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A B S T R A C T   

Cortical development consists of a series of synchronised events, including fate transition of cortical progenitors, 
neuronal migration, specification and connectivity. It is becoming clear that gene expression programs governing 
these events rely on the interplay between signalling molecules, transcription factors and epigenetic mechanisms. 
When genetic or environmental factors disrupt expression of genes involved in important brain development 
processes, neurodevelopmental disorders can occur. This review aims to highlight how recent advances in 
technologies have helped uncover and imitate the gene regulatory mechanisms commonly disrupted in neuro-
developmental disorders.   

1. Introduction 

Neurodevelopmental Disorders (NDDs) are a group of psychiatric or 
behavioural conditions whose onset has been traced to pre-natal brain 
development stages, with clinical symptoms presenting in early child-
hood [1]. Such conditions are known to be highly heritable and het-
erogeneous and affect a significant proportion of the population, 
particularly in western countries which see a much higher incidence 
rate. For example, Autism Spectrum Disorders (ASD), Attention-Deficit/ 
Hyperactivity Disorder (ADHD), Intellectual Disability (ID), and Epi-
lepsy have been shown to individually affect up to 1 % of children 
worldwide, with a high proportion having more than one co-occurring 
disorder (Table 1) [1]. Other disorders such as Schizophrenia (SCZ) 
and Depression may show symptoms slightly later in life, typically teen 
years or early adulthood, but recent studies have shown increasing ev-
idence for a developmental origin for these disorders as well, implying 
them to be classified as NDDs [2]. The most common clinical symptom 
shared by all NDDs is cognitive dysfunction. This can present as 
behavioural and social deficits, and sleep difficulties, while also having 
disorder-specific symptoms, for example seizures in epilepsy (Fig. 1). 
The main cause of such disorders is known to be mutations, yet they also 
arise from environmental factors such as malnutrition, perinatal in-
fections, drug misuse or pollution which may contribute to the risk for 
these disorders through epigenetic dysregulation [1]. Synaptopathies 
are also a major cause of NDDs in the context of structural and functional 

abnormalities in synaptic plasticity, which involves altered signalling 
and disrupted cerebral connectivity characterised by an imbalance be-
tween excitatory and inhibitory transmissions [3]. 

Developmental enhancers are distal non-coding DNA elements that 
interact with the promoter region of genes through chromosomal 
looping and help regulate the gene expression in a cell type-specific 
manner during development and control processes such as neuro-
genesis to generate diverse forms of neurons [4]. Distinct enhancers are 
known to mediate the cell type-specific functions in the brain by 
recruiting a unique set of Transcription Factors (TFs) and regulating the 
activity of neuronal cells in a spatiotemporal manner. Enhancers and TFs 
form a vital regulatory network for the expression of genes during 
development, yet the cellular landscapes of these distal gene regulatory 
elements, their functions, and the mechanisms behind their actions 
remain largely unknown. The enhancer-TF regulatory networks 
involved in neuronal activity are known to be disrupted by the occur-
rence of Single Nucleotide Polymorphisms (SNPs) at these enhancer loci 
that in turn predispose to neurological disorders [12]. 

SNPs have increasingly been shown to fall on enhancer or promoter 
regions or TF Binding Sites (TFBSs), thereby leading to the disruption of 
Gene Regulatory Networks (GRNs). Genome-Wide Association Studies 
(GWAS) have uncovered the links between SNPs and NDDs, and how 
their presence in regulatory regions can disturb the interplay between 
enhancers and TFs by preventing vital functions such as chromatin 
looping or promoter interactions, altering cellular behaviour and 
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leading to the development of disease [12]. It is therefore crucial to 
develop an understanding of the mechanisms controlling GRNs, and 
how they are disrupted at regulator-SNP loci during NDD pathogenesis. 
The emergence of single-cell analysis methods allows this concept to be 
studied in individual cell types, revealing the heterogeneity of gene 
expression that is commonly associated with neurological disorders 

[13]. However, due to the limited availability of human fetal brain 
samples to investigate single-cell changes and the inability to obtain pre- 
natal brain samples before the diagnosis of the disorder, alternative 
methods of analysis have been established to aid developmental studies. 

A recent method gaining interest in the study of brain disease is the 
use of organoids. By developing a three-dimensional (3D) tissue culture 
model from human induced Pluripotent Stem Cells (hiPSCs), brain 
organoids excitingly allow us to study the spatial and temporal mech-
anisms underlying brain development including epigenetics of cell-fate 
determination and the outcomes of their disruption. As a result, orga-
noids have become a popular means of examining molecular networks 
involved in NDDs and present an attractive way of gaining the knowl-
edge needed to understand the underlying functions and mechanisms 
[14]. This review will therefore explore current advances in the study of 
GRNs during the progression of NDDs. 

2. Overview of key gene regulatory mechanisms 

2.1. Epigenetic mechanisms are key contributors to gene regulation. 

Epigenetics is the study of changes in the gene expression mecha-
nisms that are heritable and occur without changes in the DNA sequence 
[15]. In mammals, epigenetic regulation is controlled by three major 
mechanisms 1. DNA methylation, 2. Histone post-translational modifi-
cations (hPTMs) and 3. Regulatory non-coding long RNAs (lncRNA), 
small-RNAs and micro-RNAs (miRNA) (Fig. 2). These epigenetic mech-
anisms are heavily altered in NDDs which in turn affect the gene 
expression programs that are critical for the normal and sequential 
development of a normal brain. In some NDDs, DNA methylation and its 
associated histone methylation modifications are altered. Similarly, a 
number of chromatin regulatory proteins of histone modifications - such 
as the writers, readers, and erasers of hPTMs - and the chromatin 
remodelling complex are also misregulated in many NDDs. Others 
involve events regulated by miRNAs, lncRNAs, and small nucleolar 

Table 1 
Most common neurodevelopmental disorders, their current worldwide preva-
lence, common comorbidities, and commonly affected brain regions.  

