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Epigenetic Regulation of Mammalian Stem Cells

Xuekun Li and Xinyu Zhao

Two critical properties of stem cells are self-renewal and multipotency. The maintenance of their “stemness” state 
and commitment to differentiation are therefore tightly controlled by intricate molecular networks. Epigenetic 
mechanisms, including DNA methylation, chromatin remodeling and the noncoding RNA-mediated process, 
have profound regulatory roles in mammalian gene expression. Recent studies have shown that epigenetic regu-
lators are key players in stem cell biology and their dysfunction can result in human diseases such as cancer and 
neurodevelopmental disorders. Here, we review the recent evidences that advance our knowledge in epigenetic 
regulations of mammalian stem cells, with focus on embryonic stem cells and neural stem cells.

Introduction

Stem cells refer to the cells that have two fundamental 
properties that defi ne their “stemness” characteristics: 

self-renewal and multipotency. During development, stem 
cells and resulting progenitor cells are responsible for gener-
ating all the tissues and cells of an organism. In adult, stem 
cells exist in many tissues throughout life and may play crit-
ical roles in tissue regeneration and repair. Mammalian em-
bryonic stem cells (ESCs) derived from the inner mass of the 
embryonic blastocyst are pluripotent, which means that they 
have the ability to generate all types of cells in an adult an-
imal. Tissue-specifi c stem cells have limited ability for differ-
entiation and generally are committed to create the mature 
cells in the tissues where they reside. For example, neural 
stem cells (NSCs) could give rise to major cell types in the 
central nervous system (CNS), including neurons, astrocytes, 
and oligodendrocytes, whereas hematopoietic stem cells 
(HSCs) have the potential to produce all lineages of blood 
cells, such as Erythrocytes, B-lymphocytes, T-lymphocytes.

The development of a mammalian organism begins from 
the zygote (fertilized egg). The zygotye is totipotent, which 
means that it has the potential to develop into a complete or-
ganism, as well as extra embryonic tissues. The fi rst visible 
cell differentiation in a developing zygote is the formation of 
the blastocyst that consists of trophoblasts, inner cell mass, 
and blastocyst cavity [1]. ESCs are experimentally derived 
from inner cell mass of blastocysts by following specifi c in 
vitro culture conditions. The closest resemblance, but not 

identical counter part, of ESCs in vivo is epiblasts that appear 
at E6-6.5 (embryonic day) in mice. Under an optimal in vitro 
maintenance condition, ESCs are pluripotent with the ability 
to generate stem cells and subsequent differentiated cells of 
all three germ layers, ectoderm, mesoderm, and endoderm 
both in culture dishes and upon transplantation into devel-
oping embryos [1]. Unlike the zygote, ESCs can not differen-
tiate into extra-embryonic tissues such as yolk sac [2]. ESCs 
are ideal stem cells for both research and cell-based therapies 
both because that they can be cultured almost indefi nitely 
without altering their stem cell properties and because that 
they have the potential to regenerate all types of cells and 
organs in an adult animal or a human being. However, de-
spite great public interest and signifi cant scientifi c advances 
in understanding ESCs, many critical questions remain. How 
do ESCs maintain their pluripotency? During ESC differenti-
ation, how are those genes essential for pluripotency silenced, 
while other genes specifi c for differentiated cells activated? 
How do some of the genes essential for pluripotency become 
silenced during fetal development but are expressed again in 
the next generation germ cells? These are some of the most 
critical questions that need to be answered in ESC fi eld.

Neurogenesis is defi ned as the process of generating new 
neurons from NSCs, which consists of the proliferation and 
fate determination of NSCs, migration and survival of young 
neurons, and maturation and integration of newly matured 
neurons [3,4]. To date, it is well accepted that adult mam-
malian brains have two regions with persistent neurogenic 
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capabilities: one is the subventricular zone (SVZ) in the lat-
eral ventricle and another one is the subgranular zone (SGZ) 
in the dentate gyrus of the hippocampus. The presence of 
neurogenesis in these two regions have been demonstrated 
in many species including primates [5,6] and humans [7,8]. 
Due to a lack of NSC-specifi c marker, the identity of true 
NSCs in vivo is still unclear. Experimental evidence sug-
gests that adult NSCs may have originated from neuroepi-
thelial cells or radial glia during initial neurogenic phase of 
embryos. These cells evolve into a subset of astrocytes that 
preserve their stem cell properties in the neurogenic niche 
of adult brains [9]. Recent advances have revealed that many 
mechanisms are involved in the regulation of neurogenesis: 
physiological activities including running, learning and 
memory, and enriched environment [10]; hormones [11]; 
growth factors such as Fgf and Vegf [12,13]; transcription 
factors such as Tlx [14], Bmi-1 [15], and Sox2 [16–18]; and dis-
eases including epilepsy [19] and stroke [20,21].

