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Abstract Embryonic development is critical for the final functionality and maintenance of the

adult brain. Brain development is tightly regulated by intracellular and extracellular signaling.

Lysine acetylation and deacetylation are posttranslational modifications that are able to link extra-

cellular signals to intracellular responses. A wealth of evidence indicates that lysine acetylation and

deacetylation are critical for brain development and functionality. Indeed, mutations of the

enzymes and cofactors responsible for these processes are often associated with neurodevelopmental

and psychiatric disorders. Lysine acetylation and deacetylation are involved in all levels of brain

development, starting from neuroprogenitor survival and proliferation, cell fate decisions, neuronal

maturation, migration, and synaptogenesis, as well as differentiation and maturation of astrocytes

and oligodendrocytes, to the establishment of neuronal circuits. Hence, fluctuations in the balance

between lysine acetylation and deacetylation contribute to the final shape and performance of the

brain. In this review, we summarize the current basic knowledge on the specific roles of lysine

acetyltransferase (KAT) and lysine deacetylase (KDAC) complexes in brain development and the

different neurodevelopmental disorders that are associated with dysfunctional lysine (de)acetylation

machineries.
Introduction

The brain is the most complex organ in vertebrates and is able

to control all other organs in the body. Adaptability and
plasticity are the key features of the brain, which grant rapid
and coordinated responses to environmental changes. In order
to insure the complex function of the brain, a series of mech-

anisms must work in a coordinated manner starting early on
during embryonic development and continuing during postna-
tal and adult life. Embryonic development defines the size and

functionality of the adult brain since the bulk of neurogenesis
occurs prenatally while only few neurons are produced after
birth [1,2]. Indeed, the mammalian adult brain has a very lim-

ited regenerative capacity following injury compared with
other tissues, such as skin, intestine, liver, or lung. This is
nces and
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because of the low amount of neural stem cells (NSCs) in the
adult brain and their limited capacity to replace damaged neu-
rons in vivo [3–5]. Therefore, it is essential to tightly regulate

the formation, maturation, and maintenance of neurons
throughout life to ensure full brain functionality.

At the molecular level, brain development and maintenance

are controlled both by cell-intrinsic mechanisms, such as tran-
scriptional programs controlling proliferation and differentia-
tion of NSCs, and extrinsic mechanisms including extracellular

cues influencing neuronal migration, synapse formation, and
neuronal activity [6,7]. Epigenetic regulations are important
mechanisms controlling brain development, function, and
maintenance [8–13]. Given that epigenetic mechanisms mediate

transient or stable heritable changes in the transcriptional pro-
grams of cells in response to external and environmental sig-
nals, these mechanisms provide an essential pillar for brain

adaptability and plasticity [8,10,13].
Acetylation of histones is a reversible epigenetic mechanism

that can be influenced by external factors [14]. Histone acety-

lation patterns, which can be directly transmitted to daughter
cells, influence other stable chromatin modifications such as
histone and DNA methylation, or the recruitment of chro-

matin modifiers [15]. Increasing evidence has associated dys-
balances in histone acetylation with different pathologies
affecting the central nervous system (CNS). Moreover, muta-
tions of enzymes and cofactors involved in different types of

epigenetic mechanisms are linked to a vast number of neuro-
logical disorders [8,16]. Additionally, lysine or histone deacety-
lation inhibitors (HDACi) have been proposed as therapeutic

approaches for various neurodevelopmental, neurodegenera-
tive, and psychiatric disorders. Several previous review papers
have addressed the importance of general or individual epige-

netic mechanisms in CNS development, brain function, and
maintenance [8,10,12,13,16–22]. In this review, we aim to sum-
marize the specific roles of lysine acetylation and deacetylation

in brain development. Moreover, we attempt to compile and
discuss, for the first time, the different neurodevelopmental
disorders associated with mutations or dysfunction of the
lysine (de)acetylation machineries.

Brain development

The mammalian CNS arises from the ectoderm germ layer of
the early embryo after a series of complex morphological
changes. During early development, the neural tube is formed

to subsequently generate the early CNS and peripheral nervous
system [23]. Brain development begins with the closure of the
neural tube and the formation of the forebrain vesicle that con-
tains the neuroepithelium. Neuroepithelial cells are the NSCs

and are located along the ventricle in a germinal zone called
ventricular zone (VZ). After an early phase of expansion, neu-
roepithelial cells differentiate into radial glial cells or apical

progenitors (APs) that will further generate most of the other
cell types in the brain, including different kinds of progenitors,
neurons, and glial cells [1] (Figure 1).

The paradigms on how the brain is formed are mainly
based on studies conducted on the cerebral cortex, hippocam-
pus, or cerebellum. With the onset of neurogenesis, starting
around embryonic day 10.5 (E10.5), the proliferative area

within the cerebral cortex is subdivided into the VZ, which
contains APs, and the subventricular zone (SVZ), which
contains intermediate or basal progenitors (BPs) [1,24]. Above
the proliferative layers, the intermediate zone (IZ) and the cor-
tical plate (CP) contain postmitotic neurons arising from api-

cal and basal neuroprogenitors (NPs) (Figure 1). APs are
radially oriented, able to self-renew, and responsible for the
formation of neurons. In contrast, BPs mainly divide to pro-

duce neurons and are the principal source of cortical neurons
(Figure 1). Neurons arising from cortical NPs undergo a pro-
cess of maturation that starts with their radial migration away

from the proliferative area towards their final destination in
the CP where they assemble in an inside-out manner, accord-
ing to the time they arise, generating a distinctive 6-layer struc-
ture (Figure 1). Shortly after neuronal differentiation and

migration, axons and dendrites connect to form synaptic cir-
cuits. During perinatal development, the NP fate shifts to give
rise to different types of glial cells, including astrocytes and

oligodendrocytes, which provide the essential environment to
modulate the chemical and electric signal transduction of neu-
rons [25,26]. Subsequently, additional steps, including myelin

formation, work in a concerted action to shape the final brain
cytoarchitecture [27,28] (Figure 1). To ensure proper function
of the brain, all these processes must be tightly controlled.

Indeed, to achieve a fully functional brain, it is essential to
control gene expression profiles for the generation of appropri-
ate cell fates. The production of neurons and glial cells, as well
as the maintenance of reduced stem cell populations in the

adult brain, is accomplished by the complex interplay of intrin-
sic and extrinsic signals. Therefore, cell autonomous mecha-
nisms including intrinsic transcriptional programs that

control cell cycle progression, centrosome activity, or the polar
distribution of cell fate determinants, are of great importance
[29–31]. Equally important, extrinsic cues, including growth

factors, cytokines, adhesion molecules, and extracellular
matrix components, also play essential roles during brain
development [27,32–35]. Remarkably, epigenetic mechanisms,

which can integrate extracellular with intracellular signaling
and can be inherited through cell divisions, are emerging as
prominent mechanisms for the determination of the final shape
of the adult CNS [12,36]. Epigenetic mechanisms have the abil-

ity to regulate gene transcription and other DNA-dependent
cellular processes by altering chromatin structure without
affecting the DNA sequence. These mechanisms include,

among others, chemical modifications of the DNA, such as
DNA methylation or hydroxymethylation, histone variant
exchange, non-coding RNAs, changes in nucleosome position-

ing, as well as posttranslational modifications of histones, such
as acetylation, methylation, phosphorylation, poly ADP-
ribosylation (PARylation), and ubiquitination [37–39].

Lysine acetylation and deacetylation

Lysine acetylation and deacetylation represent prominent

posttranslational modifications of histone tails that influence
chromatin structure and epigenetic states. Lysine acetylation
is mediated by lysine or histone acetyltransferases (KATs or

HATs), whereas lysine deacetylation is catalyzed by lysine or
histone deacetylases (KDACs or HDACs) [40–43] (Figure 2A).
Generally, histone acetylation correlates with higher transcrip-
tional activity owing to a higher accessibility of the transcrip-

tional machineries to DNA, whereas histone deacetylation is
correlated with a lower transcriptional activity owing to
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Figure 1 Mechanisms driving cortical neurogenesis

The scheme illustrates the most important events of neural stem cells during rodent cortical development. Briefly, neuroepithelial (NE) cells

are the first stem cells located in the ventricular zone (VZ) and later differentiate into apical progenitors (APs) that give rise to most of the

other cell progenies in the cortex. Basal progenitors (BPs) that are located in the subventricular zone (SVZ) mostly divide once to form

neurons (Ns). Neurons arising from APs and BPs migrate radially through the intermediate zone (IZ) to the cortical plate (CP), where they

reside permanently. After migration, neurons undergo maturation, involving axon growth and synapse formation. Around birth, APs

generate astrocyte (As) and oligodendrocyte (O) precursors (AsPs and OPs), which give rise to astrocytes and oligodendrocytes, respectively.

