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A B S T R A C T

Post-translational modifications of histone proteins regulate a long cascade of downstream cellular activities,
including transcription and replication. Cellular lineage differentiation involves large-scale intracellular signaling
and extracellular context. In particular, histone modifications play instructive and programmatic roles in central
nervous system development. Deciphering functions of histone could offer feasible molecular strategies for neural
diseases caused by histone modifications. Here, we review recent advances of in vitro and in vivo studies on histone
modifications in neural differentiation.
1. Introduction

Embryonic stem cells (ESCs) are pluripotent cells derived from inner
cell mass (ICM) of the early mammalian blastocysts (Evans and Kaufman,
1981; Thomson et al., 1998). ESCs are a promising tool to study early
developmental events and possess great potential in regenerative medi-
cines (Adefuin et al., 2014; Amit et al., 2000; Boyer et al., 2005). During
embryonic development, ICM differentiates into all three primary germ
layers, including ectoderm, mesoderm, and endoderm and subsequently
gives rise to all cell types of the adult body (Gaspar-Maia et al., 2011;
Meshorer, 2007), including cells of the central nervous system (CNS)
(Gage, 2000). The pluripotency of ESCs is tightly regulated by the core
transcriptional circuitry that consists of Nanog, Oct4, and Sox2 (Jaenisch
and Young, 2008; Young, 2011). Therefore, differentiation of ESCs must
initiate a distinct set of lineage-specific genes while silencing these plu-
ripotency genes.

In striking contrast, neural stem cells (NSCs) are multipotent stem
cells that can give rise to three neural types cells: neurons, astrocytes, and
oligodendrocytes (Gage, 2000; Temple, 2001). Embryonic NSCs arise
from the ectodermal germ layer of the early embryo and distribute into
the subgranular zone (SGZ) of the hippocampus and the subventricular
zone (SVZ) (Gage, 2000). NCSs initially expand their population by
symmetric division. Subsequently, the cells undergo asymmetric division
to produce neurons at the neurogenic phase and differentiate into glial
cells in gliogenesis (Hirabayashi and Gotoh, 2010). Embryonic neuro-
genesis provides a global architectural framework to support the CNS
development, while adult neurogenesis maintains a long-term quiescent
state for the CNS. The neuroepithelium is generated from the neural
.
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plates and neural tubes and then sequentially aligns along with the
apical-apical axis (Gotz and Huttner, 2005). The neuroepithelial cells
differentiate into radial glial cells (RGCs) which produce neural pro-
genitor cells (NPCs). In this process, the RGCs lose the epithelial prop-
erties. Meanwhile, they obtain neural-lineage properties and produce
nascent neural-specific cells (Broccoli et al., 2015). Interestingly, in the
embryonic neurogenesis process, histone modifications are associated
with either gene activation or suppression. Histone acetylation and
methylation play important roles in embryonic neurogenesis. For
example, abnormal neural acetylation arises to severe neural tube closure
defects in mice (Partanen et al., 1999). In addition, deletion of the his-
tone methyltransferase Ezh2 induces the neural differentiation in the
cerebral cortex thought inhibiting the histone H3K27me3 in cortical
progenitor cells (Chou et al., 2011). These evidences have shown that
histone modifications are highly involved in the embryonic
neurogenesis.

Neural lineage cells respond to intrinsic and extrinsic signals to alter
their chromatin structure to activate or silence the gene expression in
neurogenesis (Juliandi et al., 2010a). Along with the neural differentia-
tion of ESCs, neural lineage genes are activated in the precise time points,
whereas the non-neuronal lineages are timely silenced. It is well known
that gene expression is regulated by RNA polymerase II, transcriptional
factors (TFs), and chromatin regulations (Jaenisch and Young, 2008;
Young, 2011). Therefore, to understand the neural differentiation of
ESCs, a critical issue needs to be addressed - how do chromatin modifi-
cations regulate neurodevelopment spatially and temporally? The pres-
ence of NSCs has fostered great interest due to their clinical potentials in
regenerative medicine. Understanding the profound roles of histone in
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neurogenesis can provide molecular solutions for precision medicine in
treating neural deformity. Here we focus on the crucial roles of histone
modifications in neural differentiation of ESCs. We review the recent
related advances of in vivo and in vitro findings. We also discuss
chromatin-based stem cell therapies for treating neurological disorders.

