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Abstract

Neurodevelopmental disorders (NDDs), including intellectual disability (ID) and autism spectrum disorders (ASD), are 

a large group of disorders in which early insults during brain development result in a wide and heterogeneous spectrum 

of clinical diagnoses. Mutations in genes coding for chromatin remodelers are overrepresented in NDD cohorts, pointing 

towards epigenetics as a convergent pathogenic pathway between these disorders. In this review we detail the role of NDD-

associated chromatin remodelers during the developmental continuum of progenitor expansion, differentiation, cell-type 

specification, migration and maturation. We discuss how defects in chromatin remodelling during these early developmental 

time points compound over time and result in impaired brain circuit establishment. In particular, we focus on their role in 

the three largest cell populations: glutamatergic neurons, GABAergic neurons, and glia cells. An in-depth understanding of 

the spatiotemporal role of chromatin remodelers during neurodevelopment can contribute to the identification of molecular 

targets for treatment strategies.

Keywords Epigenetics · Transcriptional regulation · Neurodevelopment · Radial glia · Neural progenitor · Chromatin 

accessibility

Introduction

A mature brain is the product of its development. Early 

developmental insults during the assembly of these neu-

ronal circuits can severely impact how a person develops 

and behaves in their adult life. Across the ongoing devel-

opmental continuum of progenitor expansion, differentia-

tion, cell-type specification, migration and maturation, early 

developmental insults will compound over time, leading to 

a circuit dysfunction.

Neurodevelopmental disorders (NDDs) pose such an 

example of disorders where early developmental insults from 

conception on result in a wide and heterogeneous spectrum 

of clinical diagnosis’s including intellectual disability (ID), 

autism spectrum disorder (ASD), attention deficit hyper-

activity disorder (ADHD), schizophrenia (SCZ) and mood 

disorders (bipolar disorder (BD), major depressive disorder 

(MDD) [1]. These NDDs are often diagnosed during child-

hood, and overlap between diagnostic categories [2]. NDDs 

can be caused by both genetic and non-genetic sources. The 

most frequent non-genetic cause of NDDs is foetal alcohol 

syndrome disorder [3–5]. Additionally, the extreme genetic 

heterogeneity in NDDs is one of the major limiting factors 

in both diagnosis and treatment [6]. With the use of sophis-

ticated diagnostic tools such as whole exome sequencing 

and whole genome sequencing, the number of genes and 

variants linked to the aetiology of NDDs is vastly increas-

ing [7, 8]. By doing so, chromatin remodelling genes have 

been found enriched in large datasets of NDD patients, and 

thereby pointing towards epigenetics as a convergent patho-

genic mechanism [8–13]. By altering the epigenetic state of 

genes or histones, chromatin remodelers play an integral part 

in the machinery that translate external signals into lasting 
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changes in gene expression patterns [14]. Furthermore, chro-

matin remodelers are multifunctional proteins that can influ-

ence various processes across the developmental continuum, 

including neural progenitor generation and specification, 

cell-type differentiation and expansion, migration and cir-

cuit integration [15]. Hence, as a significant subset of NDDs 

are caused by a failure of chromatin remodelling, it is to be 

expected that deficient chromatin remodelling will have a 

compounding effect across the developmental continuum, 

ultimately causing circuit dysfunction in mature networks 

[16].

Several reviews have already focussed on the most recent 

findings regarding the epigenetic origin of NDDs [17–19], 

however comparatively little is known about the function 

of these chromatin remodelers during the different pro-

grams of progenitor expansion, cell-type specification, 

neuronal migration and circuit integration. Using examples 

from mouse models mimicking these NDDs by introducing 

mutations in chromatin remodelers (also called NDD-related 

chromatinopathies), this review will first discuss how altered 

chromatin remodelling affects the different processes of the 

ongoing developmental continuum from mouse embryonic 

day (E) 10–17. Here, we will specifically focus on the three 

most abundant cell types found in the neocortex: excitatory 

(glutamatergic) and inhibitory (GABAergic) neurons, as 

well as glia cells. Although various chromatin remodelers 

have been described to play a role at one of these develop-

mental processes, we chose to elaborate only on specific 

well-studied examples that play a role at multiple of these 

developmental steps, stressing their importance in neurode-

velopment (Table 1). Furthermore, we will only focus on 

chromatin remodeler proteins and protein complexes and 

thereby exclude chromatin remodelling by non-coding 

RNAs (for a good review the authors would like to refer the 

readers to [20–22]).

Chromatin remodelers

Chromatin was first described by Walther Flemming for the 

unique fibrous structures observed in cellular nuclei [23]. 

Chromatin is a highly dynamic structure that regulates the 

complex organization of the genome and thereby controls 

the gene expression underneath, and is composed of nucle-

osomes containing an octamer of histones (i.e. H2A, H2B, 

H3 and H4), wrapped by 147 base pairs of DNA and the 

linker histone H1 [24]. The distinction between condensed 

heterochromatin and open euchromatin structures were first 

reported by Emil Heitz [25], and can be altered by chromatin 

remodelers via three distinct mechanisms, including: (i) slid-

ing of an octamer across the DNA (nucleosome sliding), (ii) 

changing the conformation of nucleosomal DNA, and (iii) 

altering the composition of the octamers (histone variant 

exchange). By doing so, chromatin remodelling facilitates 

downstream gene expression in a cell-type and cellular 

demand-specific way, stressing their important role during 

(neuro) development.

Based on their function, three categories of chromatin 

remodelers have been classified, which are (i) the enzymes 

that control histone post-translational modifications (PTM) 

[26], (ii) DNA modifications that can attract/repel chroma-

tin remodelling proteins or complexes, or (iii) enzymes that 

alter histone-DNA contact within the nucleosome via ATP 

hydrolysis [27]. Furthermore, 3D genome architecture is 

increasingly considered an important epigenetic regulator 

of gene expression [28]. In the next section, we will briefly 

discuss the global function of these epigenetic regulators 

(Fig. 1).

Histone modifying enzymes

Over the last decade a major effort was put into the iden-

tification of enzymes that directly modify histones. So 

far, enzymes have been identified for methylation [29], 

acetylation [30], phosphorylation [31], ubiquitination [32], 

sumoylation [33], biotinylation [34], ADP-ribosylation 

[35], deamination [36, 37], proline isomerization [38], β-N-

glycosylation [39], crotonylation [40], propionylation [41], 

butyrylation [41], serotonylation [42], dopaminylation [43], 

Glutarylation [44–46], Lactylation [47], Benzoylation [48], 

S-palmitoylation [49], O-palmitoylation [50] and 5-Hydrox-

ylysine [51]. Also nonenzymatic histone PTMs have been 

identified including Glycation [52, 53], 4-Oxononanoyla-

tion [54, 55], Acrolein adduct [56, 57], Homocysteinylation 

[58, 59] nitrosylation [60–63], sulfe‐, sulfi‐, and sulfonyla-

tion [64, 65] and S-glutathionylation [66, 67]. For many of 

them, also enzymes have been identified that can remove the 

PTM, or ‘read’ the PTM and recruit other proteins to form a 

chromatin remodelling complex (for a detailed review of all 

histone modifying enzymes and their function see [26, 68]). 

Currently, two mechanisms are known by which histone 

PTMs can alter the state of chromatin. First, it is accepted 

that all histone modifications have the potential to affect 

higher order chromatin structure by neutralising the basic 

charge of the nucleosome, and therefore could loosen inter 

or intra-nucleosomal DNA-histone interactions [69–72]. A 

well-known example is acetylation of lysine residues, which 

removes the positive charge of lysine and therefore increases 

the probability to alter the structural state of chromatin [73]. 

Second, histone PTMs can recruit non-histone proteins to set 

in motion processes such as transcription, DNA repair and 

DNA replication [73]. Depending on which histone modi-

fication (or which sequence of histone modifications) are 

present at a given histone tail, different sets of proteins are 

encouraged to bind or prevent from binding to chromatin. 

This recruitment process is highly dynamic, as multi-step 
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processes (e.g. transcription) require a distinct set of histone 

PTMs to recruit a distinct set of chromatin-remodelling pro-

teins. Proteins that are recruited to PTMs contain specific 

PTM-reader domains (such as bromo-domains, chromo-

(like) domains, PhD domains etc.). Many chromatin remod-

elers actually possess multiple reader domains, suggesting 

their ability for multivalent interactions that would increase 

both affinity and specificity [74, 75]. Functional interplay 

among writer-eraser PTM enzymes in the brain remains 

largely unknown. Recent reports, however, showed that 

knockout mice of the writer-eraser duo Kmt2a and Kdm5c, 

which are responsible for Wiedemann-Steiner Syndrome 

and Mental Retardation X-linked Syndromic Claes-Jensen, 

share similar brain transcriptomes, cellular- and behavioural 

deficits [76]. Double mutation of Kmt2a and Kdm5c how-

ever partly corrected H3K4 transcriptomes as well as their 

cellular and behavioural deficits, suggesting this balance is 

essential during development and might be an interesting 

therapeutic strategy for NDDs [76].

DNA methylation

In addition to methylation of histone tails, DNA can also be 

methylated to regulate chromatin state transitions (Fig. 1). 

The addition of a methyl group from S-adenosyl-L-methio-

nine substrates only occurs on cytosines that are followed by 

guanines (called CpG sites), and is catalysed by DNA meth-

yltransferases (DNMTs) leading to gene repression. There 

are two types of DNMT classes, namely either the de novo 

methyltransferases or maintenance methyltransferases [77]. 

DNMT3a and DNMT3b are classified as de novo methyl-

transferases as these can methylate previously unmethylated 

cytosine of CpG dinucleotides on both strands [78]. DNMT1 

is classified as a maintenance methyltransferase as it has a 

substrate preference for hemimethylated DNA over unmeth-

ylated DNA. In contrast to its preference, DNMT1 can also 

display de novo methyltransferase activity in a specific cel-

lular context-dependent manner [79]. DNA methylation can 

affect chromatin remodelling either by attracting transcrip-

tional activators to the methylated cytosine [80], or it can 

attract transcriptional repressors that have methyl cytosine-

binding domains. For example, DNA methylation can recruit 

histone deacetylases, which facilitate the formation of the 

silent chromatin state [81]. These methyl cytosine-binding 

proteins include methyl CpG-binding domains (MBDs) [82, 

83] and methyl CpG-binding protein 2 (MeCP2) [84], which 

are known for their role in the aetiology of NDDs. During 

human development, genomic DNA methylation signatures 

Fig. 1  Left panel: The genome is organised into euchromatic (acces-

sible) or heterochromatic (inaccessible) chromosome territories. 

Within chromosome territories, large chromatin domains are organ-

ised into smaller and smaller sub-domains known as topologically 

associated domains (TADs). TADs are regions where DNA is highly 

organised in 3D space to enable long-range transcriptional regula-

tion between non-linearly neighbouring strands. Right panel: DNA 

is wrapped around an octamer of histones, of which its accessibility 

is regulated by histone modifications like methylation (Me), Acetyla-

tion (Ac) or Ubiquitination (Ub) or by histone modifying enzymes. 

Finally, transcription can be regulated by direct DNA modifications, 

such as DNA methylation
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are established in early development by two consecutive 

waves of nearly global demethylation, followed by targeted 

re-methylation [85, 86]. NDD mutations have often been 

found to underlie errors in methylation during these early 

time points [87, 88]. Consequently, altered methylation sig-

natures during early development may be passed on across 

all cell lineages and can thus affect multiple tissues. When 

these epigenetic changes are maintained throughout develop-

ment and across cell-types, these so called ‘episignatures’ 

can be used as biomarkers for the diagnosis of NDDs using 

easily accessible tissues such as peripheral blood [89–92]. 