Oligodendrocytes mediate axon myelination, whereas astrocytes support mature neurons. The adult cortex is organized in six layers (I–VI)

composed of different types of postmitotic neurons, astrocytes, and oligodendrocytes. The cortical white matter (WM) contains the axons of

neurons projected to other brain regions, as well as astrocytes and oligodendrocytes. Mechanisms governing brain development can be

extrinsic (blue text box) or intrinsic (brown text box). Epigenetics can be influenced by extrinsicmechanisms tomodify intracellular programs.
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chromatin condensation [38] (Figure 2B). There are different
families of KATs and KDACs, which present both specific

as well as overlapping functions. KATs and KDACs are
mainly found as a part of multiprotein complexes, and their
activity and substrate specificity depend on the composition

of the whole complex rather than on single enzymes. Most
of the enzyme complexes are found both in the nucleus and
cytoplasm, indicating multiple functions in (de)acetylation of

histones and other proteins. However, some enzyme complexes
are specifically either nuclear or cytoplasmic, indicating more
specific functions [40–42] (Table 1 and Table 2). KATs and
KDACs need to work in a concerted action in order to regu-

late transcriptional profiles and other cellular processes, such
as microtubule dynamics, by maintaining the appropriate level
of lysine acetylation at histone tails and other proteins, such as

tubulin [44].
KATs, which are evolutionarily conserved from yeast to

humans, catalyze the transfer of acetyl groups from acetyl-
CoA onto lysine residues of acceptor proteins (Figure 2).
There are three major KAT families based on sequence simi-

larities (Table 1). The general control of amino acid synthesis
protein 5-like 2 (GCN5)-related N-acetyltransferases (GNATs)
include different families of KATs that share similar structural

features and functional roles. The GNAT superfamily in
humans includes HAT1 (KAT1), GCN5 (KAT2A), p300/
CREB-binding protein (CBP)-associated protein (PCAF;

KAT2B), elongator acetyltransferase complex subunit 3
(ELP3; KAT9), cysteine rich protein 2 binding protein
(CSRP2BP; KAT14), activating transcription factor 2 (ATF-
2), and HAT4 [22,45]. p300/CBP family is composed of two

closely-related members, CBP (KAT3A) and p300 (KAT3B).
They are among the most studied KAT enzymes, especially
in relation to histone acetylation and transcriptional regulation

[46]. The MYST (MOZ, Ybf2, Sas2, and TIP60) family is com-
posed of five members in humans, known as Tat-interacting
60 kDa protein (TIP60; KAT5), monocytic leukemia zinc
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Figure 2 Lysine (de)acetylation and its function in chromatin remodeling

A. Lysine acetylation involves the transfer of the acetyl group from acetyl-CoA (red) into a target protein (blue) mediated by KATs. The

reversible reaction is mediated by KDACs. B. Simplified scheme showing the effects of histone acetylation on the chromatin structure and

the resulting consequence for DNA-dependent processes. Gray circles represent nucleosomes and the black lines represent DNA. KAT,
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finger related protein (MOZ; KAT6A), MOZ-related factor
(MORF; KAT6B), HAT bound to origin recognition complex

1 (ORC1) (HBO1; KAT7), and human males-absent on the
first (MOF; KAT8). Additionally, a group of other proteins
exhibit KAT activity but lack common structures. These

include TATA box binding protein (TBTP)-associated factor,
250 kDa (TAF1; KAT4), transcription factor IIIC subunit
delta (TFIIIC; KAT12), nuclear receptor coactivator 1

(NCOA1; KAT13A), NCOA3 (KAT13B), NCOA2
(KAT13C), and circadian locomotor output cycles kaput pro-
tein (CLOCK; KAT13D).

KDACs are enzymes responsible for the removal of acetyl

groups from lysine residues (Figure 2). In contrast to KAT
enzymes, which are mostly ubiquitous, KDACs present specific
expression patterns that determine their function within differ-

ent cell types (Table 2). KDAC proteins are divided into four
classes based on functional and sequence similarities (Table 2).
The activity of classes I, II, and IV depends on zinc, whereas

the activity of Class III KDACs depends on NAD+ [19,47].
Class I contains the ubiquitous enzymes HDAC1, HDAC2,
HDAC3, and HDAC8, which have been extensively studied in
the context of histone deacetylation. Except for HDAC8, all

Class I enzymes are part of prominent transcriptional corepres-
sor complexes such as Sin3, Mi2/nucleosome remodeling
deacetylase (NuRD), repressor element 1-silencing transcrip-

tion factor (REST) corepressor 1 (CoREST), or nuclear recep-
tor co-repressor 2 (N-CoR)/silencing mediator for retinoid or
thyroid-hormone receptors (SMRT), thereby mediating tran-

scriptional repression [48]. Class II consists of tissue-specific
enzymes, which are further divided into Class IIA, including
HDAC4, HDAC5, HDAC7, and HDAC9, and Class IIB,

including HDAC6 and HDAC10. Class III contains sirtuins
SIRT1–3 and SIRT5–7, which are able to sense NAD+ levels
and play important roles in the regulation of cellular homeosta-

sis, metabolism, and lifespan [49]. Class IV, one of the less-
studied KDAC groups, contains HDAC11 only, owing to the
lack of homology with other KDACs [50].

Contrary to what was initially thought, lysine acetylation
also occurs in a vast number of proteins besides histones. Pro-
tein acetylation has emerged as an important posttranslational

modification regulating many cellular processes [51]. Hence,
the balance between the activity of different KATs and
KDACs not only influences cellular functions through epige-
netic transcriptional regulation but also directly modulates

multiple signaling pathways. Remarkably, the activity of both
KATs and KDACs is closely related to metabolism and nutri-
ent availability. Indeed, all KAT enzymes directly depend on

acetyl-CoA levels. For instance, sirtuins require NAD+,
whereas Class I, II, and IV KDACs need zinc in order to func-
tion [14]. Therefore, lysine acetylation represents a key step to

integrate environmental signals, such as exercise, diet, mater-
nal care, or xenobiotic exposure, for the regulation of cellular
responses involved in adaptive processes [51–54]. Conse-
quently, it is reasonable to hypothesize that lysine acetylation

might highly influence the final brain shape through multiple
mechanisms in response to the cellular context.
Lysine acetylation and brain development

Abnormal lysine acetylation activity or histone acetylation

levels have been linked to different pathological conditions
or alterations in brain development both in humans and in
mouse models (Table 3). Mutations in some KATs or KDACs



Table 1 KAT families and members

Family Name Aliases Location Complexes Other functions of the complex

GNAT HAT1 KAT1 Nucleus, cytoplasm HAT-B Chaperone activity

GCN5 KAT2A, GCN5L2, HGCN5 Nucleus TFTC, STAGA, ATAC –

PCAF KAT2B Nucleus PCAF –

ELP3 KAT9 Nucleus, cytoplasm Elongator Transcriptional elongation in

RNAPII complex

CSRP2BP KAT14 Nucleus ATAC –

ATF-2 CREB2, CRE-BP1 Nucleus, cytoplasm,

mitochondria

– Transcription factor

HAT4 – Golgi – –

p300/CBP CBP KAT3A, CREBBP Nucleus, cytoplasm – –

P300 KAT3B, EP300 Nucleus, cytoplasm – –

MYST TIP60 KAT5, HTATIP Nucleus, cytoplasm NuA4, TIP60, SWR1-like Removal of H2A.Z/H2AFZ

from the nucleosome (in SWR1-

like complex)

MOZ MYST3, KAT6A, RUNXBP2, ZNF220 Nucleus MOZ/MORF –

MORF MYST4, KAT6B, KIAA0383, MOZ2 Nucleus MOZ/MORF –

HBO1 MYST2, KAT7, HBOa Nucleus HBO1 –

MOF MYST1, KAT8, PP7073 Nucleus MSL, NSL, MLL1/MLL –

Others TAF1 KAT4, BA2R, CCG1, CCGS, TAF2A Nucleus TFIID Part of RNAPII complex

TFIIIC KAT12, GTF3C4 Nucleus TFIIIC RNAPIII transcription

NCOA1 KAT13A, BHLHE74, SRC1 Nucleus n.s. Hormone–dependent

transcriptional stimulation

NCOA3 KAT13B, AIB1, BHLHE42, RAC3, TRAM1 Nucleus, cytoplasm NCOA3/NCOA2/IKKA/IKKB/IKBKG/CBP –

NCOA2 KAT13C, BHLHE75, SRC2, TIF2 Nucleus NCOA3/NCOA2/IKKA/IKKB/IKBKG/CBP –

CLOCK KAT13D Nucleus, cytoplasm CLOCK, BHLHE8, KIAA0334 Regulation of circadian rhythm

Note: AIB1, amplified in breast cancer 1 protein; ATAC, Ada2a containing complex; ATF-2, activating transcription factor 2; BHLHE, class E basic helix-loop-helix protein; CREB, cAMP-responsive

element-binding protein; CBP, CREB binding protein; CCG1, cell cycle G1 phase defect; CLOCK, circadian locomotor output cycles kaput protein 3; CSRP2BP, (cysteine and glycine rich protein 2)

binding protein; ELP3, elongator acetyltransferase complex subunit 3; HAT, histone acetyltransferase; HBO1/HBOa, HAT binding to ORC1; IKBKG, inhibitor of kappa light polypeptide gene

enhancer in B-cells kinase gamma; IKK, I-kappa-B kinase; GCN5/GCN5L2/HGCN5, (general control of amino-acid synthesis, yeast, homolog)-like 2; GNAT, gcn5-related N-acetyltransferase;

GTF3C4, general transcription factor IIIC; HTATIP, HIV-1 Tat interacting protein, 60 kDa; KAT, lysine acetyltransferase; MLL1/MLL, myeloid/lymphoid or mixed-lineage leukemia 1; MOF, males

absent on the first; MORF, MOZ-related factor; MOZ, monocytic leukemia zinc finger protein; MSL, male specific lethal; MYST, MOZ-Ybf2 (Sas3)-Sas2 and Tip60; NCOA, nuclear receptor

coactivator; NSL, non-specific lethal; PCAF, p300/CBP-associated factor; RAC3, receptor-associated coactivator 3; RNAP, RNA polymerase; RUNXBP2, Runt-related transcription factor binding

protein 2; SRC, steroid receptor coactivator; STAGA, SPT3-TAF9-GCN5 acetyltransferase complex; TAF, TATA-box binding protein associated factor; TFTC, TATA-binding protein-free TAF-II

containing complex; TIF2, transcriptional intermediary factor 2; TRAM1, thyroid hormone receptor activator molecule 1; ZNF220, zinc finger protein 220; n.s., not specified; -, no information

available.
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Table 2 Classes of KDACs/HDACs