One fundamental question in understanding neurogen-
esis is why the adult brain has such limited neurogenic po-
tential compared to that in the embryonic brain. The reason 
might be that adult neurogenesis is mechanistically differ-
ent from embryonic neurogenesis. For adult neurogenesis, 
multipotent NSCs are in intimate contact with the surround-
ing glia and the fate of NSCs is affected by their microenvi-
ronment (so-called “stem niche”) [22–25]. For example, mice 
lacking sonic hedgehog [26], Tlx [14], Bmi-1 [15], and Mbd1 
[27] have profound defi cits in postnatal neurogenesis but not 
in embryonic neural development. In addition, adult NSCs 
also process different intrinsic properties as compared to 
their embryonic counterparts. For example, isolated embry-
onic NSCs can generate much more diverse types of neu-
rons than adult NSCs upon transplantation into embryonic 
brains [28]. This is likely due to the differences in the genetic 
and epigenetic programs between adult and embryonic 
NSCs. Consistent with this, we found that Mbd1−/− adult 
NSCs expressed abnormally higher levels of basic fi broblast 
growth factor (Fgf-2) and exhibited increased aneuploidy 
while NSCs isolated from Mbd1−/− embryonic day 14 (E14) 
or neonate (P1) brains did not [27]. Understanding the mo-
lecular mechanism of adult neurogenesis and adult NSCs is 
a critical step towards their therapeutic applications.

Although signifi cant advances have been achieved con-
cerning the biology of stem cells, how stem cells maintain 
their “stemness” remains to be answered. Recently, epige-
netic regulations of development and cell fate determination 
have come to the center stage of stem cell biology and we 

will review how epigenetic mechanisms could determine 
‘stem cells signature’ and play crucial roles in regulating 
gene expression and stem cell functions.

DNA Methylation and Epigenetic Reprogramming

The concept of epigenetics has been evolving since the 
fi rst day it was proposed. Today, Epigenetic modifi cations 
refer to meiotically and mitotically heritable changes in gene 
expression that are not coded in the DNA sequence itself 
[29]. In mammals, epigenetic processes mainly include DNA 
methylation [30], histone modifi cation [31], and noncoding 
RNA-mediated processes (Table 1) [32].

DNA methylation is a covalent modifi cation of cyto-
sine at position C5 in CpG dinucleotides. In mammals, 
over 70% of CpG dinucleotides are methylated and nearly 
all DNA methylation occurs on CpG dinulceotides that are 
underrepresented in the genome with the exception of CpG 
islands (CpG clusters). Unmethylated CpG islands are usu-
ally found in the promoters and the fi rst exons [33]. DNA 
methylation is catalyzed by several DNA methyltransferase 
(DNMTs). The de novo establishment of DNA methylation 
relies on DNMT3a and 3b, whereas the maintenance of DNA 
methylation depends on DNMT1 that specifi cally recog-
nizes semi-methylated DNA and methylates the remaining 
strand [34,35]. DNMT2 does not have methyltransferase ac-
tivity and its function is not clear [37]. DNMT3L (DNMT3-
like) lacks enzymatic activity, but could act as a cofactor for 
DNMT3a and 3b and modulate their enzymatic activity. In 
addition to its methyltransferase activity, DNMT1 can also 
form a complex with HDACs and act as transcriptional re-
pression factor, suggesting that DNMTs may have more 
complex functions than catalyzing genomic DNA methyla-
tion [35,36]. Compared to DNA methylation, our knowledge 
of DNA demethylation is much more limited. It has been 
reported that MBD2 has DNA demethylase activity [38], 
however, it remains controversial whether DNA demethyla-
tion is reversible and dynamically regulated.

Mammalian DNA methylation has been implicated in a 
diverse range of cellular functions, including tissue-specifi c 
gene expression, cell differentiation, cell fate determina-
tion, genomic imprinting, and X chromosome inactivation 
[39]. Dnmt3a−/− mice displayed normal developmental 
phenotype at birth, but died at about 4 weeks after birth. 
Dnmt3b−/− mice exhibited developmental defects including 
growth impairment and rostral neural tube defects with 
variable severity at later stages [40]. In human, DNMT3b 

Table 1. Brief Summary of Epigenetic Modifications and their Function in 
Gene Expression

Epigenetic modifi cation Position or target
Function in gene 

expression

DNA methylation CpG islands Repression
Histone modifi cation H3(K4,K36,K79) Activation
 Methylation H3(K9,K27), H4(K20) Repression