Condition Prevalence 
worldwide 

Common 
comorbidities 

Commonly 
affected brain 
regions 

ASD – inc. autistic 
disorder, Rett 
syndrome, childhood 
disintegrative 
disorder, pervasive 
developmental 
disorder not otherwise 
specified 

1 % [5] ADHD, ID, SCZ, 
epilepsy, 
developmental delay, 
depression, anxiety, 
bipolar disorder 

Frontal 
cortex and 
cerebellum 

ADHD – inc. 
predominantly 
inattentive, 
hyperactive-impulsive 

2–6 % [6] ASD, epilepsy, ID, 
bipolar disorder 

Frontal 
cortex 

Epilepsy – inc. partial, 
focal, general 

0.7 % [7] ASD, ADHD, ID, SCZ, 
psychosis 

Frontal and 
temporal 
cortex 

ID – inc. Down’s 
syndrome 

1–3 % [8] ASD, ADHD, 
developmental delay 

Frontal 
cortex 

Developmental delay 1–3 % [9] ASD, ID Frontal 
cortex 

SCZ – inc. 
schizoaffective 
disorder 

0.3–0.7 % 
[10] 

ASD, ADHD, epilepsy, 
bipolar disorder, 
depression 

Frontal 
cortex 

Depression – inc. major 
depressive disorder 

3–6 % [11] ASD, anxiety, SCZ, 
bipolar disorder 

Frontal 
cortex  

Fig. 1. Overview of the common features of NDDs. Most symptoms under this classification are a result of genetically inherited mutations or environmental ex-
posures during pregnancy. This leads to epigenetic mutations, pathway disruptions, and morphology changes that present clinically as behavioural or cognitive 
deficits. 
Created with BioRender.com. 
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RNAs [3,16]. 

2.2. DNA methylation 

DNA methylation in mammals is regulated by DNA methyl-
transferases (DNMTs) including DNMT3A and DNMT3B that regulate de 
novo DNA methylation and DNMT1 controlling the maintenance of 
methylation. DNA demethylation is mediated by ten-eleven trans-
location (TET) family of proteins. When the gene requires silencing to 
stop transcription, the chromatin is most commonly closed through 
histone modification via DNA methylation [17]. Through this process, a 
methyl group is added to cytosine at the C5 position to form 5-methyl-
Cytosine (5mC), mainly within CpG islands. This in turn causes the 
chromatin to enter a repressive state and prevent the binding of TFs and 
the enhancer-promoter interactions. CpG islands are evolutionarily 
conserved and contain fewer nucleosomes compared to the others DNA 
stretches and these few nucleosomes containing core histone proteins 
are subjected to various PTMs that in turn regulate underlying gene 
expression [18,19]. DNA methylation on CpG islands by DNMTs is 
associated with transcriptional repression. DNMTs also directly interact 
with the chromatin-modifying enzymes involved in gene repression. 
DNMT1 and DNMT3A are known to bind with the H3K9 methyl-
transferase SUV39H1 and histone deacetylases (HDAC) to repress the 

gene expression [20,21]. Similarly, DNA methylation binding domain 
(MBD) containing proteins like UHRF and MECP2 upon recognizing 
methylation on CpG islands recruit chromatin modifying enzymes to 
regulate histone modifications by controlling gene expression [21] 
(Fig. 2). DNMT3L is reported to bind to the histone 3 (H3) tails and 
recruit DNMT3A and DNMT3B to methylate the DNA. Histone 3 lysine 
36 trimethylation (H3K36me3) is reported to facilitate the binding of 
DNMT3A to the H3 tails and increase its DNA methyltransferase activity. 
In contrast to the presence of active histone modification, H3K4me3 
prevents the binding of DNMTs to the H3 tails [22,23] (Fig. 2). 

Multiple popular methods currently exist for studying genome-wide 
DNA methylation, however, in more recent years the study of differen-
tial DNA methylation has been more attractive as a way to determine 
changes throughout development or in disease [25]. In this case, the 
gold standard method is bisulfite sequencing, in which bisulfite-treated 
unmethylated regions will be converted to uracil (read as thymine) 
while the 5mC regions remain unchanged. The reduced representation 
bisulfite sequencing (RRBS) method utilizes MspI endonucleases to 
generate adaptor-ligated DNA fragments which are then PCR amplified 
and sequenced after bisulfite conversion [26]. RRBS is suitable for high- 
density DNA methylation detection and has a broader and more accurate 
coverage of promoters and enhancers with less input DNA. Whole 
genome bisulfite sequencing (WGBS) is similar to RRBS but after the 

Fig. 2. Overview of Epigenetic Regulations. Epigenetic regulation is majority controlled in 3 ways: 1. DNA methylation wherein the addition of methyl groups by 
methyltransferases cause the chromatin to become repressed; 2. Histone modifications where markers of acetylation and methylation bind to change the chromatin 
state; and 3. mRNA regulation by long non-coding RNA (lncRNA), microRNA (miRNA), and other small nucleolar RNAs. 
Created with BioRender.com. 
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bisulfite treatment, unmethylated cytosine (C) bases were converted to 
Uracil (U) and then transformed into thymine (T) by PCR followed by 
NGS. WGBS detects whole genome DNA methylation at single base pair 
resolution [27]. Unfortunately, DNA damage/loss during bisulfite 
treatment, PCR-prone GC bias and the inability to differentiate between 
5mC and 5hmC are major drawbacks of bisulfite sequencing methods. 
There are several bisulfite-free base conversion methods and 5mC 
derivative-related DNA methylation detection methods that are capable 
of differentiating between 5mC and 5hmC [28]. TET-assisted pyridine 
borane sequencing (TAPS) as the enzymatic method independent of 
bisulfite conversion and able to detect the 5hmC and 5mC at single base 
resolution [29]. 

Alternatively, microarray-based platforms like Illumina Infinium 
HumanMethylation450 (450 K) and EPIC BeadChip are most popularly 
used for the detection of DNA methylation [30]. The Oxford Nanopore 
sequencing technology can directly detect DNA methylation without 
any chemical treatments and can provide base pair resolution methyl-
ation data. When targeting the specific genome regions, CRISPR/cas9- 
targeted enrichment nanopore sequencing techniques are recom-
mended due to being robust, straightforward and cost-effective [31]. 
The emergence of single cell based transcriptomics combined with DNA 
methylation detection methods are of particular interest as they can 
detect the cell-type specific differences [28,32,33]. 

2.3. Histone modifications 

Nucleosomes are the basic unit of chromatin and consist of an 
octamer with 2 copies of each canonical histone protein (H2A, H2B, H3 
and H4). Around 147 bp of DNA is wrapped around each nucleosome 
and another linker histone H1 binds to the DNA between the nucleo-
somes. The core histone proteins are globular in nature and their N- 
terminal regions are unstructured and protrude out from the nucleo-
somes, known as histone tails. These histone tails are subjected to 
various PTMs such as methylation, acetylation, phosphorylation, and 
ubiquitination [34]. 