Class Name Aliases Location Expression enrichment Complexes Other functions

I HDAC1 RPD3L1 Nucleus Ubiquitous Sin3, NuRD oREST,

PRC2, other

–

HDAC2 – Nucleus, cytoplasm Ubiquitous HDAC1/HD C2/RBBP4/

RBBP7, RCO /GFI/

KDM1A/HD C, SIN3,

BHC, NuRD

–

HDAC3 – Nucleus, cytoplasm Ubiquitous N-CoR-SMR –

HDAC8 HDACL1, CDA07 Nucleus, cytoplasm Ubiquitous – –

IIA HDAC4 KIAA0228 Nucleus, cytoplasm Brain, skeleton growth plates n.s. –

HDAC5 KIAA0600 Nucleus, cytoplasm Heart, skeletal muscle, brain n.s. –

HDAC7 HDAC7A Nucleus, cytoplasm Endothelial cells, thymocytes n.s. –

HDAC9 HDAC7, HDAC7B, HDRP,

KIAA074, MITR

Nucleus, cytoplasm Heart, skeletal muscle, brain n.s. –

IIB HDAC6 KIAA0901, JM21 Nucleus, cytoplasm Heart, liver, kidney, placenta n.s. –

HDAC10 – Nucleus, cytoplasm Liver, spleen, kidney n.s. –

III SIRT1 SIR2L1 Nucleus, cytoplasm – – –

SIRT2 SIR2L, SIR2L2 Cytoplasm – – –

SIRT3 SIR2L3 Mitochondria – – –

SIRT5 SIR2L5 Mitochondria – – Demalonylation, desuccinylation

SIRT6 SIR2L6 Nucleus – – ADP-ribosylation

SIRT7 SIR2L7 Nucleolus – – –

IV HDAC11 – Nucleus Brain, heart, muscle, kidney, testis n.s. –

Note: GFI, growth factor independent; HDAC, histone deacetylase; HDRP, HDAC-related protein; KDM1A, lysine demethylase 1A; MIT , MEF-2 interacting transcription repressor; N-CoR,

nuclear receptor co-repressor; NuRD, nucleosome remodeling deacetylase; PRC2, polycomb repressive complex 2; RBBP, retinoblastoma inding protein; REST, repressor element 1-silencing

transcription factor; RCOR/CoREST, REST corepressor; RPD3L1, reduced potassium dependency yeast homolog-like 1; SIRT, sirtuin; SMR , silencing mediator for retinoid and thyroid hormone

receptors; n.s., not specified; -, no information available.
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Table 3 Neurodevelopmental disorders associated with mutations or loss of function in KAT or KDAC complexes

Gene Molecular function
Human disease Mouse model

Effects on neural development
Disease Refs. Model Refs.

HAT1 KAT enzyme ASD [142] – – –
p300 KAT enzyme Rubinstein Taiby syndrome; ASD [119–121,123,124,142,170], KO: early lethality; neural tube

closure defects
HI: memory deficits; behavioral
impairment

[59,62] Regulation of
NP differentiation

CBP KAT enzyme Rubinstein–Taiby syndrome;
16p13.3 duplication syndrome

[57,117,118,125] KO: early lethality; neural tube
closure defects
HI: memory deficits; behavioral
impairment

[59–61,63] Regulation of NP differentiation

PCAF KAT enzyme ASD [142] KO: memory defects; abnormal
hippocampal morphology

[64,69,70] –

GCN5 KAT enzyme ASD [142] KO: early lethality; apoptosis
HM: neural tube closure defects;
exencephaly
Nes-Cre: microcephaly; decreased
NSC mass

[65–68] Regulation of NP proliferation;
essential for NP survival

CRP2 BP KAT enzyme Human neurological disorders [127] – – –
ELP3 KAT enzyme – – KD: cortical disorganization [55] Migration and maturation of

neurons
ELP1 Component KAT complex – – KD: cortical disorganization [55] Migration and maturation of

neurons
TIP60 KAT enzyme ASD [142] KO: early lethality (blastocyst) [73] Possible role in neurogenesis
MORF KAT enzyme Genitopatellar syndrome; Say-

Barber-Biesecker syndrome;
Noonan syndrome-like disorder

[78,79,128] Gene-trap mutagenesis:
neurodevelopmental defects

[76] Required for NP proliferation

MOZ KAT enzyme Syndromic developmental delay
with microcephaly and
dysmorphic mutations

[129,142] KO: embryo or perinatal lethality [80,81] Role in NP maintenance

BRD1 Component KAT complex Schizophrenia;
bipolar disorder

[130–132] – – –

Trrap Component KAT complex – – KO: early embryo lethality
Nes-Cre: severe brain atrophy

[74,85] Regulation of NP cell cycle and
differentiation

BRPF1 Component KAT complex – – KO: early embryo lethality
Emx1-Cre: dentate gyros
hypoplasia

[86] NP maintenance

CLOCK KAT enzyme ASD [142] KO: brain phenotype not
addressed

– –

HDAC1 KDAC enzyme ASD [142] Nes-Cre: no phenotype
Double Nes-Cre Hdac1-Hdac2:
neurodevelopmental defects

[88,89] –

HDAC2 KDAC enzyme – – Nes-Cre: no phenotype.
Double Nes-Cre Hdac1-Hdac2:
neurodevelopmental defects

[88,89] Control of NP fate

HDAC3 KDAC enzyme – – Nes-Cre: perinatal lethality; brain
abnormalities

[90] Regulation of cell fate
determination

HDAC8 KDAC enzyme Wilson-Turner X-linked mental
retardation syndrome; Cornelia
de Lange-like syndrome

[133,134] KO: perinatal lethality, skull
instability

[92] –

(continued on next page)
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have been identified in various human developmental diseases
(Table 3). Furthermore, mouse models carrying mutations in
KAT and KDAC enzymes and components have corroborated

the involvement of these enzymes in brain development
(Table 3).

Functions of KATs during brain development

Numerous studies using cellular and animal models have been
performed to unravel the function of different KAT and

KDAC complexes during brain development. Generally, these
studies have focused on the effects of histone acetylation on
important developmental transcriptional programs. Moreover,

the acetylation of proteins other than histones has also been
related to different neurodevelopmental processes such as NP
fate determination and neuronal migration [55,56]. Most of
the KAT complexes are essential during developmental stages

as evidenced by early embryonic lethality in mice devoid of
KATs. The deletion of KAT enzymes in mice often dramati-
cally affects brain development. However, given the substrate

specificity of each single KAT complex, the disruption of dif-
ferent complexes leads to different outcomes (Table 3). Hence,
there are only a few studies that have addressed the exact roles

of specific KAT enzymes and complexes in the CNS
development.

p300/CBP KATs

p300/CBP family members are required for proper brain devel-
opment and mutations in the genes encoding these proteins are
associated with the human Rubinstein-Taybi syndrome

(RSTS) [57]. Although sharing 86% amino acid sequence
homology [58], p300 and CBP have both overlapping and dis-
tinct functions. Both p300 and Cbp null mouse embryos, as
well as double heterozygous Cbp/p300 embryos, exhibit defects

in neural tube closure and die before E12 [59]. In contrast,
adult single p300-knockout or Cbp-knockout heterozygous
mice are viable, and have the normal general brain morphol-

ogy and long-term memory despite exhibiting impaired behav-
ior at birth [60–62]. Moreover, decreased CBP activity by
heterozygous Cbp knockout or Cbp siRNA knockdown results

in decreased differentiation of cortical NPs and neural precur-
sors into neurons and glial cells within the ganglionic emi-
nence, without affecting their survival or proliferation
[61,63]. Chromatin immunoprecipitation (ChIP) analyses of

wild type cortices reveal that CBP is associated with promoters
of neural differentiation genes (such as a1-tubulin), and glial
differentiation genes (such as Mbp encoding myelin basic pro-

tein and Gfap encoding glial fibrillary acidic protein). These
analyses are suggestive of an involvement of CBP in the tran-
scriptional activation of NP differentiation genes [61]. Strik-

ingly, treatment with trichostatin A (TSA), an inhibitor of
Class I and II KDACs, completely rescues the differentiation
defects of NPs demonstrating that CBP KAT activity is neces-

sary for NP differentiation [61,63]. Similarly, Zhang et al. [56]
have recently demonstrated that p300, in cooperation with
HDAC3, promotes oligodendrocyte differentiation involving
not only the acetylation of histones but also the direct acetyla-

tion of the transcription factor signal transducer and activator
of transcription 3 (STAT3). Altogether, these studies show a
critical role of p300/CBP family members in the regulation

of NP differentiation, and hence brain development.