H3(R17,R23), H4(R3) Activation
 Acetylation H3(K9,K14,K18,K56), H4(K5,K8,K13,K16) Activation
microRNA mRNA Repression
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mutation results in immunodefi ciency, centromere insta-
bility, and facial abnormality (ICF) syndrome with severe 
mental retardation [41,42]. DNA methylation represses gene 
transcription either through directly blocking the access of 
transcription factors to their binding sites or through in-
directly recruiting methyl-CpG binding proteins (MBDs). 
MBDs family includes at least MBD1, MBD2, MBD3, MBD4, 
MECP2, and Keiso [43]. Mbd1−/− mice have reduced neuro-
genesis and learning defi cits [27] while Mbd2−/− mice has 
a reduced intestinal tumorigenesis, defect in cytokine pro-
duction, and impaired maternal behavior [44,45]. Mbd3−/− 
mice are embryonic lethal [46], whereas mutation of Mbd4, a 
DNA repair protein, leads to increased tumor incidence on 
susceptible genetic background [47]. Mutations in MECP2 
leads to neurodevelopmental defi cits in both humans (Rett 
Syndrome) and in rodents [48,49].

DNA methylation during embryonic reprogramming 
and in ESCs

DNA methylation patterns are dynamically regulated 
both during normal development and in diseases and prop-
erly established and maintained DNA methylation is critical 
for embryonic development [50]. Upon fertilization, the pa-
ternal genome is rapidly and actively demethylated whereas 
the maternal genome is slowly and passively demethylated. 
Then both genomes reach their peak methylation levels at 
the balstocyst stage, with the genome of the inner cell mass 
reaches the level of DNA methylation similar to somatic cells 
of the adult while that of trophoblasts has relatively lower 
methylation level [51]. DNA methylation levels and patterns 
are abnormal in many cloned animals especially in their 
trophoblasts, which could be a major reason for the low ef-
fi ciency in animal cloning [52]. The second phase of DNA 
methylation change occurs in the primordial germ cells 
(PGCs) [53]. PGCs are generated from epiblasts and fi rst arise 
in the posterior primitive streak on E7.5 in mice. Early PGCs 
have the same epigenetic marks as those of other epiblasts, 
including random X chromosome inactivation, imprinted 
gene expression and DNA methylation. On E8.5, PGCs mi-
grate towards the genital ridge and arrive there by E11.5. 
During the migration, PGCs erase genome-wide DNA meth-
ylation and histone H3 lysine 9 di-methylation (H3K9me2), 
and instead acquire high levels of tri-methylation of H3K27 
(H3K27me3), and re-obtain the totipotency [53].

The biphasic methylation is an essential component of 
epigenetic reprogramming and a critical step of embryonic 
development. ESCs express a cohort of genes specifi c to their 
pluripotent property such as Octamer binding transcription 
factor 4 (OCT4), SOX2, and NANOG. These genes are master 
regulators that control the expression of distinct yet overlap-
ping downstream genes critical for stem cell properties and 
cell lineage determination [54]. Recent exciting discoveries 
showed that exogenous expression of OCT4, SOX2, c-MYC, 
and KLF4 could induce pluripotency in fi broblasts derived 
from either embryonic or adult mice or humans [55–58]. 
These induced pluripotent stem cells (iPS) exhibit many in 
vitro properties as ESCs but with differential in vivo pluri-
potency depending on their epigenetic programs. The iPS 
cell lines have high level of DNA methylation pattern at Oct 
4 promoter similar to that of fi broblasts exhibit low germ 

line transmission effi ciency, whereas the iPSs that exhibit 
low OCT4 promoter methylation similar to that of ESCs have 
high germ line incorporation effi ciency [57, 59]. Although it 
is not clear how the introduction of these genes could result 
in epigenetic changes during the induction of iPS and it is 
very likely that the mechanisms underlying the epigenetic 
changes are different between ESCs and iPS, these studies 
suggest that epigenetic mechanism is a critical component 
in defi ning the “stemness” of ESCs.

DNA methylation in NSCs

During the embryonic stage of brain development, neuro-
genesis and gliogenesis appear in a temporally defi ned se-
quence [28]. Neurons appear fi rst (around E10 in mice) and 
astrocytes are generated afterwards (around E15 in mice). 
Recent studies have revealed some potential mechanisms 
underlying this developmental control. It is well established 
that gp130-STAT3 signaling pathway promotes embryonic 
NSCs (neuroepithelial cells) to differentiate into astrocytes 
[60,61]. Interestingly, STAT3 binding site in the GFAP pro-
moter is methylated at E11.5 in neuroepithelial cells, which 
blocks the binding of STAT3 to the GFAP promoter hence as-
trocytic differentiation. The same GFAP promoter becomes 
hypomethylated at E14.5, which allows the binding of STAT3 
and the expression of astrocytic genes at later developmental 
stage [61–63]. The GFAP promoter and Exon 1 are also highly 
methylated in neurons which inhibit the expression of as-
trocytic gene in neurons [64]. Dnmt1 defi ciency in NPCs 
of developing CNS (E9-10) induces DNA hypomethylation 
in over 90% of the CNS cells. Due to hypomethylation and 
over-activation of the gliogenic pathway JAK-STAT pathway, 
glial cell generation is signifi cantly increased [65].