2. Chromatin landscape changes of ESCs in neurogenesis

A nearly 2-meter DNA has to be fully packed within a micrometer-
level nucleus to maintain a stable status during transcription and repli-
cation in eukaryotes. Nucleosomes are the fundamental units of chro-
matin that contain an octamer of four core histones, H2A, H2B, H3 and
H4, which are wrapped by 147 bp genomic DNA and linked with each
other by the linker histone, H1 (Kornberg and Thomas, 1974). The sur-
face of the nucleosome contains amino-terminal tails of the histone,
which provide the reaction site for histone to undergo multiple
post-translational modifications (PTM), including acetylation, methyl-
ation, ubiquitylation, phosphorylation and sumoylation (Kouzarides,
2007). The PTMs determine the status of chromatin conformations, the
accessibility of TFs, and the recruitment of chromatin remodeling. Hence,
each histone modification contributes to either transcriptional activation
or inactivation. Acetylation and phosphorylation have a strong pro-
pensity to activate the gene expression through unfastening the chro-
matin condensation. Methylation and ubiquitination, on the other hand,
play dual roles in gene activation and suppression, and sumoylation is
related to gene repression. Together, post-translational modifications of
histone proteins contributes to species diversity and a higher order of
chromatin structure (Kouzarides, 2007). Therefore, although nucleo-
somes are structural repeating units, the transcription status can be
completely different due to diverse histone modifications.

ChIP-seq results have demonstrated that many developmental genes
in ES cells are marked by both histone H3K4me3 and histone H3K27me3,
which are catalyzed by TrxG and PcG complex respectively (Azuara et al.,
2006; Bernstein et al., 2006; Pan et al., 2007; Zhao et al., 2007). These
“bivalent marks” can regulate the transcriptional state of cell-lineage
genes in a poised status. Importantly, the dynamic changes of these
bivalent marks can secure ESCs to differentiate into specific lineages in a
spatial and temporal manner.

A bivalent domain contains large regions of histone H3K27me3 and
smaller regions of H3K4me3 that maintain the lineage genes at a low
level (Bernstein et al., 2006). It has been shown that massive neural
lineage-specific genes are activated by losing the repressive histone
H3K27me3 during neurodevelopment (Broccoli et al., 2015). In vivo
study has displayed that neural methylation on 5hmC antagonizes to the
H3K27me3 in the early neurodevelopment of ESCs (Hahn et al., 2013).
Therefore, the bivalent marks provide the molecular interface between
gene and cellular cues. They control cell lineage differentiation under
regional and temporal manners.

3. Histone acetylation promotes neurodifferentiation

Histone acetylation occurs on histone H2A, H2B, H3 and H4. How-
ever, acetylation on histone H3 and H4 is thought to play key roles in
neurodevelopment. Acetylation of histone H3 on the lysine residues 9,
14, 18 and 23, while acetylation of histone H4 occurs on lysine residues
5, 8,1 2, 16 (Renthal and Nestler, 2009). Acetylation and deacetylation
are a dynamic reversible process mediated by two classes of antagonistic
enzymes: histone acetyltransferases (HATs) and histone deacetylases
(HDACs) (Wang et al., 2009b). In histone acetylation, the negative charge
of DNA is neutralized by positive charge of acetylated histone. The
electrostatic affinity is effectively decreased to relax the higher order of
the chromatin condensation. Therefore, transcriptional factors and the
RNA polymerase II are allowed to bind to the DNA to promote the
transcription. On the other hand, histone deacetylation condenses the
chromatin by packing up the DNA and terminates the transcriptional
activities. Remarkably, applying ChIP-seq technology is able to predict
2

the heterologous density distribution of nucleosomes. Comparedwith the
upstream regions of the inert gene, the density of the nucleosome of
activated genes is significantly downregulated (van Leeuwen and van
Steensel, 2005). In other words, gene activation is implicated with the
reduction of nucleosome density. The dynamic equilibrium of histone
acetylation allows the gene adapt the developmental cues. HATs are
considered as epigenetic “writers” that promote the gene expression in
the cellular cues. Conversely, HDACs presumably function as epigenetic
“erasers” that are implicated in gene repression (Bonnaud et al., 2016).

There are three super-families of HATs: the p300/CBP family, the
MYST family and the GNAT family (Liu et al., 2017). Similarly, HDATs
are classified into three classes depending on deacetylation pathways
(Liu et al., 2017).

CBP/p300 family. HATs in CBP/p300 family are actively involved in
mammalian embryonic neurodevelopment. They promote the embryonic
spinal neurons differentiation thought regulating Isl1 (Toch and Clot-
man, 2019). Deletion of CBP/p300 in mouse embryos leads to severe
neural tube closure defect (Partanen et al., 1999) and eventually em-
bryonic lethality (Tanaka et al., 2000). During neural differentiation of
ESCs, CBP/p300 family drives ESCs to differentiate into three neural
lineages which positively correlate with the histone acetylation on H3
(Wang et al., 2010). They promote the transcriptional activity of
Smad2-Smad4 complex in TGF signaling (Janknecht et al., 1998). Acti-
vation of STAT3 by CBP/p300 complex stimulates the gene expression
astrocyte-specific genes and mediate the astrocytic differentiation (Chen
et al., 2013). Furthermore, acetylation of the histone proteins provides
the docking site for other proteins binding. CBP/p300 provides a linking
site to stabilize the transcription machinery. The N-terminal of p300
bridges with STAT3 and the C-terminal of Smad1. The
STAT-Smad1-p300 complex stimulates the synergistic astrocytes differ-
entiation in fetal brain (Nakashima et al., 1999). These evidences
demonstrate that histone H3 acetylation mediated by CBP/p300 is not
only regulated by the substrate, but also the genomic profile or extra-
cellular signalings.