Indeed, several very recent studies have already showed the 

potential for using disease-specific episignatures as diagnos-

tic tool for NDDs, including patients with a known diagnosis 

as well as patients carrying variants of unknown significance 

[93–95].

ATP‑dependent chromatin remodelers

The third class of chromatin modifying enzymes are the 

ATP-dependent chromatin remodelers including SWI/SNF 

(switch/sucrose-non-fermenting), ISWI (imitation switch), 

CHD (chromodomain-helicase-DNA binding) and INO80 

(inositol requiring 80). In general, ATP-dependent chromatin 

remodelers hydrolyse ATP to generate enough energy to dis-

rupt the interactions between histones and DNA. By doing 

so, ISWI remodelers can alter nucleosome positioning to 

promote heterochromatin formation and thus transcriptional 

repression. The SNF2/SNF chromatin remodelling family 

act as DNA translocases, by destroying histone-DNA bonds 

forming a DNA loop that propagates around the nucleo-

some until it reaches the exit site on the other side of the 

nucleosome [14]. Furthermore INO80 chromatin remodel-

ers in vivo have been shown to play a role in nucleosome 

eviction, and histone variant exchange of the histone dimer 

H2A-H2B by the H2AZ-H2B dimer [96]. Finally, CHD 

family members exert a heterogeneous set of biological 

properties. One of the best studied examples is the NURD 

(nucleosome remodelling and deacetylase) complex, which 

contains lysine‐specific histone demethylase 1A (LSD1), 

Chromodomain Helicase DNA Binding Protein 3 (CHD3) 

or CHD4, histone deacetylases (HDAC1 or HDAC2) and 

methyl CpG-binding domain (MBD) proteins. The NURD 

complex has been shown to deacetylate specific gene sets 

during development leading to transcriptional repression 

[97].

ATP-dependent chromatin remodelers all share a con-

served core ATPase domain, however all ATP-dependent 

chromatin remodelers harbour exclusive domains adjacent to 

the ATPase domain [14]. Each of these domains play a role 

in the recruitment of remodelers to chromatin, interaction 

with specific histone modifications and/or are involved in 

the regulation of the ATPase activity of the remodelers (see 

[14] for a detailed review on their function).

3D chromatin architecture

3D genome architecture is increasingly considered as an 

important epigenetic regulator of gene expression. On a 

coarse level, genomes are organised into structures known as 

chromosome territories (Fig. 1) [98]. These chromosome ter-

ritories separate euchromatic from heterochromatic regions, 

and are termed ‘A’ and ‘B’ compartments, respectively [99]. 

Within the chromosome territories, megabase-sized chro-

matin domains are organised into smaller and smaller sub-

domains known as topologically associated domains (TADs) 

[100]. TADs can be found in either ‘A’ or ‘B’ compartments, 

and are separated by sharp boundaries across which con-

tacts are relatively infrequent. Interestingly, the boundaries 

between TADs are strikingly consistent across cell divisions 

and between cell types, as roughly 50%–90% of TAD bound-

aries have been shown to overlap in a pairwise comparisons 

between cell types [100]. In ‘A’ compartments, TADs are 

regions where DNA is highly organised in 3D space to ena-

ble “long-range” transcriptional regulation. This long-range 

transcriptional regulation is possible because enhancers are 

in close physical proximity to the promoters of their tar-

get genes in 3D space, despite long stretches of intervening 

nucleotides [101]. This physical proximity allows protein 

complexes bound at enhancers to interact with those bound 

at promoters (i.e. called enhancer-promotor loops), thereby 

influencing transcription of target genes. CCCTC-binding 

factor (CTCF) and Cohesin are such proteins that facilitate 

chromatin looping interactions [102]. CTCF-mediated loop 

formation requires one CTCF at each end of the chromatin 

loop, which dimerize if they are facing each other in the 

opposite orientation [103]. CTCF interacts with Cohesin 

via its C-terminal tail [104] and may thus allow Cohesin to 

locate on a particular side of the interaction to anchor and 

stabilize the chromatin loop [105]. In addition to Cohesin 

and CTCF, other proteins such as YY1 [106], ZNF143 and 

Polycomb group proteins [107], repetitive elements and 

PTMs are enriched at TAD boundaries to support transcrip-

tion. These repetitive elements at TAD boundaries have been 

found to act as specific anchor points to spatially organize 

chromosomes [108], whereas enrichment for the transcrip-

tion marks H3K4me3 and H3K36me3 in TAD boundaries 

show an association with highly expressed regions and sug-

gests that transcription itself plays a role in TAD organi-

sation [109]. By doing so, 3D chromatin structures play 

an essential role in orchestrating the lineage-specific gene 

expression programs that underlie cellular identity [110].

In summary, the above examples show that cells possess 

a wide range of chromatin remodelers to translate exter-

nal signalling cues into lasting changes in gene expression 
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(Fig. 1). Interestingly, chromatin remodelers are especially 

strongly expressed in the brain [111], and it is therefore not 

surprising that impaired chromatin remodelling in any of the 

above described remodeler classes has been identified to a 

cause monogenic forms of NDDs [68, 112–114]. Chromatin 

remodelers are often multifunctional [15], and by doing so 

have the ability to play divergent roles in the multi-step con-

tinuum of brain development. This continuum encompasses 

neural progenitor generation and specification, cell-type dif-

ferentiation and expansion, migration and circuit integration. 

Dysfunction of chromatin remodelers at any point during 

this developmental continuum will result in lasting changes 

on mature network function. In the next section we will dis-

cuss the different steps along this developmental continuum, 

and explain how altered chromatin remodelling at any of 

these steps ultimately affects the structure and function of 

mature neuronal networks.

Epigenetic modulation 
during neurodevelopment and disease

In the early stages of neocortical development, the telence-

phalic wall is composed neuroepithelial (NE) cells that will 

give rise to diverse pools of progenitor cells [115]. As these 

progenitors proliferate and expand in number, some begin 

to differentiate into radial glia cells (RGCs), establishing 

the ventricular zone (VZ). RGCs in turn begin to produce 

projection neurons and intermediate progenitors (IP) around 

E11.5 in mice which establish the subventricular zone (SVZ) 

[116]. In human development, RGCs not only produce pro-

jection neurons and IPs, but also the human specific outer 

radial glia (oRG) between gestational week (GW) 16–18, 

which will populate the outer SVZ (oSVZ) [117]. The RGCs 

in mice and oRG in humans act as transit-amplifying cells 

to increase the population of glutamatergic neurons until 

E18 in mice [118] or GW 21 in the human neocortex [119, 

120], after which they switch to local glia production [121] 

(Fig. 2).

Epigenetic modulation during neocortical 
development

Histone PTMs

Mutations in the Polycomb repressive complex (PRC) are 

a prime example of how defective chromatin remodelling 

influences progenitor proliferation. The PRC consists of 

two complexes: PRC1 and PRC2. Although for PRC1 no 

dominant germline mutations have been described, auto-

somal recessive mutations in the PRC1 complex protein 

PHC1 have been shown to cause a form of microcephaly 

with short stature in two Saudi siblings [122]. Loss of PHC1 

resulted of the inability of patient cells to ubiquitinate H2A, 

resulting in increased Geminin expression causing cell cycle 

abnormalities and impaired DNA damage response [122]. 

Additionally, mutations of interactors of PRC1 are mutually 

vulnerable to cause NDDs with brain volume abnormali-

ties. For example, mutations in the PRC1 interactor AUTS2 

have been shown to cause an autosomal dominant form of 

syndromic mental retardation, including comorbidities such 

as ID, ASD, microcephaly, short stature and cerebral palsy 

[123, 124]. Mouse embryonic stem cells (mESCs) carry-

ing heterozygous mutations in Auts2 showed an increase 

in cell death during in vitro corticogenesis, which was 

rescued by overexpressing the human AUTS2 transcripts. 

Furthermore, mESCs harbouring a truncated AUTS2 pro-

tein (missing exons 12–20) showed premature neuronal dif-

ferentiation, whereas cells overexpressing AUTS2 showed 

increase in expression of pluripotency markers and delayed 

differentiation.

The PRC2 complex consists of core subunits Enhancer 

of Zeste 2 (EZH2) and its homolog EZH1, which catalyse 

mono‐, di‐, and tri‐methylation of H3K27 resulting in het-

erochromatin formation and gene repression. EZH2 is mainly 

expressed during embryogenesis, while EZH1 is more ubiq-

uitously expressed in adult and quiescent cells [125]. Loss-

of-function mutations in EZH2 and thus reduced H3K27me3 

levels in humans have been shown to cause Weaver syn-

drome, causing overgrowth and macrocephaly, accelerated 

bone maturation, ASD, developmental delay and charac-

teristic facial features [126–128]. In accordance with the 

overgrowth phenotype in Weaver syndrome, conditional KO 

of Ezh2 in mice accelerated proliferation of neuronal precur-

sors in the cerebral cortex at the expense of self-renewal of 

progenitors [129]. These results were strengthened by show-

ing that fate-mapped E14-born neurons in a cKO for the 

PRC2 complex member Eed (which interacts with EZH2) 

mainly resided in the layer 2/3, in contrast to WT E14- born 

neurons, which resided in layer 4 [130]. These results con-

firmed PRC2 regulates the progression of apical progenitor’s 

temporal specification [130, 131].

Progenitors follow a specific pattern of cell divisions 

to initiate the build-up of the different layers in the cortex 

[132]. This is done in an ‘inside-out’ fashion, meaning the 

early-born neurons form the deep neocortical layers (i.e. 6 

and 5), whereas late born neurons radially migrate through 

the deeper layers to create the more superficial layers (layer 4 

and 2/3). Each RGC has been shown to consistently produce 

8 to 9 glutamatergic neurons progressing from lower-layer 

excitatory neurons at mouse E12.5 to glutamatergic neu-

rons that undergo radial migration towards the upper-layers 

at mouse embryonal day E15.5 [130]. Approximately 1 in 

6 RGCs switches to gliogenesis, generating astrocytes and 

oligodendrocytes at the end of the cell cycle [133]. The pro-

cess of neuroprogenitor specification during corticogenesis 
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has been studied and reviewed in great detail elsewhere (see 

[134] or for a review see [116]) and will therefore not be 

discussed in this review. Numerous studies however have 

shown that defects in chromatin remodelers during RGC 

specification result in shifts in the neuron classes produced 

or in precocious cell cycle exit and gliogenesis, and thereby 

could contribute to the neuronal phenotypes found in NDD 

patients [135]. In mice, Ezh2 is highly expressed in RGCs 

up to E14.5 and has been proposed to regulate RGC identity 

and proliferation behaviour, as well as RGC‐to‐glial‐pro-

genitor transition [129, 136, 137] by inhibiting Neurogenin 

1 expression [136]. Ablation of Ezh2 in mouse RGCs cor-

relates with premature RGC differentiation as described ear-

lier, increased generation of lower‐layer neurons, decreased 

Fig. 2  a Developmental timeline of the neocortex (top), with the 

generation times of the three most important cell classes indicated: 

Glutamatergic neuron generation in the cortical plate, glia production 

in the Medial Ganglionic Eminence (MGE) and cortical plate, and 

GABAergic neuron production in the Ganglionic Eminences (GEs). 