How DNA methylation regulates adult neurogenesis is 
less understood. It is possible that differential epigenetic 
mechanisms are modulating adult NSCs compared to their 
embryonic counter parts. The essential roles of DNA meth-
ylation in adult neurogenesis was fi rst revealed in Mbd1 
knock out mice. Mbd1−/− mice did not have detectable defi cits 
during early development, but adult Mbd1−/− NSCs exhibit 
reduced neuronal differentiation and increased genomic in-
stability [27]. Furthermore, Mbd1−/− mice exhibit decreased 
neurogenesis and impaired spatial learning [27]. Recently, 
we found that Mbd1 regulates neurogenesis and neuronal 
differentiation through regulating the expression of a stem 
cell mitogen, basic fi broblast growth factor (Fgf-2). In the ab-
sence of Mbd1, the promoter of Fgf-2 in NSCs was hypom-
ethylated and the level of stem cells-expressed Fgf-2 was 
increased (Li et al., unpublished data). Overexpressing Fgf-2 
promoted proliferation but inhibited the differentiation of 
adult NSCs (Li et al., unpublished data). During cell differ-
entiation, MECP2 expression is increased and its expression 
levels correlate with neuronal maturation [66]. Although the 
generation of new neurons is not affected by Mecp2 muta-
tion, the maturation of young neurons is severely affected 
[66–68]. DNMT3a protein is strongly expressed in neural 
precursor cells, post-mitotic CNS neurons, and oligoden-
drocytes, but only weakly expressed or completely absent 
in astrocytes [69]. The expression pattern of Dnmt3a and 
the fact that mice lacking Dnmt3a die within a few weeks 
of birth suggest a critical role of Dnmt3a in neurogenesis 
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[79,80]. Many active transcription factors either recruit HATs 
or utilize their own internal HAT domains (e.g., CREB binding 
protein) to catalyze H3 and H4 acetylation and lead to acces-
sible chromatin structure and gene activation. On the other 
hand, HDAC is frequently involved in gene repression. For 
example, Neuron-specifi c genes share the conserved 21–23-
base pair DNA response element, RE-1 (repressor element 1). 
Neuronal restricted silencing factor (NRSF) binds to RE-1 
and forms a repressing complex which mediates the repres-
sion through recruiting HDAC1/2 and Sin3A [81–84]. REST is 
expressed in ESCs and the differentiation of ESCs into neural 
progenitors and neurons requires the degradation of REST 
[81]. Treatment of adult hippocampal neural progenitors by 
Valproic acid (VPA), an HDACs inhibitor, lead to increased 
neuronal differentiation, but decreased astrocyte and oligo-
dendrocyte differentiation [85]. More recently, it was found 
that VPA treatment leads to decreased seizure-induced neu-
rogenesis through regulating REST and its target genes [86]. 
In the developing brain, VPA administration also induces the 
signifi cant hypomyelination and delays the differentiation of 
oligodendrocytes through inhibiting the activity of HDACs 
[87]. Additionally, the development of corpus callosum is 
companied with the histone deacetylation [87].

Similarly, histone methylation and demethylation 
enzymes are also involved in cellular functions. One of the 
best studied histone methylation is the methylation of H3K9 
by SUV39h, SetDB (mouse ESET), and G9a. These enzymes 
are recruited to methylated DNA, likely by MBDs, and cat-
alyze methylation of the histones, followed by the binding 
of HP1 to form heterochromatin structure [88,89]. In ESCs, 
proper H3K9 methylation is critical for regulated expres-
sion of imprinted genes [90]. Recently, the discovery of his-
tone demethylases has greatly advanced our understanding 
in chromatin-mediated gene regulation [91]. For example, 
Lysine-specifi c demethylase 1 (LSD1) stimulates androgen-
receptor-dependent transcription; however, knockdown of 
LSD1 protein levels abrogates androgen-induced transcrip-
tional activation and cell proliferation through relieving 
repressive histone marks by demethylation of H3K9 [92]. 
Chromatin remodeling conducted by chromatin remodeling 
enzymes is likely an integral part of classical transcription 
activation and repression.

PcG proteins and bivalent chromatin state

Polycomb Group (PcG) proteins are originally identifi ed 
in the fruit fl y as repressors of Hox genes. PcG proteins form 
three complexes: Polycomb repressive complex 2 (PRC2), 
PRC1, and PhoRC [93]. PRC2 is involved in the initiation 
of silencing and contains histone deacetylase and histone 
H3K27 methyltransferase activities, and PRC1 is implicated 
in maintaining gene repression [94]. One of the most exciting 
recent discoveries is the involvement of PcG proteins in stem 
cell function by forming and maintaining the bivalent chro-
matin state of stem cells [95,96].