The GRN complex relies on the chromatin region surrounding the 
promoter and enhancers being accessible to the recruited proteins. This 
is principally achieved through hPTMs, the driver of open chromatin 
state (euchromatin) being histone acetylation. The enzymes responsible 
for acetylation are known as Histone Acetyl Transferases (HATs) and 
their opposite Histone Deacetylases (HDACs) [24]. Enhancers, TFs, and 
transcriptional mediator proteins can then make contact with the pro-
moter region to initiate gene transcription. Many of the hPTMs and their 
associated proteins are dysregulated in many NDDs [3,16]. 

The most common method of identifying open chromatin is the Assay 
for Transposase Accessible Chromatin combined with high-throughput 
sequencing (ATAC-seq). First developed in 2015 by Professor Green-
leaf’s lab [35], this assay probes accessible regions of DNA with Tn5 
transposase which then acts as a mark that can be read by sequencing to 
map the genome-wide accessibility. The recent advancements in 
sequencing technology have now allowed the study of open chromatin 
using this method at a single-cell level, which will be explored later in 
the review. 

Open chromatin can also be identified by examining the surrounding 
chromatin marks. H3K27ac is an important indicator of accessible 
chromatin at lysine position 27 on the H3 histone protein and is typically 
known as an enhancer mark due to its high association with active 
transcription. H3K9ac and H4K16ac on the other hand are usually found 
at the promoter regions of active chromatin [24]. The most popular 
method of analysing histone marks is the use of Chromatin Immuno-
precipitation coupled with high-throughput sequencing (ChIP-seq). This 
technique, first developed in 2007 by Robertson et al. [36], highlights 
DNA-protein interactions genome-wide by tagging the protein of inter-
est - this typically being histone marks or TFs - and precipitating along 
with bound genomic regions for sequencing. Recent developments of 
this assay include Cleavage Under Targets & Release Using Nuclease 

(CUT&RUN) or Tagmentation (CUT&Tag) which aim to produce a more 
specific and higher yield per cell at a lower cost and time [37]. 

2.4. Chromatin regulators 

Chromatin regulators include writers, readers, erasers of hPTMs and 
chromatin remodelling complexes. The role of epigenetics, chromatin 
regulators, and their dysfunctions in NDDs is well-reviewed by Millan 
and Gabriele et al. [3,16]. Li et al. [38] specifically reviewed how the 
hPTM reading bromodomain containing proteins and their associated 
mutations lead to several NDDs [38]. There are several methods to study 
the chromatin regulators in NDDs. First is the classical bulk RNA 
sequencing (RNA-seq) from individuals with NDD to check the changes 
in the gene expression profile of chromatin regulators compared to the 
healthy individual. Furthermore, single-cell RNA-seq (scRNA-seq) al-
lows researchers to identify the specific populations of cells whose 
chromatin regulator’s expression is altered [39]. Many of these chro-
matin regulators work in a complex with many other proteins and any 
defects in their complex formation can lead to functional defects which 
in turn lead to NDD. The most standard method to identify the protein 
complexes is affinity purification combined with mass spectrometry 
(AP-MS) and further confirmation by co-immunoprecipitations. Recent 
developments in proximity labelling methods could accurately identify 
the chromatin regulator complexes [40,41]. One such advancement is 
Tandem Mass Tag (TMT) labelling of samples which allows researchers 
to carry out multiplexing in single analysis therefore providing a time 
saving and cost-effective means to produce quantitative data [42]. 

2.5. 3D genome 

During typical regulation of gene expression, several controlling el-
ements work together in a network or complex to initiate and enhance 
transcription. As a result, specific neurodevelopmental pathways can be 
activated to influence cell states and fate transitions while also main-
taining important processes. Enhancers have been shown to contribute 
to this network by directly interacting with the promoter region of a 
gene through chromosomal looping, stabilized by CTCF and cohesion 
molecules [43–45]. Another mediator in this process is TFs, whose sig-
nalling helps to bind the enhancers and also recruit molecules such as 
RNA Polymerase II (RNAPII) at the Transcription Start Site (TSS) to 
initiate transcription [46] (Fig. 3A). The interaction of such elements 
with the TSS or gene requires the opening or closing of chromatin via 
regulators, namely histone-modifying or -remodelling enzymes [24,17]. 

Development of 3D chromatin capture techniques made it possible to 
study such long range enhancer-promoter (E-P) interactions. DNA 
Fluorescence In situ Hybridisation (DNA-FISH) uses fluorescently 
labelled oligos to measure the distance between a few differently 
labelled regions of interest in the genome. Chromatin contacts are 
detected based on the co-localisation signals from the differentially 
labelled fluorescent probes [47]. However, DNA-FISH is limited to only 
specific regions and cannot be applicable to genome-wide capture. 
Ligation-based Chromatin Conformation Capture methods made it 
possible to capture genome wide chromatin interactions. These tech-
niques include 3C, Circular 3C (4C), 3C-Carbon-Copy (5C), Chromatin 
Interaction Analysis with Paired-End-Tag sequencing (ChIA-PET) and 
the Genome-wide 3C (Hi-C) [48]. Among these methods, Hi-C is the 
most commonly used genome-wide capturing of chromatin contacts and 
E-P interaction analysis. Hi-C has been taken to single-cell level (scHi-C) 
to study the chromatin interaction in single cell types [49]. Alterna-
tively, there are ligation independent approaches like Genome Archi-
tecture Mapping (GAM), Split-Pool Recognition of Interactions by Tag 
Extension (SPRITE), Chromatin-Insertion Analysis via Droplet-based 
barcode-linked sequencing (ChIA-Drop), and DNA adenine methyl-
transferases Identification (DamID) [48,50]. 
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2.6. Disruption to transcription regulation by genetic variants 

Each component in epigenetic regulation is susceptible to risk vari-
ants that arise through environmental consequence or inheritance, 
wherein the location determines the regulatory impact. Up to 90 % of 
genetic variants have been mapped to non-coding regions leaving a high 
possibility that they will occur in an enhancer or promoter region [51]. 
When this happens, there can be multiple impacts. 

Firstly, the DNA sequence of the enhancer may change and become 
unrecognisable to the binding TFs. This can either cause a decrease in 
binding and therefore reduced regulation, or increased binding and 
regulation. Another enhancer mechanism that may be affected is chro-
mosomal looping, making it unable to form an interaction with the 
promoter region. Similarly, genetic variants on the promoter region of a 
gene can increase or decrease the binding of TFs and prohibit the 
interaction of enhancers [12]. The other 10 % of variants can occur in 
gene body or intron regions. In this case, transcription can be disrupted 
by affecting the ability of RNAPII to transcribe the DNA sequence of the 
gene either by inhibiting its progression or causing the transcription of 
mutated proteins. While not all variants can affect the gene, those that 
do might cause differential gene expression leading to disruption of 
important developmental processes and giving rise to NDDs (Fig. 3B). 