The timeline is based on mouse cortical development (indicated at the 

bottom as embryonal days (E), a mouse pregnancy lasts 19.5 days on 

average), with approximate human weeks post conception (W) dis-

played for reference. b The effect of chromatin remodelling defects 

on each cell population, with representative examples chosen from 

the NDD genes described in this review. Top four panels, defects in 

CHD family members (Chromodomain Helicase DNA Binding Pro-

tein), Setdb1/Ezh2, and BAF complex members on glutamatergic 

cell generation and maturation. Middle panel, comparable effects of 

mutations in two different chromatin remodelers on the generation of 

MGE-derived PV + and SST + neurons. Bottom panel, opposite effect 

of mutations in different chromatin remodelers on astrocyte genera-

tion timing
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upper‐layer neuron production, and precocious astrocyte 

generation [129]. Furthermore, knockdown of Ezh2 in mice 

has been shown to affect the neuronal polarization and radial 

neuronal migration [138].

In addition to PRC2, deletion of the PRC1 component 

Ring1b at E13 prolongs the expression of Fez transcrip-

tion factor family member zinc-finger 2 (Fezf2). The pro-

longed expression of Fezf2 results in the continuous expres-

sion of downstream target genes such as Ctip2, resulting 

in an increased production of deep-layer neurons [139]. 

Interestingly, when Ring1b is knocked out later in devel-

opmental time at E14.5, the number of upper-layer neurons 

is increased instead, due to an extended neurogenic period 

[136].

Similar to H3K27me, H3K9me2/3 is a repressive mark 

which is established by the methyltransferases SETDB1, 

(KMT1E), SUV39H1 (KMT1A), G9a (EHMT2, KMT1C) 

and G9a‐like protein (EHMT1, KMT1D). SETDB1 has been 

associated to several NDDs. In humans, two missense muta-

tions [140] and a microdeletion [141] in SETDB1 were found 

in a large cohort of ASD patients. In addition, SETDB1 has 

been implicated to play a role in the aetiology of Schizo-

phrenia by regulating GRIN2B expression [142]. Moreover, 

SETDB1 has been shown to influence chromatin 3D struc-

ture by binding to a non-coding element upstream of the 

Pcdh cluster [143, 144] which was a near-perfect match to a 

Schizophrenia risk haplotype (number 108 in [144]). Finally, 

SETDB1 is also described to play an indirect role in Prader-

Willi syndrome, by contributing to the maternal silencing of 

the SNORD116 gene [145, 146]. Setdb1 is highly expressed 

early in corticogenesis (E9.5) in NE cells in the VZ, how-

ever its expression declines at E15.5 [135]. While deletion 

of Setdb1 does not affect RGC numbers, it has been shown 

to reduce layer V and VI Ctip2+ basal progenitors between 

E14.5 and E16.5 [147]. At the same time, an increase of the 

number of Brn2+ layer II and III neurons was found in the 

CP. This shift in the production of upper layer neurons at the 

expense of deep layer neurons remained after neurogenesis 

ceased at E18.5. All these events together lead to a reduced 

cortical volume in Setdb1 knockout mice at E18.5 and P7 

[147]. Moreover, deletion of Setdb1 causes accelerated astro-

gliogenesis, demonstrating that Setdb1 does not only regu-

late the timing of late neurogenic events, but also the RGC‐
to‐astrogenic‐progenitor transition [147]. As SETDB1 is a 

H3K9 methyltransferase, its general role is to repress gene 

transcription, or methylate DNA. SETDB1 does so by being 

involved in several complexes. SETDB1 interacts with The 

Krüppel-associated box (KRAB) domain-containing zinc-

finger proteins (KRAB-Zfp) and KRAB domain-associated 

protein 1 (KAP-1) [148], which recruit the NuRD complex 

and HP1 to form a repressive complexes [149]. SETDB1 can 

also interact with MBD1 and ATF7IP [150], which has been 

suggested to play a role in X-inactivation [151]. To repress 

gene transcription via DNA methylation, SETDB1 interacts 

with DNMT3A/B in cancer cells, to represses the expres-

sion of p53BP2 and RASSF1A [152]. Through the interac-

tion with these complexes, SETDB1 can thus target various 

genomic loci in different cell types, at different stages during 

brain development.

Like SETDB1, EHMT1 plays a major role in embryonic 

development, as full knockout of this gene leads to embry-

onic lethality [153]. In hematopoietic stem cells, EHMT1 

activity is essential to facilitate the long-term silencing 

of pluripotency genes, and thus inhibition of EHMT1 is 

essential for maintaining pluripotency [154]. Furthermore, 

a reduction of large H3K9me2 chromosome territories 

was found in these stem cells [154], which are proposed to 

stimulate lineage specification by affecting the higher order 

chromatin structure [155]. Little is known about the role of 

EHMT1 during early neurodevelopment, however knock-

down of EHMT1 in NPCs revealed differential expression 

of genes important in development, such as BMP7, WNT7A, 

CTNNB1, TGFB2 and CHD3 [156]. Furthermore, in neural 

progenitors EHMT1 has been found to interact with ZNF644 

to silence multipotency and proliferation genes. Disruption 

of the ZNF644/EHMT1 resulted in maintenance of prolifera-

tive identity and delayed formation of differentiated retinal 

neurons [157]. Similar roles for EHMT1 in the regulation 

neural progenitor genes were found in a conditional knock-

out mice (Camk2a-Cre; GLPfl/fl) [158]. Interestingly, no 

brain volume abnormalities are described in animal models 

of EHMT1 haploinsufficiency [158, 159] whereas micro-

cephaly was found in 20% of patients carrying intragenic 

EHMT1 mutations [160]. These patients are diagnosed with 

Kleefstra Syndrome, which is in addition to microcephaly 

characterised by mild to severe ID, ASD, developmental 

delay, speech problems, hypotonia, characteristic facial fea-

tures, epileptic seizures, heart defects and various behav-

ioural difficulties [160, 161].

Histone acetylation by HATs and removal by HDACs is 

another example where deficits in chromatin remodelling 

affect the cellular distribution during corticogenesis. For 

example, the gene encoding the HAT cAMP‐response ele-

ment binding protein (CBP) is highly expressed in prolifer-

ating RGCs and post‐mitotic neurons during corticogenesis 

[162], and CBP null mice have been shown embryonically 

lethal due to failure of neural tube closure (E9-E12.5) [163], 

stressing their role in neurodevelopment [164]. In humans, 

heterozygous mutations in CBP are associated with Rubin-

stein–Taybi syndrome (OMIM# 180849), which is charac-

terized by ID, postnatal growth deficiency, microcephaly, 

broad thumbs and halluces, and dysmorphic facial features 

[68]. In mice, similar brain volume abnormalities have been 

described [165]. CBP induces acetylation of H3K9, H3K14 

and H3K27 within target gene promoters, such as α1‐tubu-

lin (E13‐E16), Gfap (E16‐P3), S100β, Plp2 and Mbp (P14) 
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[162]. Accordingly, heterozygous loss of Cbp in mice dimin-

ishes acetylation at these promoters and leads to decreased 

differentiation of progenitor towards astrocytes and neurons 

[162]. Consequently, a reduced number of neurons, astro-

cytes and oligodendrocytes were observed in the cortex of 

heterozygous Cbp mice around P14, whereas an increase 

in PAX6 expressing progenitors was found as compared to 

wild-type mice [162]. At later ages (P50), only a reduction in 

gliogenesis remained in the corpus callosum [162]. Another 

example of a HAT important in NPC development is Lysine 

acetyltransferase 8 (KAT8), a member of the Non-specific 

Lethal (NSL) complex which is responsible for acetylation 

of H4K16 and plays a role in H4K16 propionylation [166]. 

Cerebrum specific knockout of Kat8 in mice has recently 

been shown to cause severe cerebral hypoplasia in the neo-

cortex and in the hippocampus, together with postnatal 

growth retardation and pre-weaning lethality [166]. Further-

more, these mice showed a loss of RGC proliferation and 

thus reduced progenitor pool at E13.5, massive apoptosis 

starting at E12.5 and increased numbers of Tuj1+ cells, indi-

cating precocious neurogenesis at E13.5 [166]. Similarly, 

patients with KAT8 mutations presented with variable brain 

MRI abnormalities, epilepsy, global developmental delay, 

ID, facial dysmorphisms, variable language delay, and other 

developmental anomalies [166]. Interestingly, patients with 

epilepsy responded well to the histone deacetylase inhibitor 

Valproate [166], stressing the importance of KAT8 and other 

lysine acetyltransferases function in brain development.

Within the NSL complex, KAT8 is regulated by the NSL 

regulatory subunits KANSL1 and KANSL2. Mutations 

in KANSL1 cause Koolen-de Vries Syndrome (OMIM# 

610443), characterized by ID, distinctive facial features, 

and friendly demeanour [167]. Likewise, KANSL2 muta-

tions have been identified in ID patients [8]. Interestingly, 

haploinsufficiency of Kansl1 in the mouse causes craniofa-

cial abnormalities, reduced activity levels and impaired fear 

learning, as well as epigenetic dysregulation in genes linked 

to glutamatergic and GABAergic cells [168].

The balance between acetylation and deacetylation plays 

an important role in progenitor proliferation and differen-

tiation, as inhibition of HDAC activity also results in pro-

genitor proliferation/differentiation deficits [169]. Histone 

acetylation is removed by HDACs, resulting in chroma-

tin condensation and transcriptional repression [170]. So 

far, over 18 HDACs are characterised in the mammalian 

genome, and they are expressed in a cell type- and develop-

mental stage-dependent fashion [171]. For example, HDAC1 

is highly expressed in neural stem cells/progenitors and glia, 

whereas HDAC2 expression is initiated in neural progenitors 

and is up-regulated in post-mitotic neuroblasts and neurons, 

but not in fully differentiated glia [172]. Conditional knock-

out of Hdac1 or Hdac2 in mice progenitors impairs neuronal 

differentiation [173]. Specifically, conditional knockout of 

Hdac1 and Hdac2 in Gfap-Cre mice resulted in major brain 

abnormalities and lethality at around P7 [173], whereas 

conditional knockout of Hdac1 and Hdac2 in Nestin-Cre 

mice resulted in reduced proliferation and premature dif-

ferentiation of NPCs prior to abnormal cell death [174]. 

Moreover, inhibition of HDAC activity at the neurogenic 

stage decreases the production of deep-layer neurons and 

increases the production of superficial-layer neurons [175]. 

Conditional deletion of Hdac1 and Hdac2 in oligodendro-

cyte precursors results in severe defects in oligodendrocyte 

production and maturation [176]. Recently, the first patient 

carrying a mutation in HDAC2 has been characterised pre-

senting with many clinical features consistent with Cornelia 

de Lange Syndrome (CdLS) including severe developmental 

delay, limb abnormalities, congenital heart defects, altered 

development of the reproductive system, growth retardation 

and characteristic craniofacial features [177]. No patients 

harbouring mutations in HDAC1 have been characterized 

as to date.

Next to HDAC2, missense mutations in HDAC8 are also 

linked to the aetiology of CdLS presenting with overlapping 

clinical features (OMIM# 300269) [178, 179]. HDAC8 plays 

a key role in regulating cohesion function by deacetylat-

ing one of the core cohesion proteins, SMC3, which affects 

mitosis as well as transcription through loss of TAD func-

tion [180, 181]. Loss of HDAC8 activity in SVZ progenitors 

from 4-month old mice has been shown to reduce progeni-

tor proliferation and differentiation [182]. Moreover, knock-

down of HDAC8 in the mice embryonic carcinoma cell line 

P19 cells permitted the formation of embryoid bodies [183]. 