It has long been proposed that histone modifi cation pat-
terns could defi ne the state of the genome during development 
and cellular transformation [50]. The discovery of “bivalent” 
state in ESCs has revolutionized our understanding in the 
regulation of gene expression. In ESCs, while ESC-specifi c 

and CNS development [70]. These studies demonstrate that 
DNA methylation is necessary for the normal embryonic 
neurodevelopment.

More than 90% of methylated Cytosines in the human 
genome occur in retrotransposon, and DNA methylation 
represses the transcription of transposable elements. Long 
interspersed nuclear element-1 (LINE-1 or L1) elements, 
which comprised about 20% of mammalian genomes, are the 
major class of non-long terminal repeated (LTR) retrotrans-
posons. It has been found that MECP2 silences L1 transcrip-
tion and L1 retrotransposition [71]. One recent study found 
that during the differentiation from neural precursor cells to 
neurons L1 retrotransposition events alters the expression of 
neuronal genes, and infl uences neuronal cell fate [72]. DNA 
methylation could modulate NSC differentiation through its 
regulation of L1 retrotransposition.

Histone Modifi cations and the Chromatin State 
of Stem Cells

In eukaryotic cell, 146 bp DNA wraps histone octamer to 
form the nucleosome, the basic unit of chromatin. Chromatin 
has two different states: Euchromatin and Heterochromatin. 
Euchromatin is enriched with actively transcribed genes 
and is less condensed. Compared with Euchromatin, het-
erochromatin contains largely repetitive sequences and few 
transcribed genes, and is highly condensed. Heterchromatin 
is largely localized at centromere and telomere [73] and 
can also infl uence expression of euchromatin genes in 
a region-specifi c and sequence-independent manners. 
Heterochromatin structure and maintenance are essential 
for cellular genomic stability and important cellular pro-
cesses such as accurate chromosome segregation during 
mitosis, X-chromosome inactivation, and correct repression 
and expression of imprinted genes, etc [74].

Compared with DNA methylation, the post-translational 
modifi cations of histone display high levels of diversity and 
complexity. The core histones H2A, H2B, H3, and H4 are 
subject to dozens of different modifi cations, including acet-
ylation, methylation, and phosphorylation, etc [75]. Among 
these modifi cations, lysine (K) acetylation and methylation 
are the best-understood histone modifi cations. Lysine acet-
ylation is generally involved in gene activation, whereas 
the effects of lysine methylation depend on the lysine resi-
dues. For example, methylation of H3K4 [76], H3K36 [77], or 
H3K79 [78] correlates with the active gene transcription, but 
methylation at H3K9, H3K27, or H4K20 usually links to gene 
repression. In addition, mono-, di-, and trimethylation at the 
same Lysine residues lead to different levels of gene activa-
tion or repression and are involved in distinct cellular path-
ways. The term “histone code” highlights the importance of 
histone modifi cation in gene expression regulation.

Critical roles of histone modifi cation enzymes

The initial histone modifi cation studies were focused 
largely on histone acetylation that is catalyzed by two oppos-
ing enzymes, histone acetyltransferease (HAT) and his-
tone deacetylase (HDAC). To date, at least 6 HATs and HAT 
complexes and 18 HDACs have been identifi ed in mammals 
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processed by RNase III Drosha into 70–100 nucleotide pre-
cursor miRNA. Precursor miRNA is transported into cy-
toplasm by exportin-5 and further processed by RNase III 
Dicer to form mature miRNA [107]. Mature miRNAs are 
single-stranded and composed of 17–25 nucleotides. Nearly 
500 known human miRNA sequences have been identifi ed. 
miRNAs incorporate into a miRNA-induced silencing com-
plexex (miRISCs), and directs miRISC to the target mRNAs 
based on sequence homology, and leads to either degra-
dation of mRNA or the translational suppression of target 
genes by pairing with sequences in the 3’ untranslated re-
gion of target mRNA [107–109].

miRNAs are especially attractive candidates for regulat-
ing stem cell functions. Because miRNA can repress genes 
expression based on imperfect match, they can simulta-
neously regulate many targets, allowing for coordinated 
control of many genes during stem cell differentiation. Dicer 
mutant mouse embryos die at as early as E7.5 [110]. Dicer-
defi cient ESCs fail to differentiate both in vitro and in vivo 
and exhibit defects in both DNA methylation and histone 
modifi cation patterns [111]. Argonaute proteins (AGO1-4) 
are key components of RISC complexes for miRNA pathway 
and have been shown to be required for maintaining ger-
mline stem cells in Drosophila, C. elegans, and mice [112]. The 
loss of Eif2c2, one of the Argonaute proteins, leads to neural 
tube closure defect, demonstrating the critical function of 
miRNA pathways in mammalian CNS development [113].