3. Role of epigenetics in healthy brain development 

3.1. The developing brain 

During mammalian development the telencephalon, more 
commonly known as the forebrain, encompasses the cerebral cortex, 
thalamus, and hypothalamus. The cerebral cortex is formed of multiple 
layers of neural cell-types formed during development [52]. The dorsal 
telencephalon region of the cortex produces excitatory or glutamatergic 
neurons, while the ventral telencephalon produces inhibitory GABAer-
gic interneurons [53]. The main region of developmental neurogenesis 
is the dorsal telencephalon, wherein excitatory neurons newly formed 
migrate out of the ventricular zone (VZ) before forming the six layers of 
neurons in the cortical plate [54,55]. 

3.2. Corticogenesis and cell formation 

In the initial weeks of embryogenesis, neuroepithelial cells form the 
VZ from where neural stem cells (NSCs) arise, and subsequently the sub- 
ventricular zone (SVZ) and CP to where new-born neurons migrate 
(Fig. 4) [52]. In the expansion phase, NSCs begin to symmetrically 
divide to increase the stem cell pool by forming two daughter cells. 
These cells may then undergo asymmetrical division, proliferating to 
directly form a neuron and one NSC daughter cell [52]. On the other 
hand, NSCs can form Radial Glial cells (RG), the principal progenitor cell 
from which most brain cells arise, and divide into Basal Progenitor (BP) 
cells at the beginning of neurogenesis around gestation week 4 while 

Fig. 3. Epigenetic regulation of gene expression. (A) During normal gene regulation, enhancers interact with promoters through chromosomal looping. Transcription 
factors help to mediate this process and recruit factors such as RNA polymerase II to initiate transcription. (B) In the presence of a variant on either an enhancer, 
promoter, or gene body, transcription is disrupted by upregulation or downregulation leading to disorder. 
Created with BioRender.com. 
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also forming another NSC to self-renew through symmetrical division 
[56]. 

New-born neurons migrate to the upper layers of the CP [53]. At the 
later stages of development around 16–20 gestation weeks, NSCs that 
continued to self-renew during development start dividing to generate 
astrocytes and oligodendrocytes in a process known as gliogenesis, while 
the maturing neurons undergo synaptogenesis to facilitate the firing of 
action potentials (Fig. 4) [52]. 

Each layer of the CP and each stage of development is regulated by a 
variety of signalling pathways and TFs, the combination and location of 
which determines cell-fate commitment and activity of the resulting 
cell-types. Many of these elements have been intricately studied to 
determine which are the master epigenetic regulators and key markers 
of development, yet their function remains highly elusive [52]. 

3.3. Epigenetic regulation in corticogenesis 

Enhancers present various functions and activities depending on the 
stage of neural development, the function of the specific cell, and the 
response to stimuli being received, all of which increase the level of gene 
expression. This concept was first highlighted in 2013 by Nord et al. who 
used the H3K27ac marker to carry out a genome-wide analysis of en-
hancers in mouse brain tissue at different stages of development [57]. 
The study showed that enhancers active in the early stages of develop-
ment control the function of neural proliferation and cell specification, 
whereas enhancers active in the later stages were involved with the 
synaptic activity, learning, and memory. 

Furthermore in 2021, Yousefi et al. carried out a large-scale study 

gathering all ATAC-seq and ChIP-seq data currently existing for the 
developing brain to map the differential accessibility throughout 
gestation [44]. Ranging from around gestation week 10 to adulthood, 
this study revealed almost 40,000 enhancers that were differentially 
active at certain developmental time-points and in different germinal 
layers. Importantly, the authors showed that these enhancers correlated 
with specific processes and genetic variants associated with NDDs which 
may help indicate the time-points at which pathogenesis begins and the 
epigenetic mechanisms involved. Such knowledge provided in recent 
years has helped indicate the epigenetic regulatory mechanisms 
involved at precise developmental stages, which in turn improve our 
understanding and prediction of the effect genetic variants have at these 
time-points to result in NDDs. 

4. Regulatory disruptions in neurodevelopmental disorders 

As around 99 % of the genome is non-coding, there is a high risk for 
mutations in these regions which have a detrimental impact on the 
complex development of the brain. Whether it’s SNPs, single nucleotide 
variants (SNVs), or copy number variants (CNVs), mutations have 
widely been shown as major contributors to NDDs with up to 90 % 
appearing in developmental regulatory regions [58]. Epigenetic regu-
lation is required for behaviour, memory, and learning – the top traits 
affected in almost all NDDs therefore pointing to a strong involvement 
[59]. The high inheritance of germline mutations is also a common topic 
of discussion within epigenetics in how they result in molecular dis-
ruptions from the onset of gestation. For example, the most likely cause 
of such mutations may be environmental exposures to toxins such as 

Fig. 4. Healthy cortical development. Neuroepithelial stem cells divide in early gestation to form radial glial cells and subsequent basal progenitors. During neu-
rogenesis, progenitor cells form new-born neurons which migrate upwards into the cortical plate and mature in an inside-out pattern. Stem and progenitor cells 
which self-renew throughout development begin to form glial cells at later stages of development. Addition cells such as interneurons, Cajal-Retzius, and inter-
mediate progenitors aid in the maintenance and maturation of cells. MZ – marginal zone; CP – cortical plate; SP – subplate; oSVZ – outer subventricular zone; iSVZ – 
inner subventricular zone; VZ – ventricular zone; GW – gestation week. 
Created with BioRender.com. 
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tobacco or anaesthetics. This in turn would lead to transcriptional al-
terations within parental gametes and subsequent development of NDD 
phenotypes during pregnancy, as discussed in detail in a recent review 
from Escher et al. [127]. It is well-known that both genetics and envi-
ronmental factors contribute to such disorders, an interaction also 
mediated by epigenetic regulators, to lead to a wide range of cell, 
pathway, and morphological changes in the developing brain (Fig. 5). 

4.1. Cell proliferation and differentiation changes 

It is known that the fate of cells towards different cell-types and 

subtypes is highly regulated by the expression of genes at certain 
developmental time-points. However, when this regulatory mechanism 
is disrupted there can be a range of negative results. 