Interestingly, genome-wide studies have shown that CBP is likely to
suppress gene transcription while p300 functionally activates gene
expression. The heterogeneous region of the complex provides the dual
functions of CBP/p300 protein in transcriptional regulation (Ramos
et al., 2010). Indeed, genome-wide mapping studies have predicted that
histone acetylation is considered as a “mark” of active chromatin
(Pokholok et al., 2005; Wang et al., 2009b). However, a large proportion
of silent regions are distributed on the CBP/p300 protein (Holmqvist and
Mannervik, 2013). Therefore, CBP/p300 may regulate the gene activity
in a balanced status that controls temporal/spatial gene expression of the
neural lineages.

MYST family. The fundamental functions of MYST in ESCs include
maintaining the self-renewal capability and mediating the neural speci-
fication in ESCs. Similarly, MYST family members are likely to couple
with other domains in paired. In this regard, the overlap of heterologous
domains is functionally comparable with CBP/p300.

MOZ and QKF are among the best characterized MYST histone ace-
tyltransferases which can regulate neural differentiation. QKF, a MYST
family protein, is highly expressed in the cerebral cortex in early devel-
oping murine embryo and other undifferentiated cell populations
(Thomas et al., 2000). Deficiency of QKF in developing forebrain leads to
less cerebrocortical progenitor cells at early embryonic development, and
fewer neurons in the preplate and cortical plate at the late stage of the
neurodevelopment (Voss and Thomas, 2009). Further studies have
revealed that QKF-deficient mice have fewer neural stem cells which
decelerate the migrating neuroblasts in the rostral migratory stream in
adult mice (Merson et al., 2006). These observations suggest that, as the
member of histone acetyltransferases, QKF is indispensable in main-
taining normal neural development and throughout the life.

Unlike canonical histone acetylation in gene regulation, MYST
family-mediated acetylation may serve as gene silence via H4 acetyla-
tion. Evidently, MOF catalyzes H4K16 acetylation in compacting the
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nucleosomal chains (Azuara et al., 2006). Dysfunction of MOF in mice
may lead to a global reduction of H4K16 acetylation and embryos can fail
to be implanted, subsequently gives embryonic lethal (Kloc and Ivanova,
2012). The histone H4 acetylation is quenched by the existence of Sas2p
that block the localization of Sir2p by acetylating histone H4K16 in the
telomere distal regions (Kimura et al., 2002). The participation of the
MYST family in cellular activities shows their divergent roles in gene
regulation. Together, the abnormal expression of MYST protein causes
embryonic defects and neural diseases.

GNAT family. The discovery of GNAT family in yeast as a coactivator
shows a molecular evidence of the histone acetylation in gene activation
(Berger et al., 1992). The functions of GNAT significantly affect the
transcription program during the eukaryote development. Aberrant
activation of the GNAT superfamily may result in murine embryonic
lethality and nerve closure defects. Gcn5 is highly involved in early
embryogenesis and survival beyond embryonic neurodifferentiation,
while knocking out of Gcn5 in mice induces rapid apoptosis and impedes
the mesodermal differentiation (Xu et al., 2000). Gcn5, a typical repre-
sentative of the GNAT family, maximizes the outcome of transcriptional
activation through histone acetylation (Georgakopoulos and Thireos,
1992). In addition, proper neural acetylation of Gcn5 has been consid-
ered that it is required to neuronal tube closure (Lin et al., 2008). Besides,
they functionally overlap with p300. Double heterozygous knock out of
one allele of p300 and Gcn5 leads to embryonic lethality (Phan et al.,
2005). These suggest that p300 and Gcn5 maintain the cellular survival
by regulating the landscape of histone H3 acetylation.