Furthermore, loss of HDAC8 in zebrafish has been found 

to increase apoptosis in CNS progenitors [182]. Recently a 

novel intronic variant in HDAC8 was found in a large Dutch 

family with seven affected males presenting with X-linked 

ID, hypogonadism, gynaecomastia, truncal obesity, short 

stature and recognisable craniofacial manifestations resem-

bling but not identical to Wilson-Turner syndrome (OMIM# 

309585) [184]. This variant disturbs the normal splicing of 

exon 2 resulting in exon skipping, and introduces a prema-

ture stop at the beginning of the HDAC catalytic domain 

[184]. How this specific variant influences neurodevelop-

ment remains elusive.

Chromatin 3D organisation

The 3D organization of chromatin is changing dynamically 

as the cell differentiates. Whereas the nuclei of embryonic 

stem cells have been shown to be relatively homogenous, 

heterochromatin foci are becoming more apparent dur-

ing differentiation into progenitors. When these progeni-

tors differentiate into neurons, the heterochromatin foci 

are becoming even larger, suggesting that heterochromatin 

regions are actively reorganized during differentiation [185]. 
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Deficiencies of 3D chromatin organizers such as CTCF and 

Cohesin are associated with the aetiology of NDDs called 

CTCF-associated NDDs and cohesinopathies, respectively. 

Heterozygous mutations in CTCF (OMIM# 604167) have 

been shown to cause the NDD mental retardation, auto-

somal dominant 21 (MRD21), which is characterised by 

variable levels of ID, microcephaly, and growth retardation 

[186–188]. In mice, loss-of-function studies of Ctcf revealed 

an important role for this protein in cell fate specification 

and neural differentiation. Knockout of Ctcf at E8.5 resulted 

in upregulation of PUMA (p53 upregulated modulator of 

apoptosis), leading to high levels of apoptosis and loss of 

the telencephalic structure [189]. Inactivation of CTCF sev-

eral days later (E11) also resulted in PUMA upregulation 

and increased apoptotic cell death, and again the CTCF-null 

forebrain was hypocellular and disorganized at birth [189]. 

In contrast, conditional knockout of CTCF in postmitotic 

projection neurons resulted in misexpression of clustered 

protocadherin (Pcdh) genes leading to altered functional 

neuronal development and neuronal diversity [190]. These 

results suggest that CTCF activity regulates the survival of 

neuroprogenitor cells, and the balance between neuropro-

genitor cell proliferation and differentiation [189].

The two best-described cohesinopathies are CdLS 

(OMIM# 122470, 300590, 610759, 614701, 300882) and 

Roberts syndrome (and its variant SC Phocomelia, OMIM# 

268300). As described above, CdLS can be caused by loss 

of function mutations in HDAC2 and HDAC8. Addition-

ally, mutations in three Cohesin subunits (SMC1α, SMC3, 

RAD21) [191, 192] and in one Cohesin-interacting protein 

(NIPBL) [193] have been found causal for CdLS, whereas 

mutations in ESCO2 are responsible for Roberts syndrome/

SC Phocomelia (OMIM# 269000) [194]. While a full knock-

out of Cohesin subunits in mice is lethal, mice carrying 

heterozygous mutations in these genes are viable and show 

altered gene expression in developmental programs, DNA 

repair and replication [195].

Chromatin remodelling complexes: CHD proteins 

and the NuRD complex

Altered chromatin remodelling by multi-subunit protein 

complexes has been shown to play a role in RGC differentia-

tion and in the aetiology of NDDs. One of these complexes, 

called the NuRD complex, consists amongst other proteins 

of LSD1, HDAC1/2, and a Chromodomain Helicase DNA 

(CHD) Binding Protein (either CHD3, 4 or 5) [196]. These 

CHD proteins have been shown to play essential roles dur-

ing neurodevelopment, as pathogenic variants in CHD1, 

CHD2, CHD3, CHD4, CHD6, CHD7 and CHD8 have been 

associated with a range of neurological phenotypes. Of the 

nine human CHD family members that have been character-

ized (CHD1-9), further subdivisions are being made into 

subgroups based on their function. Subfamily one consists 

of CHD1 and CHD2 because of their shared DNA bind-

ing domain that is not well-conserved in the other CHD 

proteins [197]. CHD1 has been found to play an essential 

role in early mice development, as Chd1−/− embryos show 

proliferation defects and increased apoptosis, are smaller 

than controls by E5.5 and fail to become patterned or to 

gastrulate [198]. Similar results in decreased self-renewal 

and pluripotency were found using knockdown of Chd1 in 

mESC cells [199]. Furthermore, Chd1−/− ESCs show deficits 

in self-renewal and a reduction in genome-wide transcrip-

tional output by directly affecting ribosomal RNA synthesis 

and ribosomal assembly [198]. In contrast, mice lacking a 

single Chd1 allele (Chd1+/−) are healthy, fertile and pheno-

typically normal [198].

Recently the first patients with CHD1 missense mutations 

were identified, which presented with ID, ASD, develop-

mental delay, speech apraxia, seizures, and dysmorphic fea-

tures. Interestingly, also a patient with a microdeletion span-

ning RGMB and the last exons of CHD1 was characterised 

with no obvious NDD phenotype, suggesting that whereas 

deletions of CHD1 may not cause a consistent neurological 

phenotype, missense mutations in CHD1 may do so via a 

dominant negative mechanism [200].

Despite the fact that CHD family members are rather 

ubiquitously expressed, only CHD2 pathogenic variants 

cause a brain-restricted phenotype, suggesting a unique role 

for this gene in neurodevelopment. Based on loss-of-func-

tion studies, CHD2 has been shown to regulate self‐ampli-

fication of RGCs and prevents precocious cell-cycle exit. 

CHD2 is mainly expressed in RGCs between E12-E18 and 

rarely in IPs, however knockdown of Chd2 in utero resulted 

in a reduction of RGCs in the SVZ whereas an increase was 

found in the number of produced IPs and neurons (Fig. 2) 

[201, 202]. This premature differentiation in RGCs can lead 

to a depletion of the progenitor pool, resulting in a smaller 

overall brain volume as a consequence [203]. Indeed patients 

harbouring mutations in CHD2 present with a reduced head 

size and in 20% of the cases microcephaly [204, 205], devel-

opmental delay, ID, ASD, epilepsy and behavioural prob-

lems with phenotypic variability between individuals [206]. 

A subset of patients carrying CHD2 pathogenic variants pre-

sent with developmental and epileptic encephalopathy (also 

called Dravet Syndrome), which is an early onset of epilepsy 

disorders characterized by refractory seizures and cognitive 

decline or regression associated with ongoing seizure activ-

ity [207].

CHD3, CHD4 and CHD5 are categorised in the second 

CHD family because they share dual plant homeodomain 

zinc finger domains [207]. Furthermore, these class 2 CHD 

remodelers exhibit subunit‐specific functions and display 

mutually exclusive occupancy within the NuRD complex 

at different stages of corticogenesis [208]. CHD3, has 



2542 B. Mossink et al.

1 3

been shown to play an important role in the correct corti-

cal layering and controls the timing of upper‐layer neuron 

specification [208]. In mice, CHD3 expression starts around 

E12.5 where it is still low expressed, and this increases from 

E15.5 to E18.5. At these later time points, CHD3 is mainly 

expressed in upper layer neurons in the cortical plate. Neu-

rons lacking CHD3 (CHD3-knockdown) have been found 

more likely to express transcription factors that regulate lam-

inar positioning and differentiation of deeper cortical layers 

(i.e. Tbr1 and Sox5), whereas a lower number of neurons 

expressed the upper layer markers Brn2 and Cux1, impli-

cating that CHD3 may influence the expression of genes 

that couple radial migration with laminar identity (Fig. 2) 

[208]. Patients with CHD3 mutations are only very recently 

identified with Snijders Blok–Campeau syndrome, which is 

characterized by ID (with a wide range of severity), develop-

mental delays, macrocephaly, impaired speech and language 

skills, and characteristic facial features [209, 210].

The second CHD protein that plays a role in the NuRD 

complex is CHD4. Mice lacking Chd4 almost always died 

at birth, however when examining brain volumes at E18.5 

a significant reduction of the cortical thickness was found, 

caused by reduced NPC proliferation and premature cell 

cycle exit, followed by increased apoptosis of premature 

born neurons [208]. As a result, CHD4fl/fl/Nestin-Cre mice 

presented with lower numbers of IPs and late born upper 

layer neurons (Fig. 2) [208]. Interestingly, Chd4 appears to 

guide Polycomb repressor complex (PRC2) and especially 

Ezh2 to opposing effects early vs. late in corticogenesis, 

first interacting to repress the gliogenic gene Gfap, and later 

repressing the neurogenic Ngn1 after the neurogenic-to-glio-

genic switch [137]. Interestingly, patients carrying mutations 

in CHD4 actually present with macrocephaly, amongst other 

characteristics like ID, hearing loss, ventriculomegaly, hypo-

gonadism, palatal abnormalities and facial dysmorphisms 

that are diagnosed by Sifrim–Hitz–Weiss syndrome [211]. 

The opposing phenotypes found for brain volume between 

rodent models and patients might be explained by a gene 

dosage effect, as for some variants in CHD4 altered ATPase 

activity levels were found, suggesting a possible gain-of-

function phenotype in certain patients [212, 213]. Another 

possibility might be that the NuRD complex function is dif-

ferentially regulated in humans and mice, as was recently 

suggested in a study comparing mouse and human pluripo-

tent stem cells [214].

Finally, CHD5 has only recently been characterized as 

one of the core subunits of the NuRD complex [215]. CHD5 

is the only CHD member that is mainly expressed in the total 

brain, foetal brain and cerebellum [216]. Chd5 expression 

was mainly found in late-stage neuronal progenitors under-

going terminal differentiation, rather than in proliferating 

progenitors [215]. In utero knockdown of Chd5 furthermore 

resulted in an accumulation of undifferentiated progenitors, 

which were unable to exit the VZ, SVZ and intermediate 

zone (IZ; Fig. 2) [215]. Additionally, knockdown of Chd5 

in mouse ESCs resulted in a failure to upregulate late stage 

neuronal genes [215]. Similar results for the role of Chd5 in 

neuronal gene regulation were found in primary rat cultures 

[217]. A de novo damaging missense variant in the CHD5 

gene was identified in an ASD proband from the Autism 

Sequencing Consortium [9]. In accordance, knockout of 

Chd5 in mice indeed has been shown to cause ASD-like 

behaviour including increased anxiety and decreased social 

interaction [218].

The third subfamily consists of the remaining family 

members CHD6-9 [219]. CHD6 mutations have previously 

been described, including a large translocation in one Pitt-

Hopkins patient [220], in a single case of mental retarda-

tion [221], in sporadic acute myeloid leukaemia incidences 

[222], and most recently for the very rare Hallermann–Streiff 

syndrome [223]. CHD6 is the least studied member of the 

CHD family, and little is known for its contribution during 

neurodevelopment.