Tapias A and Wang ZQ /Epigenetic Modulation of the Brain 27
GNAT KATs

GCN5 and PCAF show 89.5% amino acid sequence homol-

ogy, whereas other GNAT family members are more diver-
sified [22]. Complete knockout of Pcaf does not seem to
show noticeable effects in mice during embryonic develop-

ment [64]. Interestingly, deletion of Gcn5 leads to embryonic
lethality in mice around E10.5. These mice exhibit severe
developmental defects, such as growth retardation, increased

apoptosis, as well as failure to generate the neural tube and
dorsal mesoderm-derived lineages [65]. Moreover, double
knockout of Pcaf and Gcn5 leads to more severe defects
and lethality around E7 [65]. These findings suggest a unique

role for GCN5 and an overlapping role with PCAF. Further
studies demonstrate that mice bearing different Gcn5 muta-
tions, including a hypomorphic Gcn5 mutation, a

catalytically-dead Gcn5 point mutation, and a double knock-
out p53/Gcn5 mutation, exhibit exencephaly and neural tube
closure defects and die pre- or peri-natally [66,67], suggesting

that both KAT activity and protein expression of GCN5 are
essential for proper embryo and brain development. Interest-
ingly, tissue-specific deletion of Gcn5 in the CNS by Nestin-

Cre expression results in microcephaly and a decrease in the
NSC mass due to decreased cell proliferation that is associ-
ated with lower expression of N-Myc target genes [68].
Moreover, despite normal embryonic development, adult

Pcaf knockout mice exhibit an impaired short-term memory
two months after birth, accompanied by subtle differences in
hippocampal morphology. Progressively, these mice exhibit

an age-related decline in short- and long-term memories
[69,70]. Additional studies on KAT elongator complex dur-
ing brain development have reported that knockdown of

both Elp1 and Elp3 causes decreased neuronal migration
and reduced levels of a-tubulin acetylation, thus identifying
a key role of these molecules in regulating the migration

and maturation of projection neurons [55]. Therefore, differ-
ent GNAT family members play unique roles to control dif-
ferent steps of the neurogenic process, including NP
proliferation, fate determination, neuronal maturation, and

migration.

MYST KATs

Although mutations in the MYST family members often lead

to neurodevelopmental defects in humans, not many studies
have been conducted to address their specific roles during
brain development. This may be due to the fact that while

heterozygous mutations of these factors exhibit no phenotypes,
homozygous mutations of most of these members, including
TIP60, HBO1, and MOF, as well as cofactors like transforma-

tion/transcription domain-associated protein (TRRAP) or
DNA methyltransferase 1 associated protein 1 (DMAP1), lead
to early embryonic lethality around the blastocyst stage or post

gastrulation [71–75]. These observations show an essential role
of these complexes in early embryonic development and also
indicate technical difficulties to conduct neurodevelopmental
studies.

Morf was first identified in a mouse gene-trap screen for
genes important in neural development [76]. MORF is highly
expressed in the neurogenic regions of the developing and

adult brain [76,77]. Interestingly, although mutations of
MORF cause different neurodevelopmental disorders in
humans, the mechanisms through which MORF regulates
brain development are not fully understood [78,79]. Notably,
knockout mice of Moz, coding for a closely-related KAT with
MORF, have been generated by two different laboratories.

These mice exhibit embryonic or perinatal lethality, craniofa-
cial abnormalities, and defects in the hematopoietic system
[80,81]. However, there are no data available on their brain

morphology. Interestingly, cellular studies have shown that
MOZ KAT activity is required for the repression of p16INK4a

in NSCs in order to avoid replicative senescence [82], suggest-

ing a role of MOZ in regulating NP maintenance. Similarly,
the transcriptional activity of PAX6, the master regulator
of neurogenesis, has been shown to be enhanced by TIP60 dur-
ing retinal development, suggesting a role of TIP60 during

neurogenesis [83].
TRRAP is an essential cofactor of different GNAT and

MYST family KAT complexes [84]. In agreement with other

knockout mouse models of MYST family members, complete
knockout of Trrap leads to early embryonic lethality around
the blastocyst stage [74]. Additionally, specific deletion of

Trrap in the embryonic brain by using Nestin-Cre causes cell
proliferation defects accompanied by premature AP differenti-
ation, leading to severe brain atrophy. Strikingly, unscheduled

differentiation of Trrap-deleted NPs is attributed to cell cycle
defects [85]. Similarly, forebrain-specific deletion of the gene
encoding the bromodomain and PHD finger-containing pro-
tein 1 (BRPF1), a common cofactor of MOZ, MORF, and

HBO1 KAT complexes, leads to dentate gyrus hypoplasia
and reduced expression of key genes in NP maintenance during
hippocampus development [86]. Altogether, these studies show

that the MYST family members are essential for brain
development.

Functions of KDACs during brain development

The balance between lysine acetylation and deacetylation is as
much dependent on KATs as it is on KDACs. In fact, it is the

kinetics of KAT versus KDAC activity that dictates the final
acetylation status of histones and other proteins, thus deter-
mining subsequently their functionality [44]. Indeed, a bulk
of evidence suggests that KDACs, like KATs, play very impor-

tant roles during brain development (Table 3).

Class I KDACs

Although sharing 86% amino acid sequence homology and

binding to the same transcription repression complexes,
HDAC1 and HDAC2 display different expression patterns
during brain development, thus indicating their specific func-

tions in this process. Strikingly, Hdac1 is expressed in NPs,
whereas Hdac2 is expressed in post-mitotic neurons in the
CNS of mice at E13.5 [87]. Knockout ofHdac1 orHdac2 alone

causes lethality, although at different developmental stages
[88]. Moreover, while specific ablation of Hdac1 or Hdac2 in
the mouse CNS using Nestin-Cre does not have any obvious

consequences on brain development, combined deletion of
Hdac1 and Hdac2 results in embryonic or perinatal lethality,
due to cell death and failure of NPs to differentiate into mature
neurons [88,89]. Interestingly, Hdac1+/-Hdac2-/- mice display

impaired brain development and perinatal lethality, due to
reduced NP proliferation and premature differentiation medi-
ated by overexpression of protein kinase C c (PKCc) [89].

Altogether, these studies suggest that HDAC2 plays a unique
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and important role in controlling the fate of NPs during brain
development.

The deletion of Hdac3 in the CNS using Nestin-Cre causes

perinatal lethality, which is accompanied by major abnormal-
ities in the cytoarchitecture of the neocortex and cerebellum
[90]. Specifically, these mice show an increase in the number

of astrocytes concomitant with a decrease in the number of
oligodendrocytes and a mislocalization of neurons in the cor-
tex and cerebellum. These findings suggest a role of HDAC3

in cell fate determination of NPs and in neuronal migration
[90]. Zhang et al. [56] have recently reported that HDAC3,
in cooperation with p300, is important for the regulation of
the oligodendrocyte-astrocyte differentiation switch through

acetylation of histones and STAT3. Similarly, it has been
reported that acetylation of the oligodendrocyte transcription
factor OLIG1 drives its translocation from the nucleus to the

cytoplasm, thereby regulating oligodendrocyte maturation.
The (de)acetylation of OLIG1 is mainly mediated by CBP
and HDAC1 [91]. Altogether, these studies indicate that Class

I KDACs are important for the regulation of multiple steps
during brain development. It is worth noting that Hdac8
knockout mice exhibit perinatal lethality due to massive ossifi-

cation defects in the skull, which lead to brain tissue herniation
and brain hemorrhage, suggesting a specific role of HDAC8 in
regulating skull morphogenesis rather than brain development
[92].

Class II and Class IV KDACs

Class II KDACs exhibit specific expression patterns during

embryonic development and adulthood. Nonetheless, their
roles during brain development remain mostly unknown.
Many studies have linked HDAC4 with neuronal survival in
cell cultures [93]. Intriguingly, Hdac4-null mice die perinatally

due to severe bone malformations and chondrocyte hypertro-
phy [94]. Moreover, conditional deletion of Hdac4 in the brain
using Thy1- or Nestin-Cre does not result in any obvious

defects. These in vivo studies suggest that HDAC4 does not
play important roles during brain development or its function
is compensated for by other KDACs [95]. Similarly, Hdac9

and Hdac6 knockout mice show no obvious neural phenotypes
[96,97]. Interestingly, Liu et al. [98] have shown that HDAC11,
a Class IV KDAC, is expressed soon during postnatal develop-
ment in mature neurons and oligodendrocytes. Expression of

HDAC11 correlates with a decrease in histone acetylation,
implying a specific role of HDAC11 in the development or
maturation of oligodendrocytes and neurons.

Class III KDACs

Among the sirtuin family members, SIRT1 and SIRT2 seem to
play opposite roles during brain development. Different stud-

ies have been performed using cellular systems, in utero electro-
poration, and knockout models to investigate their functions.
It has been shown that SIRT1 regulates the cell fate of NPs

and is required for neurite outgrowth, axonogenesis, and den-
dritic branching through multiple mechanisms including the
activation of AKT/glycogen synthase kinase 3 (GSK3) signal-

ing and inhibition of pro-neural genes from the Notch-hairy/
enhancer of split (Hes) axis [99–101]. In contrast, deacetylation
of tubulin and microtubules by SIRT2 has been shown to inhi-

bit neurite outgrowth and oligodendrocyte differentiation
[102,103]. Altogether, the concerted action of SIRT1 and
SIRT2 modulates the differentiation of NPs and the matura-
tion of neurons. Moreover, it has been shown that Sirt6-null
mice, display profound abnormalities, including low insulin,

hypoglycemia, and premature aging, and die within four weeks
after birth [104]. Specific deletion of Sirt6 in the brain using
Nestin-Cre leads to postnatal growth retardation in mice due

to low levels of growth hormone and insulin-like growth factor
1 (IGF-1) through yet unknown mechanisms [105].