PCAF is thought to be functional acetyltransferase and thereby reg-
ulates a set of transcriptional activities. Gcn5 and PCAF mediate H3K9
acetylation is regulated by and are enriched at the active promoters to
enhance gene expression. Deletion of PCAF/Gcn5 complex globally in-
hibits the activity of the PCAF and H3K9 acetylation (Jin et al., 2014).
The activity of p300- and PCAF-mediated HATs and subsequent histone
acetylation can be suppressed by the nuclear protein DEK (Ko et al.,
2006). In addition, GNAT is able to work with elongator complex and
induces the H3 acetylation in a transcription-dependent manner (Han
et al., 2008). Elongator is actively involved in the cytoplasm of the
cortical projection neurons (Creppe et al., 2009). Deficiency of elongator
postpones the radial migration and further globally decreases
alpha-tubulin acetylation. In addition, Elp3 has been identified in
early-branching protozoa in phylum apicomplexa which is the species
that lacks any elongator proteins (Stilger and Sullivan, 2013). With the
majority of the coactivators transcribed into the GNAT family, these
coactivators likely contribute to neural development and activate other
types of acetylation. With further ChIP profiling and state-of-art genomic
mapping techniques, scientists will be able to explore more diverse and
novel coactivators associated with histone acetylation in the near future.

Histone deacetylases. In contrast to HACs, HDACs dynamically atten-
uate gene expression by condensing chromatin, resulting in gene
silencing. In general, the transcription co-repressors NRSF/REST are
coupled with histone deacetylases (HDACs) (Huang et al., 1999). In ESCs,
Class I and IIa HDACs are ubiquitously active during neurogenesis (Hsieh
and Gage, 2004). HDAC1 is highly expressed while HDAC2 is expressed
in neural progenitors and post-mitotic neurons. Strikingly, HDAC2 is not
expressed in most of fully differentiated glial cells (MacDonald and
Roskams, 2008). Deficiency of class I HDAC1 leads to embryonic lethality
in embryonic day of 10, while deletion of class I HDAC2 mice die shortly
after birth (Dovey et al., 2010). Class II HDACs are found in myogenesis
and neurogenesis through depressing MEF2 signaling pathway (Qin
et al., 2017).

Notably HDAC inhibitors have been widely used in biomedical ap-
plications. Typical well-documented examples include VPA, TSA, SAHA
and PB (Gaub et al., 2010). VPA has been shown to specifically promote
the neural progenitor cells differentiation into neurons through a bHLH
transcription factor, NeuroD (Hsieh et al., 2004; Juliandi et al., 2010b).
VPA-mediated HDAC inhibition activates NeuroD to induce the neural
differentiation and suppress the other non-neural lineages gene
3

expression. VPA can initiate ERK pathway by inhibiting GSK-3 or HDACs
in cortical neurogenesis (Hao et al., 2004). Administration of VPA pro-
motes the NSCs to differentiate into oligodendrocytes and myelination in
a timing manner (Shen et al., 2005).

Apart from NSC differentiation, HDACs are essential for oligoden-
drocyte progenitor cells. By introducing of TSA, the histone deacetylation
is blocked to terminate the oligodendrocyte progenitor's differentiation
via chromatin compaction. On the other hand, the negatively regulation
caused by the chromatin compaction may decrease myelin gene expres-
sion. Sequentially, the progenitors can be differentiated temporally
(Marin-Husstege et al., 2002).

4. Histone methylation strengthens neuronal specification

Unlike histone acetylation, histone methylation can be associated
with either activation or silencing of gene transcription. Diverse meth-
ylations on histone lysine/arginine residues contribute to the high order
of chromatin structures. Histone H3K4me3 usually mark gene activation
while histone H3K9me3 and H3K27me3 repress gene transcription. In
particular, histone H3K27me3 is a key mark in regulating cells fate de-
cision in ES cells (Agger et al., 2007; Lan et al., 2007; Schwartz and
Pirrotta, 2007; Shen et al., 2008). In ESCs, histone H3K4me3mediated by
TrxG complex and histone H3K27me3 mediated by PcG complex play
important roles in pluripotency and differentiation (Bracken et al., 2006;
Jiang et al., 2011; Schuettengruber et al., 2017; Simboeck et al., 2013).

PcG protein. PcG proteins were originally identified in Drosophila in
which they suppress the homeotic genes which regulate segment identity
in developing embryos. PcG proteins are highly conserved from
Drosophila to vertebrates (Sher et al., 2008). PcG proteins are essential for
stem cell identity and maintenance of epigenetic memory during meta-
zoan development (Shen et al., 2008). Depletion of PcG proteins in-
creases the timing of neurogenic phase of the NPCs and delays the timing
of the astrogenic stage (Hirabayashi et al., 2009). Depending on the ge-
netic characteristics, PcG proteins are subdivided into two distinct
complexes: PRC1 and PRC2. Deletion of the PRC2 are likely to induce
neuronal differentiation in mouse ESCs, while the role of PRC1
strengthens gene suppression (Sher et al., 2011).