Similar as to other members of the CHD family, loss of 

CHD7 resulted in impaired proliferation and self-renewal of 

RGCs in the SVZ. Consequently, a reduction of NE thickness 

in telencephalon and midbrain was shown in Chd7 homozy-

gous gene-trap mutant embryo at E10.5 [224]. Similarly, 

mESCs from Chd7Gt/Gt mice showed a reduced potential to 

differentiate into neuronal and glial lineages, and presented 

with altered accessibility and expression of NPC genes. Fur-

thermore, neurons generated from these Chd7Gt/Gt mESCs 

presented with a significant lower length and complexity 

[225]. Furthermore, CHD7 plays a key role in oligodendro-

cyte precursor survival and differentiation (Fig. 2) [226, 227] 

and has been shown to cooperate with Sox10 to regulate 

myelination and re-myelination [227]. Additionally, CHD7 

has been shown to play an important role in cerebral granu-

lar cell differentiation and cell survival [228].

Mice lacking one Chd7 copy (found in Chd7COA1/+ mice 

[229] and Chd7Gt/+ mice [230]) also often present with brain 

abnormalities including the absence or hypoplasia of olfac-

tory bulb, cerebral hypoplasia, defects in the development 

of telencephalic midline and reduction of the cortical thick-

ness [229, 230]. Patients with CHD7 mutations present with 

similar brain structure abnormalities including hypoplasia 

of olfactory bulb and cerebellum, agenesis of the corpus 

callosum, microcephaly and atrophy of the cerebral cortex 

[231–233]. Additionally, in relation to its role in oligoden-

drocyte differentiation and function, some patients have been 

characterised with white matter defects [234, 235]. Loss of 

CHD7 in patients is called CHARGE syndrome (OMIM# 

214800), which is next to the brain malformations character-

ised by coloboma, heart defects, growth retardation, genital 

hypoplasia, and nose and ear abnormalities (including choa-

nal atresia, deafness and vestibular disorders) [236].
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Finally, CHD8 has been identified as a causal gene for 

ASD, presenting with common phenotypic features included 

macrocephaly, accompanied by rapid early postnatal growth, 

characteristic facial features, increased rates of gastroin-

testinal complaints and marked sleep dysfunction [237]. 

Chd8 is strongly expressed around the transition from sym-

metric proliferative to asymmetric neurogenic RGC division 

[238], and knockdown of Chd8 at E13 has been shown to 

prematurely deplete the neural progenitor pool in develop-

ing mice cortices (Fig. 2) [239]. Similarly, both heterozy-

gous and homozygous knockout of Chd8 in mESCs resulted 

in an upregulation of neuronal genes upon differentiation 

into NPCs [240]. Indeed, CHD8 binds the promoters of cell 

cycle genes and serves as a transcriptional activator of for 

example PRC2 components Ezh2 and Suppressor of Zeste 

12 [239], which allows for the repression of neural genes 

during this developmental period [129]. In human iPSC-

derived CHD8+/− organoids, a number of ASD risk genes 

was upregulated [241]. Furthermore, CHD8 is identified as a 

negative regulator of the Wnt–β-catenin signalling pathway 

[242], as knockdown of Chd8 in non-neuronal cells lead 

to an enrichment of up-regulated Wnt–β-catenin signalling 

pathway genes [239]. Interestingly, knockdown of Chd8 

in neuronal cells lead to an enrichment of down-regulated 

Wnt–β-catenin signalling pathway genes, indicating CHD8 

plays cell-type specific roles [239]. Furthermore, conditional 

knockout of CHD8 in oligodendrocytes (Chd8flox/flox;Olig1-

Cre+/−) has shown to impair oligodendrocyte differentiation 

and myelination in a cell-autonomous manner [243, 244]. 

Whereas homozygous deletion of Chd8 in mice results in 

early embryonic lethality [245], Chd8 heterozygous mice 

were viable and presented with similar phenotypes as 

patients, including macrocephaly, abnormal craniofacial 

features, and ASD like behaviour [246–250]. Moreover, 

introducing the human truncating variant N237K into the 

mouse Chd8 gene (Chd8+/N2373K) revealed ASD-like behav-

iour, aberrant vocalization, enhanced mother attachment 

behaviour and enhanced isolation-induced self-grooming 

specifically in males, but not females [251]. These pheno-

types were also conserved in zebrafish, where Chd8 knock-

down was found to cause macrocephaly and gastrointestinal 

phenotypes [237, 238].

Chromatin remodelling complexes: SWI/SNF

Also SWI/SNF chromatin remodelling complex subunits are 

expressed in a temporal and cell‐type specific manner [199, 

252]. During differentiation from embryonic stem cells into 

neurons, the SWI/SNF complex begins to switch subunits 

to those unique to neural progenitors, followed by subunits 

specific to neurons [253, 254]. Neural progenitor prolifera-

tion requires a SWI/SNF complex containing PHF10 and 

ACTL6A subunit, which are replaced by the subunits DPF1, 

DPF3, and ACTL6B when neural progenitors exit the cell 

cycle to become post-mitotic neurons [255, 256]. Interest-

ingly, the neural progenitor-specific SWI/SNF complex 

exclusively incorporates either SMARCC2 or SMARCC1 

subunits at distinct developmental stages. In the mouse, 

neural progenitor SWI/SNF complexes harbours SMARCC2 

until E14.5 to repress intermediate progenitor generation, 

whereas between E14.5 and E15.5, SMARCC2 is replaced 

by SMARCC1, activating intermediate progenitor genera-

tion in RGCs via the interaction with the H3K27 demethy-

lases JMJD3 and UTX [257–259]. Double loss of Smarcc2 

and Smarcc1 from as early as E10.5 (Smarcc1fl/fl:Smarcc2fl/fl, 

Emx-Cre) resulted in reduced numbers of proliferative pro-

genitors, thinning of the cortical SVZ and loss of projection 

neurons [259]. In addition, loss of Smarcc2 and Smarcc1 

in late NPCs (Smarcc1fl/fl:Smarcc2fl/fl, hGFAP-Cre) resulted 

in H3K27me3-mediated silencing of neuronal differentia-

tion genes, causing delayed cortical and hippocampal neu-

rogenesis [260]. Similarly, a loss of the catalytic subunit 

Smarca4 in late NPCs (Smarca4fl/fl::hGFAP-Cre) resulted 

in reduced cortical thickness, dendritic abnormalities, hip-

pocampal underdevelopment and cerebellar disorganization 

[261]. Furthermore, Smarcc2 and Smarcc1 double knockouts 

showed an upregulation of Wnt signalling activity resulting 

in increased progenitor proliferation-related defects [260]. 

This Wnt /β-catenin pathway has indeed previously been 

shown to be a critical regulator of NPC proliferation and 

neurogenesis during cortical development [116, 262, 263]. 

Thus, timely expression of these SWI/SNF subunits [264] is 

essential for regulating cell fate during neurodevelopment, 

and can control this processes by regulating Wnt signalling 

activity [262].

Not only SMARCC1 and SMARCC2 expression is essen-

tial during brain development, also divergent patterns of 

expression of SMARCA1 and SMARCA5 were found in 

the mouse embryo. Whereas Smarca5 is mainly expressed 

in proliferating progenitors in the neocortex and the cer-

ebellum, Smarca1 is predominantly expressed in terminally 

differentiated neurons after birth in the cerebellum and 

hippocampus of adult animals [265, 266]. Consequently, 

Smarca5-null mice die during early preimplantation due 

to hypoproliferation of the inner cell mass [267], whereas 

Smarca1-null mice develop normally, but show hyperprolif-

eration of progenitors causing an enlarged brain size [268]. 

Both remodelers have been shown to play a role in the pro-

liferation and differentiation of IPs by controlling FoxG1 

expression. FoxG1 is a critical transcription factor for IP 

proliferation and control of the timing of neurogenesis [269, 

270]. On the one hand, conditional knockout of Smarca5 in 

forebrain progenitors (Emx-cre) resulted in reduced FoxG1 

expression, impaired cell cycle kinetics and increased cell 

death. This resulted in a reduced number of Tbr2+ and 

FoxG1+ intermediate progenitors and thus a reduced cortical 
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size [271]. Similarly, conditional knockout of Smarca5 (Nes-

tin-cre) caused reduced brain size and cerebral hypoplasia as 

a result of reduced granular progenitor proliferation [266]. 

On the other hand, loss of Smarca1 (Ex6DEL) has been 

shown result in an increased FoxG1 expression, a disrup-

tion of progenitor cell cycle kinetics, increased progenitor 

proliferation and increased neurogenesis [268]. Furthermore, 

Smarca1 has been shown to directly bind to the promotor of 

the FoxG1 gene, suggesting that timed chromatin remod-

elling by SMARCA1 is essential for controlling neuronal 

development and differentiation [268]. Taken together, 

these results confirm that timed chromatin remodelling of 

SWI/SNF-remodelers is essential during neurodevelopment 

[272]. It is therefore thus not surprising that misexpression 

of SWI/SNF complex subunits cause NDDs.

SWI/SNF-Related Intellectual Disability Disorders 

comprise a spectrum of disorders that includes the classic 

Coffin-Siris syndrome (CSS, OMIM# 135900) and Nico-

laides–Baraitser syndrome (NCBRS, OMIM# 601358) 

[273]. These disorders differ amongst each other in a phe-

notypic spectrum ranging from syndromic ID over to classic 

and atypical/severe CSS to NCBRS. The core manifesta-

tions of CSS include ID, hypotonia, feeding problems, char-

acteristic facial features, hypertrichosis, sparse scalp hair, 

visual problems, lax joints, short fifth finger, and one or 

more underdeveloped nails [274], and in a minority of the 

cases, microcephaly [275]. In contrast, NCBRS is defined 

by ID, short stature, microcephaly, typical face, sparse hair, 

brachydactyly, prominent interphalangeal joints, behavioural 

problems, and seizures [276]. Interestingly, structural brain 

midline defects such as corpus callosum malformations or 

even absence, are described in the majority of CSS patients 

[274, 277–280] and in some NCBRS patients [281], and 

animal models for these disorders [282].

The mild form of CSS is caused by either mutations in 

the ATPase subunit ARID1B (OMIM# 614556) [283], or by 

pathogenic changes in other chromatin remodelling proteins 

with no direct interaction with SWI/SNF complex, includ-

ing SOX11 (OMIM# 600898) [256] and DPF2 (OMIM# 

601671) [284]. Additionally, classic and more severe CSS 

are known to be caused by mutations in SMARCA4 (OMIM# 

603254), the common core subunit SMARCB1 (OMIM# 

601607), and accessory subunits such as SMARCE1 

(OMIM# 603111), ARID1A (OMIM# 603024) and ARID2 

(OMIM# 609539) [285]. NCBRS on the contrary has been 

shown to be caused by mutations in SMARCA2 (OMIM# 

600014). Other patients found with mutations in SWI/SNF 

complex subunits are described for SMARCB1 (OMIM# 

601607) have been shown to cause either CSS, but also 

DOORS syndrome (OMIM# 220500) or Kleefstra syn-

drome (OMIM# 610253) depending on the site/location 

of the mutation [286, 287]. Together, these studies on 

chromatin remodelling complexes support the notion that 

combinatorial assembly of subunits can instruct cell lineage 

specification by creating specific patterns of chromatin states 

at different developmental stages, are essential for normal 

neurodevelopment [288, 289], and will result in clinical 

overlapping phenotypes [279].