Effects of chemical HDACi on brain development

There are a remarkable number of studies investigating the
effects of HDACi on neurodevelopmental processes in vivo
and in vitro in mice and humans. All have shown that inhibi-

tion of KDACs causes dramatic effects during brain develop-
ment. In humans, treatment with valproic acid (VPA), an
inhibitor for Class I and II HDACs, during pregnancy is asso-

ciated with the occurrence of autism in the progeny [106,107].
Additionally, postnatal treatment of mice with TSA or VPA
leads to the dysregulated activity of adult NPs and reduction
in NP progenies [108]. Moreover, different cellular studies

have shown that treatment of murine NPs with TSA or VPA
leads to lower cell proliferation and higher neuronal differenti-
ation, concomitant with a decreased astrocytic differentiation

[109–111]. Indeed, it has been reported that there exists an
association between the VPA-induced increase in histone
acetylation at pro-neural genes of mouse NPs and an increase

in neuronal formation [111]. Interestingly, VPA reduces axonal
growth and leads to impaired synapse formation in rat cortical
neurons [112], but stimulates the proliferation of rat glial

precursors in culture [113]. Moreover, HDACi can expand
the differentiation potential of cultured rat oligodendrocyte
progenitor cells to generate neuronal lineage through a mech-
anism that involves the reactivation of NSC genes including

Sox2 [114]. Altogether, these studies show that the modulation
of acetylation levels by HDAC inhibitors could lead to tremen-
dous effects on brain development.
Human disorders caused by abnormalities in KAT or

KDAC activity

Disorders caused by genomic mutations

Given the important role of KATs and KDACs in controlling
transcription and other cellular processes, most of the muta-

tions in the genes encoding these enzymes are likely to be
incompatible with life. However, owing to a high degree of
substrate redundancy and the presence of hypomorphic muta-
tions, a number of human syndromes have been mapped to

mutations on both KAT and KDAC coding genes. Common
features of these syndromes are brain abnormalities, usually
including primary microcephaly, mental retardation, global

developmental delay, and craniofacial dimorphism [115]. Inter-
estingly, as detailed below, individuals with mutations in KAT
coding genes suffer more from additional multi-organ defects

than those presenting mutations in KDAC coding genes.
Mutations in genes encoding CBP/p300 family members

lead to RSTS, a congenital autosomal dominant disorder also
known as broad thumb-hallux syndrome (OMIM 180849 and

613684) [57]. RSTS is characterized by microcephaly, mental
retardation, postnatal growth deficiency, broad thumbs and
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halluces, and dysmorphic facial features [115]. This disorder
was first described in 1963 and had an estimated incidence in
1990 of 1 in 100,000–125,000 live births [116]. Mutations in

the CBP gene have been reported in approximately half of
the RSTS patients [117,118], whereas mutations in the p300
gene are estimated to represent 5%–8% of all cases [119–

124]. Remarkably, RSTS patients exhibit neuroanatomical
defects, such as agenesis of the corpus callosum and cortical
clefts, among others, and a range of neurological phenotypes

including poor motor coordination, short attention, autistic
features, seizures, and abnormal electroencephalograms [115].
These patients are also prone to brain tumors [115]. Similarly,
CBP gene duplications cause a disorder called 16p13.3 duplica-

tion syndrome (OMIM 613458), which is characterized by a
mild to moderate intellectual disability (ID) and abnormal
facial and skeletal morphology [125]. The fact that both dele-

tions and duplications of CBP cause similar brain manifesta-
tions shows that a tight control of CBP level and function is
essential for efficient brain development. Moreover, de Vries

et al. [126] have recently shown that mosaic CBP mutations
cause overlapping features of RSTS and Filippi syndrome
(OMIM 272440). Filippi syndrome is usually caused by muta-

tions in the mitotic spindle protein cytoskeleton associated
protein 2-like (CKAP2L) and is characterized by micro-
cephaly, short stature, syndactyly, intellectual disability, and
facial dysmorphism (OMIM 272440).

It is of note that, probably due to lethality, to date, no syn-
dromes have been linked to mutations in genes encoding
GNAT KAT family members. Analysis of rare variants in

neurological disorders identified an association between
human neurological diseases and CRP2BP [127]. However, a
causal relationship and possible mechanisms have not been

addressed.
Different gene mutations leading to C-terminal truncations

of MORF cause the rare genitopatellar syndrome (OMIM

606170), a condition characterized by microcephaly, severe
psychomotor retardation, ID, genital abnormalities, missing
or underdeveloped kneecaps, and other abnormalities [78].
Mutations of MORF are also responsible for Say-Barber-

Biesecker variant of Ohdo syndrome (OMIM 603736),
characterized by severe mental retardation, distinctive facial
appearance, and other skeletal problems [79]. Additionally,

MORF haploinsufficiency has been proposed as a rare cause
of Noonan syndrome-like disorder that is characterized by
short stature, retarded bone age, attention deficit hyperactivity

with learning disability, and distinct facial features [128]. Alto-
gether, these studies highlight a crucial role of the full-length
MORF protein during embryonic development and, specifi-
cally, during brain development. In addition, heterozygous

nonsense mutations in the gene encoding the closely-related
MYST member MOZ have been identified as a frequent cause
of syndromic developmental delay with microcephaly and dys-

morphic mutations. This syndrome is linked with alterations in
global acetylation of H3K9 and H3K18 and p53-mediated
pathways [129]. Interestingly, BRD1 that encodes

bromodomain-containing protein 1, an essential cofactor of
MOZ/MORF/HBO1 complexes, has been repetitively identi-
fied as a susceptibility gene for schizophrenia and bipolar dis-

order [130–132]. These findings suggest that mutations of
MYST KATs may lead to mild brain developmental defects,
thereby causing psychiatric disorders.
Mutations in HDAC8, which encodes the class I KDAC
enzyme, have been identified in Wilson-Turner X-linked
mental retardation syndrome (OMIM 309585), a neurological

disorder characterized by ID, dysmorphic facial features,
hypogonadism, short stature, and truncal obesity [133].
HDAC8 mutations are also found in Cornelia de Lange-like

syndrome, which is characterized by, among other features,
distinct facial features, growth failure, and ID [134]. Further-
more, HDAC4, which encodes the class IIA KDAC enzyme,

is located on the chromosome 2q37 whose heterozygous loss
is associated with chromosome 2q37 deletion syndrome, also
called brachydactyly-mental retardation syndrome (OMIM
600430). This syndrome shows mild to moderate mental dis-

abilities, behavioral abnormalities, dysmorphic facial features,
brachydactyly type E, and short stature [135,136]. Addition-
ally, a hemizygous deletion of HDAC9 has been identified in

a small proportion of schizophrenia patients [137]. Moreover,
mutations in the 30 untranslated regions (UTR) of HDAC6,
which encodes the class IIB KDAC enzyme, suppress

miR433-mediated posttranscriptional regulation and cause
overexpression of HDAC6, resulting in chondrodysplasia with
platyspondyly, distinctive brachydactyly, hydrocephaly, and

microphtalmia syndrome (OMIM 300863), which exhibits,
among other symptoms, hydrocephaly and macrocephaly
[138,139]. Taken together, these findings suggest an essential
role of KDACs during brain development in humans and

argue for distinct functions of different KDACs during this
process.

Disorders influenced by KAT/KDAC activity

Autism spectrum disorder (ASD) includes different disorders
characterized by persistent deficits in social communication,

interaction, and repetitive patterns of behavior during early
childhood with significant functional impairments later in life
[107]. Although many ASD risk factors including genetic fac-

tors, neuroanatomical abnormalities, and prenatal and perina-
tal environmental factors have been identified, the specific
causes contributing to the development of ASD remain
unknown. Lysine acetylation and deacetylation have been pre-

viously linked to ASD. Increase in HDAC9 copy number has
been correlated with an increased risk of autism [140], whereas
according to the Simons foundation autism research initiative

(SFARI) [141] and Autism KB [142] databases for genetic vari-
ants associated to ASD risk, different KATs and KDACs are
associated with ASD risk. Additionally, mutation in the CH1

domain of CBP results in autism-relevant behaviors in mice
[143]. Moreover, in utero exposure to VPA correlates with
ASD occurrence in humans and rodents [106,107]. Indeed,
VPA is currently used in animal research to model this disease.

Strikingly, VPA administration in pregnant rats correlates
with an upregulation of PAX6 target genes in the offspring,
leading to abnormal neurogenic patterns in the developing

brain [144]. Accordingly, since neurogenesis occurs primarily
prenatally, the postnatal administration of VPA in animal
models does not correlate with ASD, but, interestingly, rather

ameliorates ASD symptoms [145,146].
The Rett syndrome (RTT; OMIM 312750) is an X-linked

neurodevelopmental disorder caused by mutations in MEPC2,

which encodes methyl CpG binding protein 2 that is able to
regulate transcription [147]. RTT affects mainly women and
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is characterized by microcephaly as well as developmental and
mental retardation, among other features. Interestingly, vari-
ous reports have linked disturbances in lysine acetylation with

RTT. Analysis of cells derived from RTT patients revealed
hyperacetylation of histone H4 [148], whereas mouse models
with a truncated form of MECP2 resemble RTT and display

hyperacetylated histone H3 [149]. Moreover, MEPC2 itself
can be acetylated by p300 and deacetylated by SIRT1 in cul-
tured cells and the function of MECP2 is modulated by such

(de)acetylation [150,151]. Given the crosstalk between MEPC2
and KATs/KDACs, HDAC inhibitors have been proposed as
a therapeutic approach to treat RTT [152,153]. Similarly, his-
tone (de)acetylation seems to play a role in the fragile X-linked

syndrome (OMIM 300624), which is the second most
common cause of mental impairment after trisomy 21 and
characterized by moderate to severe mental retardation,

macroorchidism, and distinct facial features [154]. The fragile
X-linked syndrome is caused by a CGG-triplet repeat expan-
sion in the 50 UTR of FMR1, resulting in extensive local

methylation, silencing of FMR1, and loss of fragile X mental
NP
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retardation protein (FMRP). Given the extensive chromatin
rearrangements caused by the CGG-triplet repeat, HDAC
inhibitors have been used in different models to reactivate

the transcription of FMR1 [155]. Accordingly, treatment with
VPA has been reported to ameliorate hyperactivity in fragile X
syndrome boys [156].