As PRC1 processes either a polycomb domain for histone H3K27me3
(Gao et al., 2012) or a Ring domain for ubiquitination (Wang et al.,
2004), PRC1 is able to undergo the multiple histone modifications, rather
than histone methylation alone. In ESCs, PRC1 recruits H3K24 through
the ubiquitin ligase Ring1 for continuously PcG-mediated repression
(Sher et al., 2011). The PRC2 catalyzes histone H3K27m3 is
EZH-containing histone methyltransferases to form a complex (Cao et al.,
2002). The complex sequentially recruits PRC1 to condense the chro-
matin structure and gives a long-term gene silencing (Boyer et al., 2006).
On the other hand, PRC2 protein with suppressing the expression of Eed
and EZH2 initiates the neural lineage markers expression. PRC2 binds
with DNA regulatory elements that activate the gene transcription and
initiate differentiation while suppressing the transcriptional activities
timely during terminal differentiation.

Interestingly, unlike conical roles of PRC1 in gene silencing, when
PRC1 recruits Aus2, the complex is able to promote the transcriptional
expression in brain development. Aus2 is able to bind to various domains
that undergo multiple histone modifications including histone H3 acet-
ylation expect H3K27me3. Aus2 is also involved in the early brain
development and gene activation in a timely manner to ensure proper
brain development. In particular, Aus2 is highly expressed in prefrontal
cortex of the brain. Aus2/PRC1 complex is a transcriptional activation
rather than a conical transcriptional repression since no histone
H3K27me3 is detected (Gao et al., 2014).

PRC2 contains Ezh2 (catalyzes histone H3K27me3), Eed and Suz12.
Ezh2 is transcriptional repressor that is involved in the NSC differentia-
tion into neurons and astrocytes. Deletion of Ezh2 suppresses histone
H3K27me3 level in cortical progenitor cells, leading to the neural dif-
ferentiation in the cerebral cortex (Chou et al., 2011). Reduction of Ezh2
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drives NSCs to differentiate into nerve cells and astrocytes cells (Sher
et al., 2011). Evidently, Ezh2 mutated embryos failed to be formed from
the blastocyst, while lacking of Eed in ESCs were prone to differentiate
(Boyer et al., 2006). On the other, Ezh2 is expressed in the NSCs in the
differentiation of oligodendrocytic cell lineages from immature oligo-
dendrocyte stage (Sher et al., 2008).

TrxG protein. In undifferentiated ESCs, large number of develop-
mental genes are marked with both histone H3K4me3 and H3K27me3
(Jaenisch and Young, 2008; Young, 2011). H3K27me3 is mediated by
PcG proteins with set of sub-units. H3K27me3 marks are reduced effi-
ciently upon the differentiation of the developing embryo and the stem
cell differentiation which means that there are some specific histone
demethylases for H3K27me3 and timely response to the differentiation.
TrxG family proteins mediate histone H3K4 methylation. There are six
HMTs of TrxG proteins (hSet1a, hSet1b, MLL1-4), non-redundant func-
tion and SET/COMPASS domains (Schuettengruber et al., 2007).
Although these proteins are structurally different, they all process the
evolutionary conserved SET domains (Simboeck et al., 2013). These
proteins secure the proper activation of H3K4 upon the differentiation
requirement of ESCs.

In eukaryotic cells, MLL1 family comprised of the SET domain is the
key TrxG-HMT enzymes catalyzing H3K4 methylation in the cell fate de-
cision of NSCs (Lim et al., 2009). Genome-wide analysis identifies deletion
in the MLL1 proteins slightly cause global reduction of H3K4 methylation
which is attributed to redundancy among the MLL complex (Wang et al.,
2009a). MLL is essential for neuronal differentiation in the subventricular
zone, rather than in other neuronal lineages. Knocking downMLL1 inmice
suppresses the expression of transcriptional factor, Dlx2 (Lim et al., 2009)
and Brn4 (Potts et al., 2014), but not in Mash1 and Oligo2 (Brightman
et al., 2018) that the promotor of Set1/COMPASS in MLL1 family is the
key promotor to regulate the H3K4 methylation (Wang et al., 2009a). In
other words, conditionally knock out of MLL1 in mice reduces the neu-
rogenesis. MLL mutation allows the NSCs to survive but not in the dif-
ferentiation into specific neuronal lineages. However, the global reduction
of H3K4methylation caused byMLLmutant is not completely serve (Wang
et al., 2009a). So, there is another candidate to prevent the reduction in
the MLL. In the regard, Dpy-30 is identified as a newmember mediated by
MLL proteins. Phenotypically, deletion of Dpy-30 in ESCs fails to differ-
entiate into neural lineages (Jiang et al., 2011). Given know Dpy-30 is the
substrate of all SET-domain MLL proteins as mentioned, they are proposed
to involve in the H3K4 methylation directly. knocking down of Dpy-30
significantly decreases the global level of H3K4 methylation-marked
active chromatin, and thereby reduce the proliferation of cells and ex-
hibits a senescent phenotype (Simboeck et al., 2013). Indeed, Dpy-30 is
less likely to promote gross methyltransferase activity in vitro, and gives
heterotypic allosteric regulation of HMTs (Haddad et al., 2018). Therefore,
TrxG is able to switch the PcG-mediated renewal status to neuronal lineage
differentiation. Although TrxG are thought to work oppositely to PcG
family to switch on or off the transcription, the antagonistic mechanism is
still significantly diminished.