Chromatin remodelling complexes: histone variant 

remodelers

The third class of ATP dependent chromatin remodelers 

is the INO80 family. The INO80 subfamily is known for 

its role in histone variant exchange of canonical H2A or 

H3 histone variants, which is assisted by editing remodel-

ers such as Swr1 complex (SWR1C) [290], mammalian 

Snf2-related CBP activator protein (SRCAP) [291] and 

p400. Recently, INO80 function in NPCs has been found 

essential in homologous recombination (HR) DNA repair 

in a p53-dependent manner [292]. Loss of Ino80 in NPCs 

(Neurod6Cre/+;Ino80fl/fl) impairs these processes, causing 

apoptosis and microcephaly in mice [292]. Interestingly, 

Ino80 deletion in mice leads to unrepaired DNA breaks 

and apoptosis in symmetric NPC-NPC divisions, but not 

in asymmetric neurogenic divisions [292]. In correspond-

ence with these findings, INO80 was recently identified as a 

candidate gene for ID and microcephaly [293]. Among the 

key histone variants that can be incorporated by the INO80 

family is the H2A variant H2A.Z. Specifically, it has been 

shown that SRCAP removes canonical H2A–H2B dimers 

and replaces them with H2A.Z–H2B dimers [294]. Little 

is known yet how mutations in SRCAP affect neurodevel-

opment. However, mutations in SRCAP have been shown 

to cause the NDD Floating Harbour Syndrome (OMIM# 

136140), which is characterized by intellectual and learning 

disabilities, a short stature, delayed osseous maturation, lan-

guage deficits, and distinctive facial features [291, 295–298].

In addition to the INO80 family, another mechanism for 

histone exchange is suggested for the α-thalassemia X-linked 

mental retardation (ATRX) protein. ATRX is an ATP-

dependent DNA translocase belonging to the Swi/Snf fam-

ily of chromatin remodelers [299]. ATRX forms a complex 

with death domain associated protein (DAXX) [299, 300], 

and plays a critical role in the replication-independent depo-

sition of the histone variant H3.3, functioning as a histone 

chaperone at specific genomic regions, including the telom-

eric domains [301, 302]. Furthermore, ATRX is involved in 

the suppression of several imprinted genes in the neonatal 

brain by promoting 3D chromatin structures via CTCF and 

cohesion [303]. In mice, germline deletion of Atrx has been 

shown embryonic lethal [304], whereas conditional dele-

tion of Atrx in NPCs (Foxg1KiCre/+) caused a widespread 

cellular reduction in both the neocortex and hippocampus 

resulting in a significant smaller forebrain size [305]. In 

addition, AtrxFoxg1Cre mice show excessive DNA damage 
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caused by DNA replication stress and subsequent Tp53-

dependent apoptosis [306, 307]. On a cellular level, these 

AtrxFoxg1Cre mice show a reduction in precursor cell number 

and abnormal migration of progenitors in the hippocampus 

and the upper layers of the cortex [305, 306]. Furthermore, 

fewer Neuropeptide Y (NPY), SST and cholecystokinin 

(CCK) expressing GABAergic neurons were generated in 

the ventral telencephalon [306]. In humans, mutations in 

ATRX cause the rare congenital X-linked disorder ATRX 

syndrome (OMIM# 301040), characterised by moderate to 

severe ID, DD, microcephaly, hypomyelination, and a mild 

form of a-thalassemia [308].

To summarize, chromatin remodelers are highly 

expressed in neural progenitors, and are essential to dynam-

ically activate, repress, or poise gene expression during 

the transition from RGCs to glutamatergic neurons or glia 

(Fig. 2, Table 1). Epigenetic modulation in glutamatergic 

neuron maturation is reviewed in detail elsewhere [135], 

however in the next section we want to highlight the matu-

ration a specialized glutamatergic subpopulation that is 

frequently impacted in NDDs, called callosal projection 

neurons.

Epigenetic modulation in callosal projection neuron 
development

The corpus callosum is a critical link between the two 

cortical hemispheres. The developmental mechanisms for 

callosal projections have been well researched in mice 

(reviewed in [309, 310]), and abnormalities of the corpus 

callosum often feature in human NDDs, especially ID and 

epilepsy [311] but also in Coffin-Siris Syndrome [312]. Dur-

ing mouse brain development, the cortical hemispheres fuse 

along the midline around E16 [313], aided by specialized 

glia populations called midline zipper glia and indusium 

griseum glia. Those establish the glial wedge to both sides, 

as well as the bridge-like subcallosal sling. Subsequently, 

callosal-projecting cortical pyramidal neurons start project-

ing axons across the midline and connect to their homotopic 

cortical area. Those projection neurons mostly reside in the 

upper cortical layers, and their callosal-projecting identity 

is under direct epigenetic control.

In newly generated pyramidal cell precursors, the tran-

scription factor Ctip2 specifies a subcortical-projecting fate, 

and is normally expressed in layer 5 neurons. In contrast, 

in future upper-layer callosal-projecting neurons Ctip2 is 

repressed by de-acetylation of H4K12 at its promoter region 

via NuRD complex and HDAC1 recruitment by the DNA-

binding protein SATB2 [314–316]. After fate specification 

in the early postnatal period, HDAC1 is gradually removed 

from the Ctip2 promoter by the transcription factor LMO4, 

leading to re-establishment of H4K12ac and consequentially 

re-expression of Ctip2 in a subset of upper-layer neurons 

[317, 318].

Several other mouse models presented with deficits of cal-

losal projections. For example in Cbp knockout mice (Rubin-

stein–Taybi Syndrome) a reduced size of the corpus callo-

sum was found [319], similar to the phenotype of mutants 

for the chromatin remodelling complex members Prdm8 and 

HP1γ [320, 321]. Furthermore, knockdown of the chroma-

tin remodeler Chd8 in the neocortex impaired dendrite and 

axonal growth and branching of upper-layer callosal projec-

tion neurons, and resulted in delayed migration of cortical 

neurons at E18.5, as the majority of labelled cells remained 

in the VZ/SVZ [322]. Moreover, mutations in the ISWI 

complex member Smarca5 cause partial agenesis of the 

corpus callosum, specifically due to reduced generation of 

viable upper-layer pyramidal neurons during mid-neurogen-

esis [271]. Lastly, a mouse model for Arid1b and Smarcb1 

deficits (Coffin-Siris Syndrome) indeed mirror the human 

phenotype, as Arid1b+/− and Smarcb1+/inv NesCre+/− mice 

also have a significantly reduced corpus callosum thick-

ness [277, 282]. Brain-specific Smarcb1+/− mice showed 

agenesis of the corpus callosum due to midline glia defects, 

similar to human CSS patients with mutations in SMARCB1, 

SMARCE1 and ARID1B [277]. In a human patient cohort 

with non-syndromic callosal abnormalities, mutations in 

ARID1B were found to be the most common cause, account-

ing for 10% of all cases [323].

During the axonal crossover, a multitude of axon guidance 

factors are required, and defects in the expression of those 

factors can also cause callosal projection deficits. A recent 

study described that chromatin remodelling of the axon 

guidance cue Sema6a caused the callosal defects observed 

in WAGR Syndrome (OMIM# 194072), a complex disor-

der including aniridia, kidney tumours, genital abnormali-

ties, and ID [324]. Specifically, this study identified a novel 

protein, C11orf46/ADP ribosylation factor like GTPase 14 

effector protein (ARL14EP), of which mutations were previ-

ously associated with ID [325]. C11orf46 is a member of the 

SETDB1-KRAB associated protein (KAP1)-MCAF1 chro-

matin repressor complex, and controls H3K9 methylation 

levels at the Sema6a promoter, cell-autonomously in projec-

tion neurons [324]. The callosal projection phenotype could 

be rescued by targeted H3K9 re-methylation at the Sema6a 

locus, indicating a direct epigenetic repressive control over 

axon guidance receptors in callosal-projecting neurons.

Epigenetic modulation in GABAergic neuron 
development

Besides glutamatergic excitatory neurons, the mamma-

lian neocortex contains between 12 and 20% GABAergic 

inhibitory neurons [326, 327]. Defects in GABAergic neu-

rons feature prominently in NDDs, in for example epilepsy, 
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Schizophrenia, and ASD (reviewed in [328]). Broadly, 

GABAergic neurons can be subdivided according to the 

expression of marker genes Parvalbumin (PV +), Soma-

tostatin (SST +), and Serotonin Receptor 3a (5-HT3aR +) 

[329, 330]. Within each of those three large groups, further 

subdivisions can be made according to gene expression [331, 

332], morphology, and electrophysiological firing param-

eters [333, 334], with current estimates ranging from 20 to 

60 subdivisions [335].

The mechanism of GABAergic neuron generation is com-

paratively well-conserved between mice and humans [336, 

337]. In mice, GABAergic neurons are generated in sub-

divisions of the Ganglionic Eminences (GEs: Medial GE 

(MGE), Lateral GE (LGE), Caudal GE (CGE), and Preoptic 

Area (POA)), which are temporary proliferative zones at the 

site of the future Striatum. In contrast to the developing cor-

tical plate, the precursors in the GE do form a SVZ, but are 

not all anchored to the basal membrane, and this population 

is massively expanded in the human GEs [336]. The precur-

sors divide asymmetrically to produce future GABAergic 

cells, which gather in the mantle zone and migrate in two 

morphogen-directed streams towards the cortical plate [338, 

339]. The MGE and POA express the transcription factor 

Nkx2-1 and produce the majority of PV + , and SST + neu-

rons [338, 340] (Fig. 2). In contrast, VIP + neurons (the larg-

est subset of 5-HT3aR + neurons) are produced in the CGE 

(see for reviews: [338, 341, 342]). Although the networks 

of transcription factors that define cellular identities during 

GABAergic neuron development and migration are compar-

atively well-researched [341], data on epigenetic regulation 

and especially chromatin remodelers is scarce and mostly 

has been inferred from other cell types including cancer biol-

ogy and other neuron classes [343].

The first evidence for involvement of chromatin remodel-

ers in GABAergic neuron production was reported in mice 

with a knockout for the histone acetyltransferase Kat6b/

Querkopf, where a reduced density of GAD67 + (GABAer-

gic) neurons in the cortex was found [344]. Years after the 

initial mouse study, mutations in human KAT6B were found 

to cause Ohdo/SBBYS syndrome (OMIM# 603736) [345, 

346], however the initial findings regarding GABAergic 

neuron density have not been followed up to date. Muta-

tions in the related KAT6A histone acetyltransferase were 

also found to cause ID and craniofacial dysmorphism [347, 

348], recently described as KAT6A Syndrome [349]. Mouse 

studies have reproduced a craniofacial phenotype via Hox 

gene regulation [350], however neurodevelopmental pheno-

types have not yet been studied. We do have a more complete 

picture for the ATP-dependent chromatin remodeler CHD2, 

which in humans is associated with epilepsy and broad-spec-

trum NDDs as described above [351]. Specifically, Chd2 

transcription is found to be activated in MGE/POA progeni-

tors by the transcription factor NKX2-1, and by doing so the 

CHD2 protein in turn colocalizes with NKX2-1 on its down-

stream targets, illustrating the feedback loops in which chro-

matin remodelers act [352]. Chd2+/− mice display a marked 

reduction in MGE-derived GABAergic neuron production, 

which results in a reduced PV + /SST + GABAergic neu-

ron count in the cortex [202]. The functional consequences 

(defects in inhibitory synaptic transmission, altered excita-

tory/inhibitory balance, and behavioural abnormalities) were 

rescued by an embryonal transplantation of MGE-derived 

GABAergic neurons, which indicates that already a reduced 

GABAergic neuron production can produce profound circuit 

abnormalities [202].