Several studies have highlighted the importance of maternal
behavior both prenatally and perinatally on lysine acetylation
and its consequences on brain development. Guo et al. [157]

have described a decrease in CBP levels in the cerebellum of
rat models of fetal alcohol spectrum disorders, which are a
group of conditions characterized by microcephaly, poor coor-
dination, low intelligence, and behavioral abnormalities caused

by maternal consumption of alcohol during pregnancy. Fur-
thermore, a wealth of evidence has suggested that negative
environmental stimuli during postnatal development, such as

parental misconduct or other stressful situations, have an
important impact on the onset of anxiety disorders [158].
Indeed, different studies have shown that maternal care influ-

ences hippocampal morphology and function through changes
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in the epigenome that lead to a modulation of glucocorticoid
receptor signaling [159]. Interestingly, these effects can be
reversed by HDACi, showing that the plasticity of histone

acetylation plays a pivotal role in these processes [159]. Strik-
ingly, various translational studies have observed a decrease in
the expression of glucocorticoid receptors in individuals with a

history of childhood adversity [160–163]. Hence, these studies
agree with the involvement of the epigenetic regulation of cor-
ticoid receptor signaling in response to adversity during child-

hood in humans [9]. These findings show that lysine
acetylation levels can be influenced by extracellular factors
and have dramatic effects on brain development and, subse-
quently, on brain function.

Concluding remarks and future directions

Clinical research as well as cellular and mouse models have
revealed the critical role of a delicate control of the balance
between lysine acetylation and deacetylation in brain develop-

ment. Lysine acetylation and deacetylation are involved in all
levels of brain development starting from NP survival and pro-
liferation, cell fate decisions, neuronal maturation and migra-
tion, differentiation and maturation of astrocyte and

oligodendrocyte lineages, and finally synapse formation and
establishment of neuronal circuits (Figure 3). The complex,
dynamic, and coordinated crosstalk between individual KAT

and KDAC complexes in all these processes are not fully
understood yet. Most mechanistic studies performed so far
have largely focused on the role of histone acetylation in brain

development, while neglecting the acetylation of other pro-
teins. Recent studies have shown that acetylation of other pro-
teins, such as tubulin or STAT3, also affects brain

development [55,56,103]. Given the complexity of the regula-
tory networks, substrate redundancy, and lack of specificity
of chemical inhibitors, it remains a challenge to determine
the exact function of each KAT and KDAC enzyme, in asso-

ciation with each individual macromolecular KAT and KDAC
complex, in regulating the acetylation of histones or other pro-
teins. Perhaps with new large-scale approaches including large-

scale genome editing, proteome, and acetylome analyses, as
well as genome-wide transcriptome and epigenome analyses,
new advances are anticipated in understanding the dynamic

regulation, substrate specificity, and cellular functions of
KATs and KDACs during brain development.

HDACi has been used to treat different human diseases,

including cancer [164], cardiovascular diseases [164], inflam-
matory diseases [165], and a range of psychiatric disorders
[21,166]. Nevertheless, apart from the positive effects of
HDAC inhibition on epigenetic brain disorders such as Rett

syndrome and Fragile X-linked syndrome, a wealth of evi-
dence shows that alterations of acetylation levels during
brain development lead to dramatic negative effects and rais-

ing thus the question of whether chemical HDAC inhibitors
are safe during developmental stages. Similarly, modulation
of sirtuin activity is extensively studied for its positive effects

on lifespan and aging [167]. However, the effects of sirtuins
on crafting the brain development need to be carefully con-
sidered. Strikingly, a number of natural compounds found
in commonly-consumed products are known to influence

lysine acetylation through different mechanisms. Among
others, HDAC inhibitors have been isolated from garlic
and cruciferous vegetables, HDAC activators from apples,
blueberries, and strawberries; and HAT inhibitors have been
isolated from cashew nuts, green tea or curcuma [168,169].

Moreover, lysine acetylation and deacetylation are greatly
influenced by extracellular cues and metabolic states. How-
ever, the environmental regulation of KAT/KDAC activities

and its effects on the establishment of the final brain structure
remains elusive. The importance of protein acetylation and
deacetylation during brain development has been largely over-

looked. Future studies are a prerequisite to determine whether
these processes exert a huge impact on the brain cytoarchitecture
and function.
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[24] Götz M, Huttner WB. The cell biology of neurogenesis. Nat Rev

Mol Cell Biol 2005;6:777–88.

[25] Khakh BS, Sofroniew MV. Diversity of astrocyte functions and

phenotypes in neural circuits. Nat Neurosci 2015;18:942–52.

[26] Jebelli J, Su W, Hopkins S, Pocock J, Garden GA. Glia:

guardians, gluttons, or guides for the maintenance of neuronal

connectivity? Ann N Y Acad Sci 2015;1351:1–10.

[27] Caviness VS, Bhide PG, Nowakowski RS. Histogenetic processes

leading to the laminated neocortex: migration is only a part of

the story. Dev Neurosci 2007;30:82–95.

[28] Jiang X, Nardelli J. Cellular and molecular introduction to brain

development. Neurobiol Dis 2016;92:3–17.

[29] Kiecker C, Lumsden A. The role of organizers in patterning the

nervous system. Annu Rev Neurosci 2012;35:347–67.

[30] Molyneaux BJ, Arlotta P, Menezes JRL, Macklis JD. Neuronal

subtype specification in the cerebral cortex. Nat Rev Neurosci

2007;8:427–37.

[31] Tiberi L, Vanderhaeghen P, van den Ameele J. Cortical

neurogenesis and morphogens: diversity of cues, sources and

functions. Curr Opin Cell Biol 2012;24:269–76.

[32] Ayala R, Shu T, Tsai LH. Trekking across the brain: the journey

of neuronal migration. Cell 2007;128:29–43.

[33] Waites CL, Craig AM, Garner CC. Mechanisms of vertebrate

synaptogenesis. Annu Rev Neurosci 2005;28:251–74.

[34] Han YG, Alvarez-Buylla A. Role of primary cilia in brain

development and cancer. Curr Opin Neurobiol 2010;20:58–67.

[35] Buss RR, Oppenheim RW. Role of programmed cell death in

normal neuronal development and function. Anat Sci Int

2004;79:191–7.

[36] Bale TL. Epigenetic and transgenerational reprogramming of

brain development. Nat Rev Neurosci 2015;16:332–44.

[37] Bannister AJ, Kouzarides T. Regulation of chromatin by histone

modifications. Cell Res 2011;21:381–95.

[38] Margueron R, Reinberg D. Chromatin structure and the

inheritance of epigenetic information. Nat Rev Genet

2010;11:285–96.

[39] Goldberg AD, Allis CD, Bernstein E. Epigenetics: a landscape

takes shape. Cell 2007;128:635–8.
[40] Marmorstein R, Zhou MM. Writers and readers of histone

acetylation: structure, mechanism, and inhibition. Cold Spring

Harb Perspect Biol 2014;6:a018762.

[41] Chen HP, Zhao YT, Zhao TC. Histone deacetylases and

mechanisms of regulation of gene expression. Crit Rev Oncog

2015;20:35–47.

[42] Yang XJ, Seto E. HATs and HDACs: from structure, function

and regulation to novel strategies for therapy and prevention.

Oncogene 2007;26:5310–8.

[43] Allis CD, Berger SL, Cote J, Dent S, Jenuwien T, Kouzarides T,

et al. New nomenclature for chromatin-modifying enzymes. Cell

2007;131:633–6.

[44] Peserico A, Simone C. Physical and functional HAT/HDAC

interplay regulates protein acetylation balance. J Biomed

Biotechnol 2011;2011:371832.

[45] Yang X, Yu W, Shi L, Sun L, Liang J, Yi X, et al. HAT4, a

Golgi apparatus-anchored B-type histone acetyltransferase,

acetylates free histone H4 and facilitates chromatin assembly.

Mol Cell 2011;44:39–50.

[46] Goodman RH, Smolik S. CBP/p300 in cell growth, transforma-

tion, and development. Genes Dev 2000;14:1553–77.

[47] Houtkooper RH, Pirinen E, Auwerx J. Sirtuins as regulators of

metabolism and healthspan. Nat Rev Mol Cell Biol

2012;13:225–38.

[48] Reichert N, Choukrallah MA, Matthias P. Multiple roles of class

I HDACs in proliferation, differentiation, and development. Cell

Mol Life Sci 2012;69:2173–87.

[49] KupisW, Pałyga J, TomalE,NiewiadomskaE. The role of sirtuins

in cellular homeostasis. J Physiol Biochem 2016;72:371–80.

[50] Gao L, Cueto MA, Asselbergs F, Atadja P. Cloning and

functional characterization of HDAC11, a novel member of the

human histone deacetylase family. J Biol Chem

2002;277:25748–55.

[51] Choudhary C, Weinert BT, Nishida Y, Verdin E, Mann M. The

growing landscape of lysine acetylation links metabolism and cell

signalling. Nat Rev Mol Cell Biol 2014;15:536–50.