Firstly, cell proliferation and differentiation can be affected in the 
early stages of development to give rise to an increase or decrease in the 
number of that cell type. Wagner and MacDonald [60] examine this 
reaction by knocking down a known transcriptional activator essential 
for cortical development, CITED2, in a fetal mouse brain [60]. This 
revealed a decrease in progenitor cell proliferation and deep cortical 
layer thickness, while also disrupting neuronal connectivity, organisa-
tion, and length. Behavioural tests then showed the mice displaying 

Fig. 5. Overview of common cellular disruptions in neurodevelopmental disorders due to dysregulation. An increase in cell proliferation can result in an increase in 
brain size, and vice versa when decreased. A change in microglia can lead to an over or under activation of the immune response to damage. Furthermore, cell 
migration can be affected by dysregulation of migration genes, and also see changes in cell-cell interactions which could lead to myelin and maintenance changes. 
Finally, epigenetic dysfunction can also impact neuronal connectivity and synapse formation and function. 
Created with BioRender.com. 
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behaviours linked to multiple NDD clinical phenotypes. In many NDDs 
exhibiting hyperactivity or Sensory Over-Responsivity (SOR) such as 
ASD, the number of neurons produced is increased leading to a larger 
proportion in the cortical layers and subsequently increased cortical 
thickness and neuronal connections [61–64]. One study showed 
increased proliferation of neural progenitor cells in ASD models with 
brain overgrowth, dysfunctional neuronal connectivity, and reduced 
synapse activity [65]. They indicate a potential cause in the dysregu-
lation of BRN2 signalling and IGF-1. A single-nuclei RNA-seq study from 
Velmeshev et al. [39] revealed an increase in astrocyte subpopulations 
and microglia which may be linked to the frequently observed over- 
activation of the immune system in children with ASD [39]. They 
further show a large proportion of differentially expressed genes in 
upper layer neurons and microglia which was linked to synaptic trans-
mission and higher severity of the disorder. Among these were synaptic 
genes such as SYN2 and neurexins and genes important for neuro-
development such as SOX5 and TCF25. However, this study fails to 
consider the causes of such dysregulation by linking genetic variation or 
environmental factors. 

On the other hand, mood-related NDDs such as depression and 
anxiety can see a decrease in certain neuronal populations and con-
nections leading to a decrease in the transmission of neurotransmitters 
like serotonin, particularly in the hippocampus. This has therefore been 
a target of antidepressants which can work to increase neurogenesis and 
neurotransmissions [66–68]. Torres-Berrio et al. [68] highlight in their 
review the role epigenetics has in the development of depression 
through early life stress in those with inherited high-risk variants [68]. 
Interestingly, the authors highlight demyelination of neurons as a result 
of a reduced number of oligodendrocytes due to a decrease in HDAC 
inhibition of acetylation. There is also an increase in DNA methylation of 
myelin-related genes, leading to reduced neuronal impulse trans-
mission. More recently, a single-nuclei RNA-seq study of major depres-
sive disorder patients revealed a large percentage of differentially 
expressed genes due to dysregulation [69]. DPP10 dysregulation resul-
ted in a change in deep layer neurons and has been previously linked to a 
range of NDDs, while FGF signalling genes were linked to a down-
regulation of interneurons. Moreover, oligodendrocyte progenitor cell 
dysregulation lead to a reduction in synaptic activity again linked to 
reduced myelination. Su et al. [70] delve further into the 3D epigenome 
changes implicated by applying confirmation capture, RNA-seq, and 
ATAC-seq to an NPC to neuron iPSC system [70]. From here the authors 
map NDD causal variants to chromatin contacts throughout develop-
ment, showing that gene variants associated with disorders such as 
ADHD and SCZ were found at open chromatin regions in neuronal cells, 
while ASD and antisocial personality disorders were linked to multiple 
other cell-types. The associated genes were involved with neurogenesis 
and vital developmental pathways and suggest NDD variants on open 
regions of these genes leads to a change in the growth and differentiation 
of neuronal cells. 

4.2. Cell-cell interactions 

Changes in cell proliferation can further lead to an alteration in the 
interactions between cells. As outlined in the previous section, studies 
have shown that changes in the interaction between oligodendrocytes 
and neurons can disrupt the formation of the protective myelin sheath 
and subsequent firing of action potentials along the axon. Many GWAS 
have shown risk genes associated with NDDs were largely involved with 
cell signalling and communication pathways [71,72]. One study pub-
lished very recently went further by using the single-nuclei RNA-seq 
dataset of the ASD brain and applied computational tools such as Cell-
Chat which extracts cell-cell communications [73]. The authors then 
examined pathway enrichment of ASD risk genes and their link to dis-
rupted cell interactions. This study revealed an increased interaction of 
deep-layer neurons compared to control samples as well as signalling 
between interneurons and upper-layer neurons. Furthermore, a 

downregulation in oligodendrocyte interactions was shown, supporting 
previous reports of neuronal demyelination. Again, FGF and neurexin 
genes were major contributors to the pathway and signalling changes 
which have been implicated in most NDDs. The importance of cell-cell 
communication in health and disease is outlined in more detail in a 
recent review from Longo et al. and how single-cell technologies and 
spatial transcriptomics can aid in this research [74]. 

4.3. Morphological disruptions 

Another process frequently implicated in NDD aetiology is neuronal 
migration. Heavily reliant on epigenetic signalling, neuronal migration 
involves the movement of new-born neurons in the SVZ upwards into 
the CP as they mature, and the subsequent organisation into cortical 
layers [52]. Increased neuronal migration can lead to a higher propor-
tion of immature neurons in the upper cortical layers and cortical 
thickening known as macrocephaly, while a decrease in migration 
causes neurons to remain in the deeper layers and lead to microcephaly. 
Macrocephaly in many NDDs is caused by mutations in negative regu-
lators such as EZH2, DNMT3A, EED, NSD1, CHD8 and SETD2. Moreover, 
mutations in the pathways associated with positive regulators such as 
BRG1, SMARCA2, KTM family proteins (KTM2A, KTM2B and KTM2D) 
and EHMT1 are linked with microcephaly [3,16]. This in turn can result 
in malformed neuronal connections and therefore affect signalling 
pathways. Another well-characterised gene commonly disrupted in this 
process is AUTS2. Despite its name as an autism susceptibility gene, 
AUTS2 has been found time and time again to be mutated in a large 
number of other NDDs, including epilepsy, SCZ, and ID [75]. This gene is 
also known to be vital in maintaining synapse function and neurogenesis 
and works in multiple brain regions, and therefore its mutation is 
associated with more severe forms of disorders. 