Haploinsufficiency of the epigenetic regulator ARID1B, 

which we previously discussed as the causal gene for Coffin-

Siris Syndrome, was found to cause premature apoptosis in 

MGE precursors in mice. As a result, Arid1b+/− mice show 

a reduced production of MGE-derived (PV + and SST +) 

GABAergic neurons, and altered laminar arrangement of 

PV + and SST + neurons in the cortex (Fig. 2) [353]. Mecha-

nistically, the same study found a general reduction of the 

permissive histone mark H3K9ac3 at the Pvalb promoter 

in Arid1b+/− mice, resulting in reduced PV transcription 

throughout development into the adult cortex [353]. Con-

ditional Arid1b knockout in specific GABAergic neuron 

population showed an interesting bifurcation of effects, as 

PV-specific Arid1b haploinsufficiency led to reduced mobil-

ity and social deficits, while SST-specific Arid1b haploinsuf-

ficiency led stereotyped behaviour such as excessive groom-

ing [354].

Also mutations in the histone acetyltransferase CBP 

(Rubinstein–Taybi Syndrome), have been implicated in 

GABAergic precursor generation [355]. Constitutive het-

erozygous Cbp knockout mice show a transient impairment 

in GABAergic neuron formation in vivo [356]. Using a more 

direct approach, region-specific Cbp knockout in the devel-

oping MGE reduces the number of PV + and SST + neurons 

in the cortex and results in a prominent seizure phenotype 

[357], indicating that epigenetic regulation by CBP is 

directly required for proper cell-type specification of inhibi-

tory GABAergic neurons. These results were also confirmed 

outside of the cortex in non-cortical areas, as conditional 

knockout of CBP in cerebellar progenitors lead to cerebellar 

hypoplasia and altered morphology of the cerebellum in both 

mice (hGFAPCre::CrebbpFl/Fl P25) [358] and patients [359]. 

On a cellular level, conditional knockout of CBP in granule 

cell progenitors altered cerebellar foliation as a result of loss 

of glial endfeet on the pial surface by Bergmann glia fibers 

and abnormal Purkinje cells arborisation [358].

After the formation of GABAergic precursors, the imma-

ture GABAergic neurons migrate tangentially following two 

morphogen-directed streams along the developing cortical 

plate, where they subsequently invade the cortex in the late 

stages of corticogenesis between E19 and P4 [341, 360, 
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361]. The exact place and time for programming the sub-

divisions within PV + , SST + and 5-HT3aR + is an area of 

active debate, with different hypotheses highlighting pro-

gramming at the progenitor stage, during migration to the 

cortex, or only by local factors in the cortical plate. A recent 

study indicates that for MGE-derived neurons, the subtype 

is determined prior to migration, and instructs the migra-

tory route and the place of integration in the cortex [362]. 

Specifically, the SST + subgroup of Martinotti cells and the 

PV + subgroup of translaminar PV + neurons preferentially 

migrate through the Marginal Zone, along the outer side of 

the developing cortical plate [362]. Migrating GABAergic 

neurons sense a multitude of environmental cues and inte-

grate them to gene expression patterns. Similarly to GABAe-

rgic neuron progenitors, the cascades of transcription fac-

tors in migrating GABAergic neurons are comparatively 

well-characterized, but epigenetic modulations have only 

recently come into focus (see for review [343]). A recent 

series of studies investigated cortical GABAergic neurons 

derived from the POA, which produces subgroups of SST + , 

PV + and Reelin + GABAergic neurons [341]. Specifically, 

POA-derived GABAergic neurons suppress the expression 

of the transcription factor Pak6 during migration via a non-

canonical recruitment of the PRC (specifically EZH2) by 

DNMT1 to the Pak6 promoter [363, 364]. In POA-specific 

Dnmt1-knockout mice, the repressive mark H3K27me3 is 

reduced around the Pak6 transcription start site, leading to 

precocious expression of Pak6 during migration and conse-

quentially precocious activation of a post-migratory genetic 

program. As a result, a large portion of POA-derived neu-

rons undergo apoptosis before reaching their cortical desti-

nation in POA-specific Dnmt1-knockout mice [363].

After migrating to the cortex, GABAergic neurons dis-

tribute throughout the layers, in a cell-type and area-specific 

pattern. Broadly speaking, PV + and SST + neurons predom-

inate in the mid- to lower layers, whereas 5-HT3aR + are 

predominant in layer 1 [365] and (the VIP + subset) in layer 

2/3 [366]. Primary sensory areas contain a higher density 

of PV + neurons, while the areas at the edge of the cortical 

plate contain a higher density of SST + neurons [366]. Once 

the GABAergic precursors are located at the appropriate cor-

tical area and laminar location, they integrate into the local 

circuitry as it develops [367, 368]. The SST + GABAergic 

neurons mature relatively early, around the same time as 

the excitatory neurons in the same circuit [362, 369]. How-

ever, PV + GABAergic neurons mature much slower, and 

are dependent on external inputs that activate the local cir-

cuit for a successful maturation. The activity levels need 

to be translated to gene expression patterns, and while no 

complete mechanism is currently known, the high number 

of PV + neuron maturation dysfunctions caused by muta-

tions in chromatin remodelers is indicative of a tight epi-

genetic control over this process [370]. One example is the 

maturation of PV + neurons in MeCP2+/− mice, which is 

the primary cause for Rett Syndrome (OMIM# 312750) in 

humans [371–375]. It is characterized by arrested devel-

opment between 6 and 18 months of age, regression of 

acquired skills, loss of speech, stereotypic movements (clas-

sically of the hands), microcephaly, seizures, and mental 

retardation. In MeCP2+/− mice, the lack of MECP2 leads 

to a premature maturation of PV + cells including marker 

expression, morphology, and synaptic properties [372, 376]. 

MECP2 directly binds to the promoter regions of Pvalb and 

Gad1, the rate-limiting GABA synthesizing enzyme [377, 

378]. Also at the adult level, neuronal activity regulates the 

expression of PV in a dynamic manner [379], a phenotype 

which is also impaired in PV + neurons of MeCP2+/− mice 

[380], indicating an epigenetic component to the integration 

of the activity-dependent signal. In contrast, haploinsuffi-

ciency of the histone methyltransferase Ehmt1 (Kleefstra 

Syndrome) causes delayed maturation of PV + neurons in 

the mouse sensory cortices, consisting of delayed PV expres-

sion and PNN generation, as well as reduced GABAergic 

neurotransmission [381]. Besides neuronal activity levels, 

PV + neurons also integrate morphogenic signals such as 

the released transcription factor Otx2. OTX2 is not produced 

in the cortex, but rather released by thalamic afferents and 

the Choroid Plexus [382–385]. OTX2 is taken up by the 

future PV + neurons, where it upregulates the expression of 

Gadd45b/g, two DNA demethylases which then mediate the 

up/downregulation of large sets of genes necessary for the 

maturation to full PV + cells, including Pvalb itself [382].

Epigenetic modulation during glia development 
and function

At the end of the neurogenic period, cortical RGCs cells 

switch to glial production and generate a vast number of 

astrocytes and oligodendrocytes [133]. In the mouse cortex, 

astrocytes are first detected around E16 and oligodendro-

cytes around birth; however, the vast majority of both cell 

types are produced during the first month of postnatal devel-

opment. Cre-loxP lineage tracing showed that oligodendro-

cytes in the cerebral cortex are produced at different sites 

outside of the cortex depending on the developmental stage 

[386]. The first wave of production begins around E12.5 

in the MGE and anterior entopeduncular area. The second 

wave begins around E15 from in the LGE and CGE, and 

finally, local production begins in the cortical SVZ around 

birth (Fig. 2) [387]. Similar to oligodendrocytes, astrocytes 

can be both generated from dividing RGCs [388], from the 

postnatal SVZ [389], or locally by self-amplification in the 

postnatal cortex [118] (for detailed information about the 

origin and specification of glia see [390–393]). Glia play 

crucial roles in CNS homeostasis [394], including synaptic 

glutamate uptake [395], synaptogenesis [396], maintenance 
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of extracellular potassium [397], nutrient support for neu-

rons [398], the formation of ECM molecules [399, 400] and 

many other processes.

Studies investigating the role of chromatin remodelling 

in mouse models of NDDs have primarily focussed on the 

alteration of neuronal network function. Recent advances 

in our understanding of astrocyte function have led to the 

emerging concept that primary astrocyte dysfunction alone 

is sufficient to drive the complex behavioural phenotypes 

observed in some cases of NDDs. As described earlier, 

RGCs undergo chromatin remodelling in response to various 

extracellular cues to enable the accessibility of neurogenic or 

gliogenic genes. Loss of the H3K9 methylase Setdb1 in mice 

has been shown to reduce H3K9me3 occupancy at the Gfap 

promotor, resulting in enhanced astrogenesis and acceler-

ated differentiation (Fig. 2) [147]. Furthermore, EHMT1 has 

been shown to play a role in DNMT1-mediated DNA meth-

ylation via UHRF1/LIG1 interaction [401], which implies 

that astrocytes might contribute to the neuronal phenotypes 

in SETDB1-associated disorders or Kleefstra syndrome. 

Both SETDB1 and EHMT1 have recently been described 

to coexist in the same complex together with EHMT2 and 

SUV39H1 [402], revealing the interesting hypothesis that 

this complex plays an important role in the neurogenic-to-

gliogenic switch, and any dysfunction in any of these genes 

will lead to a convergent phenotypic outcome.

Epigenetic regulation by the Polycomb Repressor Com-

plex (PRC) has also been described to play a role in the dif-

ferentiation from NPCs to astrocytes and oligodendrocytes. 

Acute deletion of the PRC1 component Ring1B or Ezh2 at 

E12.5 in mice prolonged the neurogenic phase and delayed 

the astrogenic phase in cultures of neocortical NPCs [136]. 

In contrast, another report found that cerebral specific loss of 

Ezh2 in the Emx1-Cre mice accelerated gliogenesis and glial 

differentiation at P0 [129]. Furthermore, overexpression of 

Ezh2 in postmitotic astrocytes in turn lead to a downregula-

tion of pro-astrocytic genes S100b and GFAP, whereas an 

increase in progenitor like genes like SOX2 and CD133 was 

found [403]. Similarly, a small population of specialized 

neurogenic astrocytes that resides in the SVZ and survives 

into adulthood expresses Ezh2, which is required for those 

astrocytes to keep their neurogenic potential [404]. These 

results indicate that the PRC associated proteins are essential 

for promoting the onset of the astrocytic differentiation of 

NPCs during neocortical development.

Mature glia function has been studied widely in mod-

els of NDD (including Noonan syndrome [405], Neurofi-

bromatosis-1 [406], Costello syndrome [399, 407], Cardi-

ofaciocutaneous syndrome [408], Fragile X syndrome [409], 

Alexander disease [410], and Tuberous Sclerosis Complex 

[411]) however only in few models of deficient chromatin 

remodelling. One example is a mouse model for MeCP2 

deficiency. Aside from the clear neuronal phenotype found 

in these mouse models, co-culture studies showed that 

secreted factors by Mecp2−/− mouse astrocytes significantly 

affect the development of wild type hippocampal neurons in 

a non-cell autonomous manner, as was visualised by altered 

dendrite morphology [412]. Furthermore, neuronal pheno-

types found in co-culture with Mecp2−/− astrocytes appear 

to be dependent upon the expression of astroglial gap-

junction protein Connexin-43 (Cx-43), as blocking Cx-43 

restored this phenotype [413]. Mecp2−/− mouse astrocytes 

also showed an increased expression of astroglial marker 

genes Gfap and S100β and abnormal glutamate clearance 

[414]. Interestingly, selective restoration of MECP2 in 

astrocytes in vivo using the Cre-loxP recombination system 

significantly improves locomotion and anxiety levels, and 

restores respiratory abnormalities to a normal pattern [415]. 