Histone demethylases. During differentiation process of ESCs to NSCs, a
number of bivalent marks are resolved in the lineages specific fractions,
leaving univocal signatures of either activation (H3K4me3) or repression
(H3K27me3) (Burgold et al., 2008). Histone H3K27me3 is related to final
transcriptional repression. On the other hand, histone methylation and
demethylation are a dynamic equilibrium process. The reversible removal
of H3K27me3 marks is mediated by three classes of histone demethylases,
including JmjC-domain-containing proteins, Jmjd3 and UTX.

Recent studies have shown that upregulation of Jmjd3 is essential for
the cell fate decision of neuronal development. Jmjd3 is required for
H3K27me3 demethylation at promoter regions of Myt1, Slc32a1, and
Gjb6 for transcriptional activation in NSC populations (Park et al., 2014).
In vivo evidence shows Jmjd3-mutant mice cannot survive after birth due
to the respiratory failure (Burgold et al., 2008). Jmjd3 recruits Smad3 to
occupy genomic regions of TGFß-mediated repressive genes in the NSCs
for proper regulation (Estaras et al., 2012). This might be caused by the
4

elongated RNA polymerase II progression and histone H3K27me3 is
enriched in these TGFß-mediated repressive genes (Estaras et al., 2013).

Similar to Jmjd3, Utx process a JmjC domain responsible to the his-
tone demethylases. In ESCs, many factors of the HOX genes are repressed
upon to differentiation, but not in UTX. Therefore, UTX is mediated by
the H3K27me3. H3K27me3 is correlatedly responded to the HOX gene
expression. Both JMJD3 and UTX share the HOX domain. When they are
bound together to for a complex, H3K27me3 marks regulated the Utx/
Jmjd3 derived to the appreciated differentiation (Agger et al., 2007).
Together, these evidences predict that preserving high levels of H3K27
by inhibiting JmjC-domain-containing proteins is essential for maintain
the proper neural-specific lineage differentiation of ESCs. These studies
are consistent with the deletion of epigenetic regulation of repressed
chromatin observed upon differentiation.

5. Other histone modifications in neurodevelopment

Histone ubiquitination. Ubiquitination is a PTM mechanism that
covalently attaches ubiquitin molecules to modify the protein after the
translation (Kawabe and Brose, 2011). Histone H2A and histone H2B are
the most common site to undergo histone ubiquitination, particularly at
lysine 119 and 123 and mono-ubiquitination of H2A is likely to compact
the chromatin (Cao and Yan, 2012). Recent evidence has shown that a
number of the ubiquitin ligases are effectively functional in neural line-
age specification. Knocking out of an H2B ubiquitin ligase Bre1a prevents
normal NPC differentiation (Ishino et al., 2014). Ubiquitination of H2A
also has an effect on the differentiation of NPCs (Tsuboi et al., 2018).
REST is downregulated when it is ubiquitinated thereby maintaining the
proper neural differentiation (Westbrook et al., 2008).

Mono-ubiquitinated histone H2A is highly involved in the bivalent
marks (Endoh et al., 2012; Srivastava et al., 2017). Histone H2A sup-
presses the extension of RNA polymerase located at the bivalent domains.
In this case, PRC protein recruits the H2A to form a complex through
ubiquitination reaction. Consequently, the H2A ubiquitination activity of
the PRC proteins provides a target site for binding that compacts the
chromatin (Endoh et al., 2012). Transcriptional factors such as Fbxo45
can also be ubiquitinated and this will induce neural differentiation
(Saiga et al., 2009). Deletion of Fbxo45 in embryo results in neural dis-
ease and abnormal brain development (Saiga et al., 2009). Therefore,
these studies have suggested that histone ubiquitination contributes to
higher diversity of histone modifications which are critical to the neural
differentiation.