miRNAs are involved in multiple cellular activities, in-
cluding developmental timing, cell death, cell proliferation, 
haematopoiesis, apoptosis, neural patterning and cell speci-
fi cation [108,114]. Distinct miRNAs are specifi cally expressed 
in ESCs, neural progenitor cells and then neurons indicating 
a role for miRNAs in the nervous system development and 
stem cell biology [115]. The function of individual miRNA 
in mammalian neurodevelopment has also been explored. 
miR-124a and miR-9 are found to affect ESC-derived neuro-
genesis [116]. As a proposed mechanism of such action, miR-
124a could down-regulate phosphatase small C-terminal 
domain phosphatase 1 that inhibits the neurogenesis [117]. 
miR-134 is specifi cally expressed in the brain and its expres-
sion increases during the development. Studies also revealed 
that miRNAs, such as miR-134, regulate the synapse devel-
opment, including synaptic protein synthesis [118,119]. miR-
NAs are especially abundant in the adult brain, suggesting 
a key role for them in neuronal function and plasticity 
[106]. Components of the miRNA biogenesis machinery are 
expressed in brain regions that have ongoing neurogenesis 
and expression of several miRNAs coincide with the onset 
of neurogenesis and/or gliogenesis [120–122]. Furthermore, 
It has been shown that REST regulates the transcription of 
miRNAs, such as brain-specifi c miR-124a [123]. During the 
neuronal differentiation process, the level of REST decreases 
while the expression of miR-124a, suggesting that REST-
mediated expression regulation of miRNA could play im-
portant roles in NSC differentiation.

Crosstalks among Epigenetic Mechanisms

The crosstalk among epigenetic pathways was initially 
established in invertebrate animals and plants, and later 

genes are marked by histones related to gene activation, those 
genes related to downstream differentiation are occupied by 
both active (methylated-H3K4) and repressive (trimethylat-
ed-H3K27) chromatin markers [97,98]. This so called “biva-
lent chromatin state” allows the cell/tissue-specifi c genes to 
be ‘primed’ for expression but ‘held in check’ by opposing 
chromatin modifi cations [95,96]. A more recent study using 
genome wide chromatin analyses of ESCs, NSCs, and embry-
onic fi broblast indicate that such bivalent state is not unique 
to ESCs [90]. In NSCs, which are more restricted stem cells 
compared to ESCs, bivalent chromatin state still exists but on 
different sets of genes. In NSCs, those ESC-specifi c genes are 
occupied by methylated-H3K9 that is permanent repressive 
marks, but the genes important for downstream neuronal 
and glial differentiation are marked by bivalent chromatin 
marks. Therefore, bivalent chromatin state is likely a com-
mon mechanism in many types of stem and progenitor cells 
for maintaining their differentiation potential and PcG pro-
teins are critical factors in this regulatory mechanism. In fact, 
the disruption of some members of PRC1 or PRC2, such as 
Suz12, has been shown to result in embryonic lethality [99]. 
In ESCs, PcGs repress many developmental regulators, such 
as components of transforming growth factor-β, bone mor-
phogenic protein, and Wnt signaling pathways [100]. Bmi-1, 
a component of PRC1, is expressed in the germinal zone 
of adult brains, as well as in neural progenitors, but not in 
differentiated cells, and is required for the self-renewal of 
subpopulations NSCs through repressing the expression of 
p16Ink4a-Rb and p19Arf −p53 pathways [15,101]. Bmi-1 mutant 
mice exhibit progressive postnatal growth retardation and 
neurological defects [102], which is possibly related to the 
decreased proliferation of progenitor cells in the newborn 
cortex and the newborn and adult SVZ, [15], and increased 
astrocytes production in vivo and in vitro [103].

Noncoding RNAs and Translational Regulation

Transcription factors are essential players in regulating 
stem cells functions [104,105]. Recently, post-transcriptional 
gene regulation is emerging as another essential regulator of 
stem cell development [106]. It is likely that the coordinate 
regulation of gene clusters relies on transcriptional regula-
tion for both initial expression and post-transcriptional con-
trol for refi nement. In 1960s, messenger RNAs (mRNAs) were 
demonstrated to carry the genetic information, while ribo-
somal RNAs (rRNAs) and transfer RNAs (tRNAs) that did 
not code protein but facilitated the protein synthesis were 
termed as non-coding RNAs. Twenty years later, small nu-
clear RNAs (snRNAs) were isolated and found to be involved 
in pre-mRNA splicing. Today, non-coding RNA world has 
changed dramatically and some new members, such as 
microRNAs (miRNAs), small nucleolar RNAs (snoRNAs), 
short interfering RNAs (siRNAs), repeat-associated small 
interfering (rasi) RNA, and PIWI interacting RNA (piRNA) 
etc have been discovered. The biological functions of most of 
these newly discovered noncoding RNAs are just revealed.