Cortical folding, also known as gyrification, is a process during the 
late stages of neurodevelopment that bends the cortical plate upwards 
(gyri) and inwards (sulci) into folds [76]. This helps to increase the 
surface area of the brain and allow for increased neuronal connectivity, 
a phenomenon most highly evolved in humans and not present in a lot of 
other mammals including mice and marmosets. Studies have shown 
cortical folding to be linked to neuronal migration, wherein a decrease 
in neurons migrating to the cortical layers results in a loss of folding. As a 
result, there is a loss of neuronal connections and this has been impli-
cated in a range of NDDs such as epilepsy and SCZ. Del Torro et al. show 
that an increase in progenitor cells is not enough to introduce cortical 
folding, however their FLRT family genes when knocked out cause an 
increase in neuronal migration in mice to allow for cortical folding [77]. 
Recent advances in neuroimaging such as Magnetic Resonance Imaging 
(MRI) has allowed the more in-depth study of this process and its 
disruption in disease. Furthermore, neuroimaging has also helped to 
highlight surface area, thickness, and volume across brain regions and 
NDDs, and can be combined with single-cell spatial transcriptomics to 
identify cell and gene drivers of disruption [78]. 

4.4. Synaptic disruption 

Common disruptions are crucial in developmental processes or 
pathways, contributing to the NDD aetiology. One such mechanism 
frequently interrupted is synaptic signalling. Synaptogenesis involves 
the development of synaptic terminals on the end of neuronal axons. 
This is usually initiated in the early stages of cortical development with 
an increase around gestation week 16 as neurons mature and persists 
throughout life [79]. These terminals act as a network between neurons 
to facilitate the firing of action potentials and the release of neuro-
transmitters. As the main point of connectivity and signalling in the 
brain, disruption to synapse development or function can result in 
delayed or disorderly behaviour, memory, and executive function, 
among many other neurological processes [80]. This disruption can 
either decrease or increase connectivity and transmission depending on 

A. Griffin et al.                                                                                                                                                                                                                                  



BBA - Gene Regulatory Mechanisms 1865 (2022) 194860

9

the affected pathway genes. For example, NLGN, NRXN and SHANK 
proteins are potential pre- and post-synaptic compartments that have 
been reported in NDDs. Loss of function mutations in NRXN1 leads to 
significant synaptic impairment with defects in proper neurotransmitter 
release [81]. Whereas mutations in NLGN4 or loss of function mutation 
of SHANK2 were reported to increase the excitatory synapse or hyper-
connectivity of excitatory neurons [82,83]. Nagahama et al. [95] show 
that a loss of SETD1A in the pre-frontal cortex leads to a decrease in 
neurotransmitter release in excitatory cells due to a loss of methylation, 
thereby leading to SCZ symptoms [84]. 

Fragile X syndrome (FXS) is the most common inherited cause of 
intellectual disability. FXS is caused by mutation of the FRM1 gene 
which leads to chromosomal instabilities of the X chromosome. FMR1 
gene codes for mRNA binding protein which regulates the transcription 
of synaptic mRNA in an activity-dependent manner [85]. This chro-
mosomal instability results in increased CGG repeats at the promotor 
regions that again affect the expression of MECP2 levels. These 
decreased levels of MECP2 results in synaptic deficits with an increase in 
spine density and increased immature spine shapes [86]. Reduced 
dendritic spine density is also one of the most common neuropatho-
logical alterations observed in SCZ individuals’ post-mortem brain 
samples [87,88]. Although the onset of SCZ occurs in young childhood 
or late adolescence it is hypothesized that failure to generate normal 
numbers of dendritic spines during early developmental stages results in 
reduced spine density observed in SCZ [88]. The KALIRIN-7 and CDC42 
genes have been shown to promote the spine outgrowth and mediates 
long-term potentiation induced spine growth [89,90]. These 2 genes are 
reported to have less expression in SCZ patients compare to healthy 
individuals that leads to reduced spine outgrowth [91]. 

To refine mature neuronal circuits after birth and into adolescent 
years, synapses undergo a process known as pruning wherein they are 
targeted for destruction allowing the neuronal wiring to change and 
adapt throughout life. Subsequently, this mechanism has been studied 
and revealed to be a contributor to NDDs [92]. Germann et al. [93] 
provide a detailed review on how synaptic pruning is implicated in SCZ 
development through dysfunctional microglia, mediated by the com-
plement system C3 and C4 and astrocytes or affected by environmental 
factors, and could therefore be a target for therapy [93]. Finally, Forsyth 
et al. [94] use functional genomics to reveal synaptic dysfunction due to 
CNVs of ASD and SCZ [94]. Genes experiencing the CNV were associated 
with neurotransmission and fetal neuronal development and many were 
seen overlapping between the two disorders. 

4.5. Gene disruptions 

Genetic studies of NDDs mainly involve GWAS to identify mutations 
present in a large-scale population which are then mapped to develop-
mental time-points and cell-types using healthy fetal samples. In 2019, 
the Cross Disorder Group of the Psychiatric Genomics Consortium 
(CDGPGC) performed a GWAS on over 200,000 disorder patients and 
almost 500,000 controls to analyse the relationship between 8 different 
neuropsychiatric disorders [95]. Variants found were mapped to risk 
genes and the disorders were compared, showing a significant clustering 
of disorders based on traits and time of onset. The gene sets affected in 
these disorders were then analysed in the fetal brain to see typical 
expression patterns and pathways involved to suggest aetiology. 
Another gene-variant study from Sey et al. [96] seen the development of 
a computational tool called H-MAGMA which combines Hi-C, an 
experimental method to analyse chromatin interactions and contacts, 
with SNP-trait data [96]. Through this, they demonstrate that genes 
interacting with non-coding regions that contain disorder SNPs were 
highly expressed in mid-gestation brain stages. Schork et al. [97] made 
use of the Integrative Psychiatric Research Consortium (iPSYCH) for 6 
disorders and show common and unique variant associations and their 
link to either the fetal or adult brain [97]. Effected genes were signifi-
cantly expressed in the fetal brain compared to the adult, with the 

largest proportion in earlier stages. They also show the disorder risk 
genes were enriched in radial glia and interneurons. A whole exome 
analysis from Singh et al. [98] identified SCZ risk coding and ultra-rare 
coding variants and show high enrichment of variants in genes linked to 
excitatory neuron and synaptic functions, most commonly NMDA re-
ceptor genes [98]. This shows that considering the rare and ultra-rare 
coding variants would potentially identify more risk genes associated 
with many NDDs. A final GWAS extracted SCZ risk SNPs and showed 
high enrichment of variants in genes linked to neuronal functions 
including synaptic organisation functions, differentiation, and trans-
mission [99]. Notably, the identified genes highly overlapped with 
almost all other NDDs. Even so, further analysis would be required in 
these studies to determine if the variant is truly having an impact on the 
regulation. For example, the use of CRISPR editing to introduce the 
variant to the non-coding loci and then analyse enhancer activity and 
gene expression or chromatin modification changes. Furthermore, it has 
been shown that only a very small amount of brain enhancer variants are 
reported to be causal for NDDs when compared to other disorders [100]. 

