [116]. Upregulation of miR-221 was correlated with AML
[110]. Both miR-221 and 222 were progressively down regulated in
normal erythropoiesis compared with the PV patient HSCs [114].

MiR-34a was highly overexpressed in 5q-deletion MDS patients,
suggesting its role in increased apoptosis of bone marrow progenitors
[117]. This miR-34a over expression was also observed in early
MDS patients [118]. Over expression of miR-34a reprogrammed
granulocytic differentiation of AML blast cells with CEBPA mutations,
indicating miR-34a as a potential therapeutic target for AML with
CEBPA mutations [119]. In addition, manipulated expression of
miR-34a in K562 human leukemia cells inhibited cell proliferation,
induced G1 arrest phase and promoted megakaryocyte differentiation,
which suggested that miR-34a may be a potential treatment target for
leukemia [120].

Studies also identified other essential miRNAs in aberrant HSPC
development and hematopoiesis. MiR-146a was downregulated in
5q-MDS HSPCs in both mice [121] and humans [90]. Overexpression
of miR-125b resulted in a dose-dependent myeloproliferative disorder
and progressed to lethal myeloid leukemia in mice [85] and repression
of miR-125b in Down syndrome acute megakaryoblastic leukemia cells
impaired the cell proliferation and growth [122].

Chromatin Remodeling and HSPCs

Although the previous mechanisms of epigenetic regulation have
been studied more extensively in hematopoietic stem/progenitor cells,
chromatin remodeling is another epigenetic regulatory method that
is used to influence gene expression in these cells. The remodeling
of chromatin involves the modification of nucleosomes induced
by various chromatin remodeling factors, thus providing another
means of epigenetic regulation of gene expression [123]. Mi2-beta,
an ATPase that is part of the nucleosome remodeling deacetylase
(NuRD) complex, is critical for the differentiation of hematopoietic
stem cells into immune cell lineages [124]. The phosphoprotein
nucleolin, through its binding to the promoter region of the CD-34
gene in hematopoietic stem/progenitor cells, plays a significant role in
gene expression. One of the mechanisms by which nucleolin may act to
influence gene expression is via chromatin remodeling [125]. Enhancer
of zeste homolog 2 (Ezh2), a PcG protein, was shown to help maintain
the replicating potential of hematopoietic stem cells via stabilization of
the chromatin structure [126].

Conclusions and Perspectives

In summary, we highlighted four major epigenetic regulatory
mechanisms in the maintenance and differentiation of HSPCs, as
well as the process of hematopoiesis. Many studies were focused
on one specific mechanism in the HSPC system. However, in the
real biological hematopoietic system, these four aspects should be
dynamically interacted, particularly at the systematic level. Recent
rapid development of high-throughput profiling technologies of
epigenetic modifications on a genome-wide scale will definitely
generate a more complete and multi-level epigenome for HSPCs and
hematopoietic cells, which will systematically decipher the complicated
epigenomic picture and provide promising therapeutic targets for
various leukemias and other blood or immune related diseases.
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