The biogenesis and functions of miRNAs are the best 
studied among these newly discovered noncoding RNAs. 
The gene encoding miRNA is transcribed into primary 
miRNA by RNA polymerase II, and primary miRNA is then 
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Functional interaction between small noncoding RNAs 
and other epigenetic mechanisms in gene expression regu-
lation have recently been demonstrated in plants and inver-
tebrates. Double strand RNA can induce both DNA and 
histone methylation in plants and yeast [130]. Small RNAs 
can, therefore, lead to mitotically heritable transcriptional 
silencing by the formation of heterochromatin in yeast [131–
133]. However, the crosstalk between small noncoding RNA 
pathway and other epigenetic mechanisms in mammals 
have only been shown in a few examples. Clustered miR-
NAs have been found to be localized in imprinted regions 
of human and mouse genome, suggesting potential roles 
of DNA methylation in regulating the expression of these 
miRNAs [134]. Saito et al found that treatment by DNA 
methylation inhibitor 5-aza-2’-deoxycytidine and histone 
deacetylase (HDAC) inhibitor 4-phenylbutyric acid lead to 
increased expression of some miRNAs in human cancer cells 
[135]. Mecp2 defi cient neurons have altered expression levels 
of a subset of miRNAs [115]. On the other hand, DNMT3a, 

confi rmed in mammals. In Arabidopsis thaliana, the muta-
tion of KRYPTONITE, a gene coding H3K9 methyltrans-
ferase, leads to the loss of Cytosine DNA methylation, which 
resembles the phenotype produced by the mutation of DNA 
methyltransferase CMT3 [124]. Heterochromation is repres-
sive for gene transcription and is characterized by DNA 
methylation and enriched H3K9 trimethylation and hetro-
chromation protein 1 (HP1). The formation and maintenance 
of heterochromatin require the coordination of DNA meth-
ylation, H3K9 methylation, and RNAi machinery [125]. The 
fi rst evidence for the crosstalk between DNA methylation 
and histone modifi cation in mammals is provided by study-
ing Suv39h mutant mice. In Suv39h1 mutant ESCs, Dnmt3b 
failed to localize to pericentric heterochromatin regions 
which lead to decreased DNA methylation [126]. Although 
one study reported a contradictory result [127], MECP2 has 
been shown to recruit the Sin3-HDAC complex to methyl-
ated DNA and this effect could be reversed HDAC inhibitor, 
trichostatin A [128,129].

FIG. 1. Schematic summary of epigenetic mechanisms that defi ne the signature of stem cells and progenitor cells. Left 
panel: In ESCs, ESC-specifi c genes have lower DNA methylation levels and are occupied by active chromatin markers such 
as H3K4me that correlate with their active transcriptional state. Both ESC-specifi c mRNAs and miRNAs are transcribed 
to maintain the stemness of the ECSs. The genes that are expressed in terminally differentiated cells are methylated and 
occupied by repressive chromatin marker (H3K27me, hatched circle). However, those genes that are expressed in early dif-
ferentiating progenitors (NSCs as example) are associated with both active (H3K4me, open circle) and repressive (H3K27me, 
hatched circle) chromatin markers that defi ne a bivalent histone state, which could be a signature of cells with differentiation 
potential. Right panel: In NSCs, those genes that are specifi c for either ESCs or non-neural lineages are occupied by repres-
sive chromatin marker (H3K27me) and are not expressed, while those genes that are specifi c for NSCs are associated with 
active chromatin markers (H3K4me) and are expressed. Those genes that will be expressed in more differentiating neural 
cells (neurons as example) are associated with both active (H3K4me, open circle) and repressive (H3K27me, hatched circle) 
chromatin markers that defi ne a bivalent histone state. Therefore the bivalent state is a dynamically changing process that 
is specifi cally associated with the stage of the cellular differentiation. Many epigenetic factors are critical in defi ning and 
regulating the epigentic state of the above. These factors include but not limited to DNMTs (DNA methyltransferases), HMT 
(histone methyltransferase), PcG (polycomb protein, with H3K27 methyltransferase activity), TxG (trithorax protein, with 
H4K4 methyltransferase activity), and HDM (histone demethylase).
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cells. Neuron 11:951–966.
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phan nuclear receptor TLX in adult neural stem cells. Nature 

427:78–83.
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SJ Morrison. (2003). Bmi-1 dependence distinguishes neural 

stem cell self-renewal from progenitor proliferation. Nature 

425:962–967.