Histone phosphorylation. Histone phosphorylation is a post-
transcriptional modification of histone that control the specification of
chromatin in either activation or suppression ways. Early evidence shows
that high percentage of histone H1 and H3 phosphorylation presented in
the cultured mammalian cells during mitosis (Gurley et al., 1974).
Basically, histone phosphorylation occurs in mammalian cells with two
phases: the chromatin is first highly compacted as aggregates and then
access into the chromosome (Gurley et al., 1978). Unlike other histone
modifications, histone phosphorylation occurs at the sites of serine and
threonine residues. Phosphorylation of histone H3 at serine 10 is
occurred in mitosis and meiosis in various specifies (Garcia et al., 2005)
that shows high degree of spatial-temporal distribution (Sawicka and
Seiser, 2012). Proper phosphorylation ensure the appreciated chromo-
some segregation in mitosis and chromosomes access in meiosis (Wei
et al., 1999).

Phosphorylation on histone H3 at the specific residues can dynami-
cally modulate the chromatin into either open or compact status which
have neural effectives during brain development (Sawicka and Seiser,
2012). Mitogen-and stress-activated kinase 1 (MSK1) plays key roles in
neurodevelopment in response to the phosphorylation of histone H3.
MSK1 is a ubiquitously expressed kinase which is required for main-
taining the neural plasticity of the brain (Brami-Cherrier et al., 2005).
Apart from it, NSCs differentiation requires chromatin modification in
presence of JNK, a MAP kinase which phosphorylates histone H3 at



Table 1. List of histone modification enzymes in embryonic stem neurodevelopment.

Category Substrate Functions in histone modifications Function in neurodifferentiation References

HATs CBP/
p300

Essential for HATs and alter chromatin landscape in
mediating neural specification.

Promotes ESCs differentiation into three neural lineages,
stimulates the gene expression astrocyte-specific genes and
mediate the astrocytic differentiation, stimulates the
synergistic astrocytes differentiation in fetal brain.

Wang et al. (2010)

MYST Catalyze H4K16 acetylation. Highly expressed in cerebral cortex in early developing murine
embryo.

Merson et al. (2006); Thomas
et al. (2000)

GNAT Acetylates with other HATs to maximize the outcome of
transcriptional activation via histone acetylation,
maintains cell survival via histone H3 acetylation,
positively correlated with histone H4 acetylation.

Affects rapid apoptosis and impedes mesodermal
differentiation, and essential for neuronal tube closure.

Georgakopoulos and Thireos
(1992); Lin et al. (2008); Xu
et al. (2000)

HDACs Class I-III Dynamically attenuate gene expression by compacting
chromatin structure.

Promotes neural progenitor cells to differentiate into neurons. Hsieh et al. (2004); Juliandi
et al. (2010b)

HMTs PcG Regulates lineage-specific gene expression programs in
ESCs.

Deletion of PRC2 likely induces neuronal differentiation in
mouse ESCs while PRC1 strengthens gene suppression for
neural specification.

Schuettengruber et al. (2017);
Sher et al. (2011)

TrxG Mediates H3K4 methylation. Catalyzes histone H3K4 methylation in cell fate decision of
NSCs.

Lim et al. (2009); Wang et al.
(2009a)

HDMTs Bivalent marks are resolved in the lineage specific fractions
leaving univocal signatures of either activation or
repression.

Upregulating of Jmjd3 is essential for cell fate decision in
neuronal development.

Agger et al. (2007); Burgold
et al. (2008)

Histone ubiquitination Covalently attaches to ubiquitin molecules to modify
proteins.

Has an effect on the differentiation of NPCs Kawabe and Brose (2011);
Tsuboi et al. (2018)

Histone variants Replace either H2A or H3. Essential for proliferation of NSC and neuronal differentiation Santoro and Dulac (2015); Xia
and Jiao (2017)
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serine 10. Downregulation of JNK in post-mitotic neurons reduces the
affinity to phosphorylation of H3Ser10 (Tiwari et al., 2011). These
studies suggest that Histone H3 phosphorylation significantly affects the
neural functions of the brain.

Histone variants. Many metazoan proteins are synthesized by the ca-
nonical histone proteins which are encoded by the DNA replication-
dependent histone genes with conventional non-polyadenylated
mRNAs in the 3'stem-loop sequence (Marzluff et al., 2008). Histone
variants are not replication-dependent and are transcribed from the
polyadenylated mRNAs (Meshorer, 2007). Histone variant is a post
posttranscriptional modification in which one or more residues at either
H2A or H3 are replaced. The slightly different composition in the his-
tones gives non-allelic isoforms of the canonical histone proteins and
significant structural dissimilarities (Santoro and Dulac, 2015). Histone
variant can be grouped as replication dependent, replication independent
depending on the developmental patterns (Banaszynski et al., 2010).