A few studies implement bulk-level epigenomics data to see the 
disruption of variants to gene networks. One study looks at multiple sets 
of shared genes among ASD, SCZ, and BD and showed differentially 
expressed gene networks enriched in neurotransmitter and synapse ac-
tivity, immune processes, and cortical development [101]. In a similar 
study, Gandel et al. (2018) [102] compare differentially expressed gene 
sets between five NDDs showing similar and unique networks [102]. 
Genes expressed in glial development pathways and regulation of syn-
apse function were upregulated in ASD, SCZ, and BD, while in MDD 
inflammatory and hormone pathways were enriched. Another study 
then went onto examining DNA methylation patterns in the NDD cortex 
and the role of the immune system [103]. Genes exhibiting differential 
methylation within the disorders showed enrichment in microglial 
function in the developing brain. As a result, immune system function is 
altered either through over- or under-activation leading to an improper 
brain damage response, a known cause of early developmental stage 
disorders such as ASD. 

Other such studies into NDDs and regulation focus on a particular 
gene or TF of interest known to have an involvement in the disorders. 
MECP2 gene, established in the pathogenesis of intellectual disabilities 
such as ASD and Rett syndrome, has been shown by many studies to 
exhibit disordered chromatin remodelling or synapse function during 
fetal brain development [104,105]. Furthermore, the histone methyl-
transferase ASH1L is seen disrupted in pre-frontal corticogenesis to give 
rise to seizure disorders and autism [106], while NMDA receptor genes 
are frequently involved in SCZ development in the same region through 
aberrant DNA methylation [107]. 

Still, in spite of what is known, a major caveat in epigenetic studies of 
NDDs is the inability to obtain fetal disorder samples. Past research 
described here had to rely on predicted correlations and mapping risk 
variants to fetal chromatin state and gene expression trajectories, 
causing a need for the development of new techniques and modelling 
methods. 

5. Single-cell epigenomics 

5.1. Single-cell methods 

The two most popular methods to uncover cell-level activity are the 
aforementioned scRNA-seq and scATAC-seq. Through these, single cells 
are isolated from tissue samples which then undergo RNA or accessible 
region extraction respectively for sequencing [108]. After sequencing, 
the library is demultiplexed to read the barcodes and a number of 
quality control and processing steps are carried out to filter low-quality 
data. Cells are then clustered together based on their similar and distinct 
gene expression profiles, beyond which downstream analysis can occur 
depending on the method of analysis. scRNA-seq data can be used to 
identify differentially expressed genes between cell-types or across time- 
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points and therefore indicate the changes in epigenetic regulation of 
target genes. Meanwhile, differentially accessible regions are shown 
through peak distribution and enrichment in scATAC-seq. Both ap-
proaches can also be examined for TF motifs to map regulatory land-
scapes (Fig. 6A) [108]. 

5.2. Single-cell Atlas of the developing brain 

Until recently, single-cell analysis on the developing brain provided 
low-quality data with very few cells due to the tissue complexity. Ad-
vancements in current technology and approaches have greatly helped 
in combating this, with new methods such as single-nuclei sequencing 
providing more high-throughput analyses. The main goal of studies was 
then to develop an atlas or map of cell-types in the developing brain 
across different time-points. 

One large-scale project has seen Cao et al. [109] outlining gene 
expression profiles with scRNA-seq while Domcke et al. [110] mapped 
accessibility with scATAC-seq in the human fetal cerebrum and cere-
bellum at mid- to late-gestational periods to develop an interactive on-
line platform for browsing. Similarly, Trevino et al. [111] examined 
epigenomics signatures in mid-gestation fetal cortex samples at a single- 
cell level using RNA-seq and ATAC-seq experiments [111]. Eze et al. 
[112] examined early stages of development from gestation week 6 to 10 
producing almost 300,000 cells from whole brain samples [112]. 
Finally, Bhaduri et al. [113] provide the current highest fetal scRNA-seq 
cell number at almost 700,000 cells from 13 mid-gestation brain samples 
with a sister study by Ziffra et al. [114] also the current highest cell 
number for scATAC-seq of the developing brain at 75,000 cells 
[113,114]. These studies combined provide a revolutionary map of cell- 
fate progression and chromatin state during human brain development 
that was previously unknown. As previously stated, computational tools 

now exist to obtain further information from these datasets such as TF 
binding prediction, enhancer activity, cell-fate trajectory, and master 
gene regulators to visualise a more comprehensive picture of mecha-
nisms controlling brain development. 

5.3. Single-cell study of neurodevelopmental disorders 

Single-cell analysis of NDDs has provided much-needed insight into 
the mechanisms affected in the brain during pathogenesis. For example, 
Velmeshev et al. [39] performed a single-nuclei RNA-seq analysis of 
post-natal ASD and control frontal cortex samples to determine the 
extent to which genes were being differentially expressed in specific cell- 
types. They concluded that upper-layer neurons and microglial cells 
were the most dysregulated having a high number of differentially 
expressed genes and highly correlated with disorder severity. This has 
been the only study published to-date investigating ASD using single-cell 
genomics on human disorder brain samples yet despite the insight into 
differential gene expression and molecular changes, a gap remains in the 
epigenetic regulatory contributions. Nagy et al. [69] provide the only 
other NDD single-cell dataset currently available, looking at dorsolateral 
prefrontal cortex samples of adult major depressive disorder (MDD) 
patients [69]. They show the highest contributors to the disorder are 
deep-layer excitatory neurons and precursor cells of oligodendrocytes, 
in which almost half of all genes were differentially expressed. Given the 
nature of the disorder, this presents an interesting new target for treat-
ment and further research. 

The two former studies remain the only single-cell studies on NDD 
brain samples to date, with other single-cell studies instead mapping risk 
variants or genes to healthy developing brain datasets. For example, 
Pang et al. [115] integrated published mid-gestation fetal cortex scRNA- 
seq data with known genes of NDDs to identify processes affected by 

Fig. 6. Methods for studying neurodevelopment. (A) Single-cell analysis through RNA-seq, ATAC-seq, and DNA methylation allows for the exploration of differ-
entially expressed genes, accessibility, TF enrichment, and methylation changes. This can be applied to developmental stages or disorder samples to map NDD 
pathogenesis. (B) Brain organoid cultures derived from hiPSCs carried out for at least 20 days allow 3D modelling of brain structures and cell-types, showing to reflect 
human development more accurately than monolayer cultures or mouse models. 
Created with BioRender.com. 
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genetic mutations. Olislagers et al. [116] integrated 42 different GWAS 
for neuropsychiatric disorders with healthy scRNA-seq to show multiple 
neuronal subtypes and cognitive performance linked to SCZ and BD 
[116]. However, this study claims astrocytes have no direct genetic 
connection to NDDs despite being shown repeatedly in several studies. 
After generating a scATAC-seq dataset of the human developing brain 
and studying regulatory elements, Ziffra et al. [114] incorporate non- 
coding variants of common NDDs [114]. Through this we have seen a 
significant association of deep-layer excitatory neurons and microglia 
with the variants, with enhancer regions in most cell-types overlapping 
with variants in ASD. 