 16.  Pevny L and M Placzek. (2005). SOX genes and neural progen-

itor identity. Curr Opin Neurobiol 15:7–13.

 17.  Graham V, J Khudyakov, P Ellis and L Pevny. (2003). SOX2 

functions to maintain neural progenitor identity. Neuron 

39:749–765.

 18.  Ferri AL, M Cavallaro, D Braida, A Di Cristofano, A Canta, A 

Vezzani, S Ottolenghi, PP Pandolfi , M Sala, S DeBiasi and SK 

Nicolis. (2004). Sox2 defi ciency causes neurodegeneration and 

impaired neurogenesis in the adult mouse brain. Development 

131:3805–3819.

 19.  Parent JM, TW Yu, RT Leibowitz, DH Geschwind, RS Sloviter 

and DH Lowenstein. (1997). Dentate granule cell neurogen-

esis is increased by seizures and contributes to aberrant net-

work reorganization in the adult rat hippocampus. J Neurosci 

17:3727–3738.

 20.  Jin K, X Wang, L Xie, XO Mao, W Zhu, Y Wang, J Shen, Y Mao, 

S Banwait and DA Greenberg. (2006). Evidence for stroke-in-

duced neurogenesis in the human brain. Proc Natl Acad Sci 

USA 103:13198–13202.

 21.  Sun Y, K Jin, JT Childs, L Xie, XO Mao and DA Greenberg. 

(2005). Neuronal nitric oxide synthase and ischemia-induced 

neurogenesis. J Cereb Blood Flow Metab 25:485–492.

 22.  Weiss S, C Dunne, J Hewson, C Wohl, M Wheatley, AC Peterson 

and BA Reynolds. (1996). Multipotent CNS stem cells are pre-

sent in the adult mammalian spinal cord and ventricular neu-

roaxis. J Neurosci 16:7599–7609.

 23.  Palmer TD, EA Markakis, AR Willhoite, F Safar and FH Gage. 

(1999). Fibroblast growth factor-2 activates a latent neurogenic 

program in neural stem cells from diverse regions of the adult 

CNS. J Neurosci 19:8487–8797.

 24.  Shihabuddin LS, PJ Horner, J Ray and FH Gage. (2000). Adult 

spinal cord stem cells generate neurons after transplantation 

in the adult dentate gyrus. J Neurosci 20:8727–8735.

 25.  Lie DC, G Dziewczapolski, AR Willhoite, BK Kaspar, CW 

Shults and FH Gage. (2002). The adult substantia nigra con-

tains progenitor cells with neurogenic potential. J Neurosci 

22:6639–6649.

 26.  Ahn S and AL Joyner. (2005). In vivo analysis of quiescent 

adult neural stem cells responding to Sonic hedgehog. Nature 

437:894–897.

 27.  Zhao X, T Ueba, BR Christie, B Barkho, MJ McConnell, K 

Nakashima, ES Lein, BD Eadie, AR Willhoite, AR Muotri, RG 

Summers, J Chun, KF Lee and FH Gage. (2003). Mice lacking 

methyl-CpG binding protein 1 have defi cits in adult neuro-

genesis and hippocampal function. Proc Natl Acad Sci USA 

100:6777–6782.

 28.  Temple S. (2001). The development of neural stem cells. Nature 

414:112–117.

3b and DNMT1 have been proposed as potential regula-
tory targets for miRNAs [136]. We have found that Mecp2 
mutation leads to altered expression of a cohort of miRNAs 
in adult NSCs (Szulwach and Li et al, unpublished obser-
vation). These data, along with the heterochromatin defi cits 
in Dicer mutant mice [111, 137], suggest that functional in-
teraction between small RNA and epigenetic modulations 
is likely a critical mechanism regulating mammalian gene 
expression.

Concluding Remarks and Perspectives

Recent progress in understanding the establishment and 
lineage differentiation of stem cell has revealed important 
role of epigenetic regulations in these processes. It is evident 
that epigenetic mechanisms are essential for maintaining 
stem cell signature. While DNA methylation, histone mod-
ifi cation and non-coding RNAs may regulate different mo-
lecular aspects of stem cells, these epigenetic mechanisms 
interact with each other and constitute a network that is 
critical for the function of stem cells and mammalian devel-
opment (Fig. 1). Further studies should lead to better under-
standing of how these epigenetic mechanisms and genetic 
information coordinately regulate the gene activation and 
repression at both global and individual gene levels. Newly 
developed technology with high throughput and high sen-
sitivity capabilities will signifi cantly assist in this endeavor. 
Better understandings in stem cells and brain development 
will ultimately help to elucidate the underlying causes and 
possible treatment of many neurodevelopmental disorders.
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