[52] Saleem A, Safdar A. Exercise-induced histone acetylation–

playing tag with the genome. J Physiol 2010;588:905–6.

[53] Kim GW, Gocevski G, Wu CJ, Yang XJ. Dietary, metabolic,

and potentially environmental modulation of the lysine acetyla-

tion machinery. Int J Cell Biol 2010;2010:632739.

[54] Weaver IC, Cervoni N, Champagne FA, D’Alessio AC, Sharma

S, Seckl JR, et al. Epigenetic programming by maternal

behavior. Nat Neurosci 2004;7:847–54.

[55] Creppe C, Malinouskaya L, Volvert ML, Gillard M, Close P,

Malaise O, et al. Elongator controls the migration and differ-

entiation of cortical neurons through acetylation of alpha-

tubulin. Cell 2009;136:551–64.

[56] Zhang L, He X, Liu L, Jiang M, Zhao C, Wang H, et al. Hdac3

interaction with p300 histone acetyltransferase regulates the

oligodendrocyte and astrocyte lineage fate switch. Dev Cell

2016;36:316–30.

[57] Rubinstein JH. Broad thumbs and toes and facial abnormalities.

Am J Dis Child 1963;105:588.

[58] Chan HM, La Thangue NB. P300/CBP proteins: HATs for

transcriptional bridges and scaffolds. J Cell Sci

2001;114:2363–73.

[59] Yao TP, Oh SP, Fuchs M, Zhou ND, Ch’ng LE, Newsome D,

et al. Gene dosage-dependent embryonic development and

proliferation defects in mice lacking the transcriptional integra-

tor p300. Cell 1998;93:361–72.

[60] Oike Y, Hata A, Mamiya T, Kaname T, Noda Y, Suzuki M,

et al. Truncated CBP protein leads to classical Rubinstein-Taybi

syndrome phenotypes in mice: implications for a dominant-

negative mechanism. Hum Mol Genet 1999;8:387–96.

[61] Wang J, Weaver IC, Gauthier-Fisher A, Wang H, He L,

Yeomans J, et al. CBP histone acetyltransferase activity regulates

http://refhub.elsevier.com/S1672-0229(17)30003-7/h0065
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0065
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0065
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0070
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0070
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0075
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0075
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0080
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0080
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0080
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0085
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0085
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0085
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0090
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0090
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0095
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0095
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0095
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0100
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0100
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0100
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0105
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0105
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0105
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0110
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0110
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0110
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0115
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0115
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0120
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0120
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0125
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0125
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0130
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0130
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0130
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0135
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0135
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0135
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0140
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0140
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0145
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0145
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0150
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0150
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0150
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0155
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0155
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0155
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0160
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0160
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0165
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0165
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0170
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0170
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0175
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0175
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0175
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0180
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0180
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0185
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0185
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0190
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0190
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0190
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0195
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0195
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0200
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0200
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0200
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0205
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0205
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0205
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0210
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0210
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0210
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0215
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0215
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0215
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0220
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0220
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0220
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0225
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0225
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0225
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0225
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0230
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0230
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0235
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0235
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0235
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0240
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0240
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0240
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0245
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0245
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0245
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0250
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0250
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0250
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0250
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0255
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0255
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0255
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0260
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0260
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0265
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0265
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0265
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0270
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0270
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0270
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0275
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0275
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0275
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0275
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0280
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0280
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0280
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0280
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0285
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0285
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0290
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0290
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0290
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0295
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0295
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0295
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0295
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0300
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0300
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0300
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0300
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0305
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0305


Tapias A and Wang ZQ /Epigenetic Modulation of the Brain 33
embryonic neural differentiation in the normal and Rubinstein-

Taybi syndrome brain. Dev Cell 2010;18:114–25.

[62] Viosca J, Lopez-Atalaya JP, Olivares R, Eckner R, Barco A.

Syndromic features and mild cognitive impairment in mice with

genetic reduction on p300 activity: differential contribution of

p300 and CBP to Rubinstein-Taybi syndrome etiology. Neuro-

biol Dis 2010;37:186–94.

[63] Tsui D, Voronova A, Gallagher D, Kaplan DR, Miller FD,

Wang J. CBP regulates the differentiation of interneurons from

ventral forebrain neural precursors during murine development.

Dev Biol 2014;385:230–41.

[64] Yamauchi T, Yamauchi J, Kuwata T, Tamura T, Yamashita T,

Bae N, et al. Distinct but overlapping roles of histone acetylase

PCAF and of the closely related PCAF-B/GCN5 in mouse

embryogenesis. Proc Natl Acad Sci U S A 2000;97:11303–6.

[65] Xu W, Edmondson DG, Evrard Y, Wakamiya M, Behringer

RR, Roth SY. Loss of Gcn5l2 leads to increased apoptosis and

mesodermal defects during mouse development. Nat Genet

2000;26:229–32.

[66] Bu P, Evrard YA, Lozano G, Dent SYR. Loss of Gcn5

acetyltransferase activity leads to neural tube closure defects and

exencephaly in mouse embryos. Mol Cell Biol 2007;27:3405–16.

[67] Lin W, Zhang Z, Srajer G, Chen YC, Huang M, Phan HM, et al.

Proper expression of the Gcn5 histone acetyltransferase is

required for neural tube closure in mouse embryos. Dev Dyn

2008;237:928–40.

[68] Martı́nez-Cerdeño V, Lemen JM, Chan V, Wey A, Lin W, Dent

SR, et al. N-Myc and GCN5 regulate significantly overlapping

transcriptional programs in neural stem cells. PLoS One 2012;7:

e39465.

[69] Maurice T, Duclot F, Meunier J, Naert G, Givalois L, Meffre J,

et al. Altered memory capacities and response to stress in p300/

CBP-associated factor (PCAF) histone acetylase knockout mice.

Neuropsychopharmacology 2008;33:1584–602.

[70] Duclot F, Jacquet C, Gongora C, Maurice T. Alteration of

working memory but not in anxiety or stress response in p300/

CBP associated factor (PCAF) histone acetylase knockout mice

bred on a C57BL/6 background. Neurosci Lett 2010;475:179–83.

[71] Kueh AJ, Dixon MP, Voss AK, Thomas T. HBO1 is required for

H3K14 acetylation and normal transcriptional activity during

embryonic development. Mol Cell Biol 2011;31:845–60.

[72] Mohan KN, Ding F, Chaillet JR. Distinct roles of DMAP1 in

mouse development. Mol Cell Biol 2011;31:1861–9.

[73] Hu Y, Fisher JB, Koprowski S, McAllister D, KimMS, Lough J.

Homozygous disruption of the Tip60 gene causes early embry-

onic lethality. Dev Dyn 2009;238:2912–21.

[74] Herceg Z, Hulla W, Gell D, Cuenin C, Lleonart M, Jackson S,

et al. Disruption of Trrap causes early embryonic lethality and

defects in cell cycle progression. Nat Genet 2001;29:206–11.

[75] Thomas T, Dixon MP, Kueh AJ, Voss AK. Mof (MYST1 or

KAT8) is essential for progression of embryonic development

past the blastocyst stage and required for normal chromatin

architecture. Mol Cell Biol 2008;28:5093–105.

[76] Champagne N, Bertos NR, Pelletier N, Wang AH, Vezmar M,

Yang Y, et al. Identification of a human histone acetyltransferase

related to monocytic leukemia zinc finger protein. J Biol Chem

1999;274:28528–36.

[77] Thomas T, Voss AK, Chowdhury K, Gruss P. Querkopf, a

MYST family histone acetyltransferase, is required for normal

cerebral cortex development. Development 2000;127:2537–48.

[78] Campeau PM, Kim JC, Lu JT, Schwartzentruber JA, Abdul-

Rahman OA, Schlaubitz S, et al. Mutations in KAT6B, encoding

a histone acetyltransferase, cause genitopatellar syndrome. Am J

Hum Genet 2012;90:282–9.

[79] Clayton-Smith J, O’Sullivan J, Daly S, Bhaskar S, Day R,

Anderson B, et al. Whole-exome-sequencing identifies mutations

in histone acetyltransferase gene KAT6B in individuals with the
Say-Barber-Biesecker variant of Ohdo syndrome. Am J Hum

Genet 2011;89:675–81.

[80] Thomas T, Corcoran LM, Gugasyan R, Dixon MP, Brodnicki

T, Nutt SL, et al. Monocytic leukemia zinc finger protein is

essential for the development of long-term reconstituting

hematopoietic stem cells. Genes Dev 2006;20:1175–86.

[81] Katsumoto T, Aikawa Y, Iwama A, Ueda S, Ichikawa H,

Ochiya T, et al. MOZ is essential for maintenance of hematopoi-

etic stem cells. Genes Dev 2006;20:1321–30.

[82] Perez-Campo FM, Costa G, Lie-A-Ling M, Stifani S, Kouskoff

V, Lacaud G. MOZ-mediated repression of p16(INK) (4) (a) is

critical for the self-renewal of neural and hematopoietic stem

cells. Stem Cells 2014;32:1591–601.

[83] Kim CH, Kim JW, Jang SM, An JH, Song KH, Choi KH.

Transcriptional activity of paired homeobox Pax6 is

enhanced by histone acetyltransferase Tip60 during mouse

retina development. Biochem Biophys Res Commun

2012;424:427–32.

[84] Murr R, Vaissière T, Sawan C, Shukla V, Herceg Z. Orchestra-

tion of chromatin-based processes: mind the TRRAP. Oncogene

2007;26:5358–72.