At the cellular level, re-expressed MECP2 in astrocytes also 

restores normal neuronal dendritic morphology [415]. Simi-

lar to these findings, an increased expression of GFAP and 

CX-43 proteins was found in the superior frontal cortex in a 

cohort of ASD patients [416]. Furthermore, increased levels 

of H3K9me3 occupancy at the promotor of the gap junction 

proteins Cx-30 and Cx-43 have been found in cortical and 

subcortical regions of patients with MDD [417]. This cohort 

consisted of patients expressing extremely low levels of pro-

astrocytic genes GFAP, ALDH1L1, SOX9, GLUL, SCL1A3, 

GJA1, and GJB6 [418], proposing a possible role for the 

H3K9 methylases SETDB1 and SUV39H1 in mature astro-

cyte function and CX-43 expression [417].

CHD8 is another example of a chromatin remodeler 

that plays a role in glia function. Recent studies show cell-

type specific Chd8 deletion in OPCs results in myelination 

defects in mice [243]. In addition to altered myelination, 

conditional knockout of Chd8 in OPCs (Olig1-Cre;Chd8fl/fl) 

has been shown to slow down action potential propagation as 

a result of impaired myelination, leading to deficits including 

increased social interaction and anxiety-like behaviour as 

similar to Chd8 heterozygous mutant mice [244] and behav-

ioural phenotypes found in patients.

Heterozygous loss of Smarca4 (Brg1fl/fl, Nestin-cre) was 

furthermore shown to cause precocious neuronal differen-

tiation before the onset of gliogenesis [419]. This resulted 

in a significant reduction of astrocyte and oligodendrocyte 

differentiation in these animals, suggesting Smarca4 controls 

the switch from neurogenesis to gliogenesis [419]. Further-

more, SMARCA4 is known as a mediator of long-range 

interactions of enhancer regions and TTSs [420], and by 

doing so is involved in the STAT3 dependent [421] inter-

chromosomal gene clustering of Gfap and Osmr resulting in 

transcriptional enhancement of these genes [422]. Interest-

ingly, loss of SMARCA2 in SMARCA2K755R/+, and SMAR-

CA2R1159Q/+ NPCs resulted in a reduction of Smarca4 mRNA 

expression, together with an increased and functionally 

active binding to chromatin [423]. These results suggested 
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that mutations in SMARCA2 result in global retargeting of 

SMARCA4, which was shown to drive de novo activation of 

enhancers and upregulation of astrocyte genes [423].

To summarize, current evidence shows that chromatin 

remodelers play a role in the development, migration and 

circuit integration of each of the major cortical cell classes: 

Glutamatergic and GABAergic neurons and glia. Conse-

quentially, failures of chromatin remodelling can impact the 

development of each of those cell types, resulting in a lasting 

impairment in cellular function.

Future perspectives

In this review, we detailed the contribution of chromatin 

remodelers in different neural cell-classes during the mul-

tiple stages of the developmental continuum. Chromatin 

remodelers are crucial parts of a cell’s information process-

ing machinery, by integrating external and internal signals 

into gene expression patterns. Developing neurons inhabit 

an extraordinarily complex epigenetic landscape, and events 

such as cell-type specification are under tight epigenetic 

control [424]. Consequentially, defects in chromatin remod-

elling will lead to a relaxation of that epigenetic control, 

causing for example premature neural differentiation at the 

expense of progenitor pool expansion [208].

As chromatin remodelers have such a variety of functions 

in different cell types, timepoints and at specific genetic loci, 

a full picture requires concurrent measurements at several 

levels simultaneously—a task that current technologies are 

only starting to address. We see the potential for progress in 

the following fields:

1) Understanding chromatin remodeler locus specificity: 

Chromatin modifications are site-specific on the genome 

level, such as histone methylation at the activity-depend-

ent Bdnf exon IV [425]. However, until recently, to study 

this site-specific targeting one had to rely on the cell’s 

innate targeting abilities. Coupling catalytic subunits to 

a precise targeting protein allows artificial induction of 

locus-specific chromatin modifications. One example is 

the dCas9-SunTAG method [143, 426], where a genetic 

locus is tagged via dCas9 and gRNAs. Subsequently, 

local chromatin is modified by a chromatin modifier’s 

catalytic subunit targeted towards the tag. The ability 

to induce chromatin modifications at specific genomic 

sites will improve our understanding of the regulatory 

networks in gene expression, for example during cell 

fate specification.

2) Understanding the role of chromatin remodeler presence 

in complexes: Chromatin modifiers exist in complexes 

that dynamically assemble, disassemble, and bind to 

chromatin at different locations. Complexes are hypoth-

esized to differ between different locations (or time 

points), however those have proven difficult to investi-

gate with classic immunolabelling techniques. Recent 

advances in spatial proximity labelling, such as promis-

cuous biotinylation targeted via dCas9 [427], allow for a 

precise snapshot of protein complexes assembled in spa-

tial proximity to a single genomic region. Importantly, 

this technique can be applied in living cells and in vivo 

in the developing brain [428], making it applicable to 

the neurodevelopmental questions that we have detailed 

here. This technique allows detailed insights site-specific 

complex dynamics, a largely unexplored feature of the 

genetic landscape.

3) Chromatin remodelling temporal specificity: Neuronal 

specification is thought to be a series of tightly con-

trolled gene expression (and hence epigenetic regula-

tion) states. For glutamatergic neuron generation in the 

cortex, recent evidence points to a stochastic genera-

tion of different subtypes [121, 429], however it is cur-

rently unknown whether GABAergic neuron generation 

is controlled in a similar way [361]. Classic labelling 

techniques such as BrdU were only able to identify 

neurons born within approximately 12 h from each 

other, which is slower than the hypothesized changes in 

genetic expression state. Recently developed labelling 

techniques such as FlashTag selectively label neurons 

born in a 2-h window in vivo, leading to a more precise 

identification of the transcriptional program controlling 

glutamatergic neuron specification [424, 430]. Appli-

cation of the same technique for GABAergic neurons 

might deliver interesting insights into subtype specifica-

tion as well.

4) Measuring cell-type specificity: The classification of 

the brain’s cells has been controversial since the start 

of neuroscience as a field. For example, GABAergic 

neurons and glia have long resisted simple classifica-

tion [431, 432]. However, recent large-scale single-cell 

RNA sequencing studies [331, 332, 433–435] attempt 

to map the cellular diversity of brain from the bottom 

up. Furthermore, studies measuring multiple modalities 

on the same neurons promise a unification of classifica-

tions from single-cell electrophysiology, morphology 

and RNA sequencing (Patch-Seq), and have delivered 

insights in glutamatergic [436] and GABAergic neu-

ron populations [333]. Especially when coupled with 

advanced analysis techniques [334], those large datasets 

might soon be available as a “reference classifier” that 

experimental data can be compared with, similarly to 

reference atlases in neuroanatomy or reference genomes 

in genomics.

5) Identification of converging molecular pathways for ther-

apeutic interventions: Functional interactions between 

several NDD related chromatin remodelers and their reg-



2550 B. Mossink et al.

1 3

ulatory proteins has been shown to converge on a shared 

transcriptional axis [156, 287, 437–439]. One example 

is the H3K4 demethylase KDM5C, whose expression is 

controlled by three regulatory proteins: ARX, ZNF711 

and PHF8. All four of those genes are located on the 

X chromosome, and consequentially mutations in any 

of these four genes are associated with X-linked NDDs 

[440–442]. Interestingly, loss of Arx caused a significant 

reduction of Kdm5c expression and neuronal maturation 

in C. Elegans and mice, which could be restored using 

the HDAC inhibitor SAHA [438]. These findings imply 

that chromatin remodelers function in closely coupled 

transcriptional networks, with mutations in genes in the 

same cluster producing overlapping NDD phenotypes 

[439, 443]. As demonstrated in the case of KDM5C, 

overlapping regulatory pathways might be used as drug 

targets, and mutations in shared pathways could prove 

to be relatively easily identifiable biomarkers [444, 445]. 

In a promising first step, several groups have shown that 

chemical inhibition of HDACs can successfully rescue 

behavioural phenotypes in mouse models of NDDs [116, 

438, 444–447]. Furthermore, the fact that those path-

ways tend to be well-conserved might prove valuable in 

translation to clinical practice.

The studies summarized in this review were almost 

exclusively performed in animal models of NDDs. While 

mice have many advantages as model organisms and many 

features are conserved down to the cellular level [331], 

some features appear to be unique to the human lineage, 

for example specialized cell-types such as outer radial glia 

cells [448], subpial interlaminar astrocytes [449], or the 

recently described rosehip neurons [450]. Furthermore, 

some time periods in neurodevelopment are much longer 

in comparison, elongating the vulnerable periods for many 

regulatory processes in humans. Therefore, using mouse 

brains as the sole model we might overlook important 

human-specific aspects of brain development and NDD 

pathogenesis. Although the use of animal models will 

remain essential to study complex developmental pro-

cesses like cortical layering or migration, human induced 

pluripotent stem cells (hiPSCs) offer a higher-throughput 

model to investigate the developmental continuum from 

the earliest point of progenitor specification until the for-

mation of neuronal circuits in vitro. For this reason, the 

use hiPSCs has gained a lot of attention recent years in the 

field of NDD research. HiPSCs provide an unlimited pool 

of (patient) material, which can be differentiated into neu-

ronal networks, and can be monitored over development 

in vitro. In addition, these cells are comparatively easy to 

manipulate using for example CRISPR-Cas9 genome edit-

ing, and therefore can be used as a high throughput tool 

to study genotype–phenotype correlations in a controlled 

environment [451, 452]. Moreover, patient specific hiPSCs 

carry the same genetic background as the patient, which 

allows the study of polygenic disorders like ASD or Schiz-

ophrenia that cannot be modelled using animal models.

Protocols for the differentiation of hiPSCs into 3D cere-

bral organoids are becoming increasingly popular as these 

models have been shown to resemble the complex devel-

opmental programs of early corticogenesis during the first 

and second trimester of human foetal development [453, 

454]. Indeed, 3D cerebral organoids derived from patients 

with severe microcephaly as a result of CDK5RAP2 muta-

tions showed reduced neuroepithelial differentiation, fewer 

and smaller progenitor regions, and premature neuronal 

differentiation [455]. Furthermore, 3D human organoids 

from idiopathic ASD patients showed reduced proliferation 

of progenitors, increased neurogenesis, and an imbalance 

between the production of glutamatergic and GABAergic 

neurons [456]. Moreover, organoids derived from CNT-

NAP2+/− hiPSCs showed increased organoid volumes as a 

result of increased proliferation of progenitors, which in 

turn expanded the neuronal population [457]. Recent work 

has shown that patient-derived iPSC organoids with copy 

number variants in the ASD risk locus 16p11.2 mirror the 

patient’s micro/macrocephaly phenotype [458]. Similarly, 

RAB39b loss in 3D organoids has recently been shown to 

cause hyperproliferation and enlarged organoid size [459]. 

Studies are currently exploring organoid vascularization 

to further extend the development and complexity of these 

organoids [460–462], which will allow in the future to 

study more complex brain phenotypes using these in vitro 

approaches.

In summary, despite lots of progress in the field, the 

full influence of chromatin remodelling on neurodevelop-

ment is currently unknown. To fully understand chroma-

tin remodelers’ influence throughout the developmental 

continuum and identify possible human-specific pathways, 

future studies should combine human-specific in vitro 

models such as 3D cerebral organoids and well-character-

ized developmental models such as mice.
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