Specific or multiple histone modifications can alter a series of
downstream cellular activities in accordance with the chromatin
conformation. In eukaryote, H3.3 can occur with many histone re-
placements during differentiation of mouse germ cells (Hajkova et al.,
2008). In addition, the replacement histone H3.3 is necessary at the early
stage of cranial neural crest (Cox et al., 2012). Early studies have iden-
tified that the replacement on the replication-dependent histone H3.2
with the replication-independent activates the gene expression in
Drosophila (Ahmad and Henikoff, 2002; Hake et al., 2006). Histone H3.3
contains a serine residue on which modifications may activate the
chromatin. In addition, the expression of histone H3.3 is highly involved
in embryonic brain. Histone H3.3 is essential for of NSC proliferation and
neuronal differentiation by activating PAX6 (Xia and Jiao, 2017). His-
tone variants also participate in the neural differentiation. H2A.X is
significantly phosphorylated after NMDA receptor is activated in rat
cortical neurons (Crowe et al., 2006). These studies indicate the essential
role of histone variants in embryonic neural development.

6. Histone modifications in neurodifferentiation of induced
pluripotent stem (iPS) cells

Induced pluripotent stem cells (iPS) cells have provided excellent
platforms for disease modeling, drug screening and other clinical
5

applications (Shi et al., 2017). Based on the high similarity between iPS
cells and ES cells, scientists have successfully differentiated iPS cells into
nerve cells in vitro (Wernig et al., 2008; Chambers et al., 2009; Soldner
et al., 2009). However, Hu et al. found that human iPSCs utilize the same
temporal program as that of hESC to differentiate into neurons but with
variation and lower efficiency (Hu et al., 2010). Hence the emerging
interesting question is how histone modifications play roles in neuro-
differentiation of iPS cells.

Yang et al. found that HDAC3 negatively regulates the differentiation
of hPSCs towards neural precursor cells (NPCs) at an earlier stage of
neural differentiation. Consistently HDAC inhibitor can enhance the
differentiation of human iPS cells towards neural progenitor cells (Yang
et al., 2014). Another study showed that the histone H3K27ac-marked
enhancer regions had more active changes than the histone H3K4
me3-marked promoters (Choi et al., 2020). Interestingly, NEUROD1
concerts iPSC differentiation to NPC by interacting with the accessible
enhancer regions (Choi et al., 2020). These reports support that histone
acetylation has positive role in directing iPS cells into neural lineages.

Meng et al. discovered that Inhibition of KDM6 (histone H3K27me3
demethylase) can improve neuroectoderm induction from both ES cells
and iPS cells (Meng et al., 2021). In addition, deletion of KMT2D
(encoding histone H3K4 methyltransferase) may cause precocious
iPSC-derived neuronal maturation due to transcriptional suppression of
metabolic genes and proliferation defects (Carosso et al., 2019). These
studies suggest that histone methylation play important roles in neuro-
differentiation of iPS cells.

It must be noted that until now, not many studies have been focused
on roles of histone modifications in neurodifferentiation of iPS cells. For
better personized iPS cell therapy, more efforts should be put into
investigating how histone modifications are exactly involved in this
process.

7. Concluding remarks

Researches over past decades have clearly established the crucial
roles of histone modifications in neurodifferentiation in embryos and
ESCs (Table 1). However, some open and intriguing issues are still
remained. First, the environmental interventions, such as oxidation
stress, in histone modifications will be an intriguing issue. Second, it will



Figure 1. Neurodifferentiation is regulated by histone modifications. Initially, ESCs exit from pluripotency while bivalent histone marks are changing. In neurogenesis
process, both histone acetylation and histone methylation play roles in neurodifferentiation of ESCs. In the neurogenic phase, the neurogenic TFs drives neuron
formation. Second, CBP/p300 binds to SMAD and Ngn1 to the E Box domain to eventually activate the neuron D expression. TrxG proteins catalyze histone H3K4
methylation to promote neuronal specification. Third, neural precursor cells are associated with relative repressive chromatin, which is represented by deacetylation of
histones and histone H3K9 methylation. Finally, neural precursor cells differentiate into more cells types to complete the development of the CNS. Histone deace-
tylation is involved in strengthening oligodendrocyte specification with repressive histone H3K9 methylation. In glia cells, CBP/p300 recruits SMAD to activate STAT
signaling to activate GFAP.
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be important to explore the redistribution of histone modifications in cell
sub-populations. Third, identification of novel histone modifying en-
zymes and more types of histone modifications will not only be beneficial
to understanding the nature of histones but also can contribute to the
precision medicine for neural diseases. Further studies on specific histone
functions in neurodifferentiations may delineate the mechanisms of
neural development and provide new insights into therapeutic strategies.

In summary, neurodifferentiation is a complicated process that re-
quires concerted effects of multiple signaling pathways and transcription
regulation. Post-translational modifications of histones secure neural
differentiation in a spatial and temporal manner by controlling the
correlated gene expression (Figure 1). Aberration of histone modifica-
tions impairs proper neural differentiation and results in neural diseases.
Hence further studies are required to develop novel epigenetic strategies
for neuro diseases.
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