[85] Tapias A, Zhou ZW, Shi Y, Chong Z, Wang P, Groth M, et al.

Trrap-dependent histone acetylation specifically regulates cell-

cycle gene transcription to control neural progenitor fate

decisions. Cell Stem Cell 2014;14:632–43.

[86] You L, Yan K, Zou J, Zhao H, Bertos NR, Park M, et al. The

lysine acetyltransferase activator Brpf1 governs dentate gyrus

development through neural stem cells and progenitors. PLoS

Genet 2015;11:e1005034.

[87] MacDonald JL, Roskams AJ. Histone deacetylases 1 and 2 are

expressed at distinct stages of neuro-glial development. Dev Dyn

2008;237:2256–67.

[88] Montgomery RL, Hsieh J, Barbosa AC, Richardson JA, Olson

EN. Histone deacetylases 1 and 2 control the progression of

neural precursors to neurons during brain development. Proc

Natl Acad Sci U S A 2009;106:7876–81.

[89] Hagelkruys A, Lagger S, Krahmer J, Leopoldi A, Artaker M,

Pusch O, et al. A single allele of Hdac2 but not Hdac1 is

sufficient for normal mouse brain development in the absence of

its paralog. Development 2014;141:604–16.

[90] Norwood J, Franklin JM, Sharma D, D’Mello SR. Histone

deacetylase 3 is necessary for proper brain development. J Biol

Chem 2014;289:34569–82.

[91] Dai J, Bercury KK, Jin W, Macklin WB. Olig1 acetylation and

nuclear export mediate oligodendrocyte development. J Neurosci

2015;35:15875–93.

[92] Haberland M, Mokalled MH, Montgomery RL, Olson EN.

Epigenetic control of skull morphogenesis by histone deacetylase

8. Genes Dev 2009;23:1625–30.

[93] Majdzadeh N, Morrison BE, D’Mello SR. Class IIA HDACs in

the regulation of neurodegeneration. Front Biosci

2008;13:1072–82.

[94] Vega RB, Matsuda K, Oh J, Barbosa AC, Yang X, Meadows E,

et al. Histone deacetylase 4 controls chondrocyte hypertrophy

during skeletogenesis. Cell 2004;119:555–66.

[95] Price V, Wang L, D’Mello SR. Conditional deletion of histone

deacetylase-4 in the central nervous system has no major effect

on brain architecture or neuronal viability. J Neurosci Res

2013;91:407–15.

[96] Zhang Y, Kwon S, Yamaguchi T, Cubizolles F, Rousseaux S,

Kneissel M. Mice lacking histone deacetylase 6 have hyperacety-

lated tubulin but are viable and develop normally. Mol Cell Biol

2008;28:1688–701.

[97] Chatterjee TK, Basford JE, Knoll E, Tong WS, Blanco V,

Blomkalns AL, et al. HDAC9 knockout mice are protected from

adipose tissue dysfunction and systemic metabolic disease during

high-fat feeding. Diabetes 2014;63:176–87.

http://refhub.elsevier.com/S1672-0229(17)30003-7/h0305
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0305
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0310
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0310
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0310
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0310
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0310
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0315
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0315
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0315
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0315
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0320
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0320
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0320
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0320
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0325
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0325
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0325
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0325
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0330
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0330
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0330
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0335
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0335
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0335
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0335
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0340
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0340
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0340
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0340
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0345
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0345
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0345
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0345
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0350
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0350
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0350
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0350
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0355
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0355
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0355
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0360
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0360
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0365
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0365
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0365
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0370
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0370
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0370
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0375
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0375
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0375
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0375
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0380
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0380
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0380
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0380
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0385
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0385
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0385
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0390
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0390
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0390
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0390
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0395
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0395
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0395
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0395
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0395
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0400
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0400
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0400
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0400
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0405
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0405
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0405
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0410
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0410
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0410
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0410
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0415
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0415
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0415
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0415
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0415
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0420
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0420
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0420
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0425
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0425
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0425
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0425
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0430
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0430
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0430
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0430
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0435
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0435
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0435
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0440
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0440
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0440
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0440
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0445
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0445
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0445
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0445
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0450
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0450
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0450
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0455
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0455
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0455
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0460
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0460
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0460
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0465
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0465
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0465
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0470
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0470
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0470
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0475
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0475
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0475
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0475
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0480
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0480
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0480
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0480
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0485
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0485
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0485
http://refhub.elsevier.com/S1672-0229(17)30003-7/h0485


34 Genomics Proteomics Bioinformatics 15 (2017) 19–36
[98] Liu H, Hu Q, Kaufman A, D’Ercole AJ, Ye P. Developmental

expression of histone deacetylase 11 in the murine brain. J

Neurosci Res 2008;86:537–43.

[99] Hisahara S, Chiba S, Matsumoto H, Tanno M, Yagi H,

Shimohama S, et al. Histone deacetylase SIRT1 modulates

neuronal differentiation by its nuclear translocation. Proc Natl

Acad Sci U S A 2008;105:15599–604.

[100] Michán S, Li Y, Chou MM, Parrella E, Ge H, Long JM, et al.

SIRT1 is essential for normal cognitive function and synaptic

plasticity. J Neurosci 2010;30:9695–707.

[101] Herskovits AZ, Guarente L. SIRT1 in neurodevelopment and

brain senescence. Neuron 2014;81:471–83.

[102] Li W, Zhang B, Tang J, Cao Q, Wu Y, Wu C, et al. Sirtuin 2, a

mammalian homolog of yeast silent information regulator-2

longevity regulator, is an oligodendroglial protein that deceler-

ates cell differentiation through deacetylating alpha-tubulin. J

Neurosci 2007;27:2606–16.
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Veneman A, et al. Effects of histone deacetylation inhibition on

neuronal differentiation of embryonic mouse neural stem cells.

Neuroscience 2006;143:939–51.

[110] Liu H, Wu H, Wang Y, Wang Y, Wu X, Ju S, et al. Inhibition of

class II histone deacetylase blocks proliferation and promotes

neuronal differentiation of the embryonic rat neural progenitor

cells. Acta Neurobiol Exp (Wars) 2012;72:365–76.

[111] Yu IT, Park JY, Kim SH, Lee JS, Kim YS, Son H. Valproic acid

promotes neuronal differentiation by induction of proneural

factors in association with H4 acetylation. Neuropharmacology

2009;56:473–80.

[112] Kumamaru E, Egashira Y, Takenaka R, Takamori S. Valproic

acid selectively suppresses the formation of inhibitory synapses

in cultured cortical neurons. Neurosci Lett 2014;569:142–7.

[113] Lee HJ, Dreyfus C, DiCicco-Bloom E. Valproic acid stimulates

proliferation of glial precursors during cortical gliogenesis in

developing rat. Dev Neurobiol 2016;76:780–98.

[114] Lyssiotis CA, Walker J, Wu C, Kondo T, Schultz PG, Wu X.

Inhibition of histone deacetylase activity induces developmental

plasticity in oligodendrocyte precursor cells. Proc Natl Acad Sci

U S A 2007;104:14982–7.

[115] Milani D, Manzoni FM, Pezzani L, Ajmone P, Gervasini C,

Menni F, et al. Rubinstein-Taybi syndrome: clinical features,

genetic basis, diagnosis, and management. Ital J Pediatr

2015;41:4.

[116] Hennekam RC, Stevens CA, Van de Kamp JJ. Etiology and

recurrence risk in Rubinstein-Taybi syndrome. Am J Med Genet

Suppl 1990;6:56–64.
[117] Petrij F, Giles RH, Dauwerse HG, Saris JJ, Hennekam RC,

Masuno M, et al. Rubinstein-Taybi syndrome caused by

mutations in the transcriptional co-activator CBP. Nature

1995;376:348–51.

[118] Bentivegna A, Milani D, Gervasini C, Castronovo P, Mottadelli

F, Manzini S, et al. Rubinstein-Taybi Syndrome: spectrum of

CREBBP mutations in Italian patients. BMC Med Genet

2006;7:77.

[119] Negri G, Milani D, Colapietro P, Forzano F, Della Monica M,

Rusconi D, et al. Clinical and molecular characterization of

Rubinstein-Taybi syndrome patients carrying distinct novel

mutations of the EP300 gene. Clin Genet 2015;87:148–54.

[120] Woods SA, Robinson HB, Kohler LJ, Agamanolis D, Sterbenz

G, Khalifa M. Exome sequencing identifies a novel EP300 frame

shift mutation in a patient with features that overlap cornelia de

lange syndrome. Am J Med Genet Part A 2014;164:251–8.

[121] Tsai AC, Dossett CJ, Walton CS, Cramer AE, Eng PA,

Nowakowska BA, et al. Exon deletions of the EP300 and

CREBBP genes in two children with Rubinstein-Taybi syndrome

detected by aCGH. Eur J Hum Genet 2011;19:43–9.

[122] Bartsch O, Labont´e J, Albrecht B, Wieczorek D, Lechno S,

Zechner U, et al. Two patients with EP300 mutations and facial

dysmorphism different from the classic Rubinstein-Taybi syn-

drome. Am J Med Genet Part A 2010;152:181–4.

[123] Bartholdi D, Roelfsema JH, Papadia F, Breuning MH, Niedrist

D, Hennekam RC, et al. Genetic heterogeneity in Rubinstein-

Taybi syndrome: delineation of the phenotype of the first

patients carrying mutations in EP300. J Med Genet

2007;44:327–33.

[124] Roelfsema JH, White SJ, Ariyürek Y, Bartholdi D, Niedrist D,
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