The use of single-cell analysis allowed for the detection of dysregu-
lated genes in specific cell-types in multiple disorders, however this is 
based solely on prediction and may not be representative of the actual 
pathogenesis. Nevertheless, due to the inability to obtain fetal samples 
of NDDs as the diagnosis is only possible after birth, this correlation of 
risk genes and variants to healthy fetal datasets remains the best 
approach to determine the stage of disorder impact. With currently no 
published studies providing any other type of single-cell disorder data-
sets such as scATAC-seq or any other types of NDDs, it is clear that a 
huge research gap still needs to be filled. This was previously mitigated 
by the lack of access to disorder samples or the inability to appropriately 
sequence complex brain tissue, yet with the recent advances in single- 
cell epigenomics technologies and the modelling of human disorders 
this data is looking more and more promising [117]. 

6. In vitro models 

6.1. hiPSC models 

The integration of hiPSCs into modern research methods has greatly 
paved the way for innovative and realistic advancements. hiPSCs are 
derived from patient tissue samples and cultured in vitro, induced to 
develop into the desired cell-type in a model system. More recently, 
brain organoids are helping to combat the caveats with monolayer 
cultures and other such methods for studying neurodevelopment. 
Human fetal tissue can be difficult to obtain with many associated 
ethical issues, and human post-mortem tissue samples have many factors 
such as genetics and environmental impact that can cause bias and batch 
effects. It can also be difficult and unreliable to use when studying 
neurogenesis, as adult neurogenesis is dissimilar to embryonic which 
cannot be accurately replicated in post-mortem tissue samples [118]. 

Furthermore, there are many problems when using animal models 
outside of ethical issues. Although the mouse brain has been useful in 
studying neurodevelopment as the cortex develops in the same way, the 
structure of the murine brain is slightly different from humans. The 
mouse cortex has a lot less complexity within the layers, with very little 
outer RG and less formation in the outer SVZ. It also has a much smaller 
surface area as there is no cortical folding (gyrification), and therefore 
cannot accurately represent the development of the human brain [52]. 
Organoids therefore allow for a better understanding of developmental 
processes that could not be accomplished through monolayer cell cul-
tures or animal models. This system will also negate the use of animals in 
research to provide a more ethical and accessible practice. 

6.2. Use of organoids for neurodevelopmental studies 

Cerebral organoids were developed by Lancaster et al. in 2013 to 
make it possible to study the complexity and developmental features of 
the human brain [119]. The researchers used embryoid bodies produced 
from hiPSCs to generate neuroectodermal tissue, which is then cultured 
to promote 3D tissue growth. Neural identity should appear eight to ten 
days after the initial culture, with more defined brain regions formed at 
20–30 days (Fig. 6B). 

The processes of neural migration and differentiation are well- 
established in brain organoid models, and the outer SVZ and RG 

elements that are missing from animal models are present with the six 
layers of the CP clearly defined [118]. Protocols have been constructed 
and optimised for different structural regions of the brain, such as the 
hippocampus, forebrain, and midbrain. The cerebral model developed 
by Lancaster et al. also accurately reflects the organisation and processes 
in the dorsal telencephalon, making it an extraordinary model for 
studying epigenetic regulatory mechanisms during development. How-
ever, this earlier method was proven to not accurately reflect later stages 
of brain development. 

In more recent years, pipelines have been developed to extend the 
usefulness of cerebral organoids long-term to study late development 
and even post-natal stages. From the same lab, Lancaster et al. modify 
their original protocol to increase the organoid size and allow more 
oxygen and nutrients to reach the inner regions of the culture [120]. 
This results in a longer lifespan of the tissue to facilitate neuronal 
maturation and axon outgrowth over several months. Gordon et al. 
[121] extend the culture into post-natal stages after 300 days in culture 
with developmental epigenetic and transcriptomic processes preserved, 
beyond which the organoids become less accurate and reproducible 
[121]. When coupled with single-cell sequencing it is then possible to 
examine the cell level disruptions, adding to the discovery. 

6.3. Use of organoids for disorder research 

With the introduction of mutations and SNP risk variants using 
patient-derived hiPSCs or genome editing methods such as CRISPR- 
Cas9, we can examine the functional, structural, and phenotypic 
changes to the brain at different stages of development compared to a 
healthy model. This is a particularly useful approach when studying 
neurological disorders such as ASD, which has been shown to develop at 
early embryonic stages despite the lack of human developmental studies 
[122]. Current NDD studies using organoids have focused on editing 
known high-risk genes to increase or decrease expression or introducing 
risk variants to examine the effect it has on gene regulation and neuronal 
proliferation. 

Schafer et al. model ASD in organoids using patient-derived hiPSCs 
and showed cortical thickening and accelerated growth patterns of 
cortical cells likely due to disruption to the factors controlling NSC fate 
[123]. More recently, Paulsen et al. performed scRNA-seq and scATAC- 
seq of more than 700,000 cells in organoid models of 3 ASD hap-
loinsufficiencies showing increased neurogenesis and differential 
accessibility with decreased neuronal circuitry [124]. More specific cell- 
types can also be focused on when culturing organoids, as shown by Park 
et al. who used cortical interneurons co-cultured with microglia derived 
from SCZ patients [54]. Through this method, the authors identified the 
disruption of multiple vital pathways such as synapse formation and 
mitochondrial function, which was then reversed by adding treatment to 
the organoids. Using the previously mentioned organoid slice cultures, 
Qian et al. model SCZ pathology using iPSCs with a DISC1 mutation and 
show cortical layers become disorganised as cell-types lose the ability to 
migrate [125]. 

Brain organoids also present a valuable method to investigate envi-
ronmental consequences on development. For example, studies have 
used this system to see the effect of viruses, medication or drug use, 
hypoxia, or stress on the development of the brain and how it can disrupt 
gene and pathway regulation [126]. Furthermore, these cultures can 
allow the studying of morphological changes present in NDDs previously 
mentioned, such as microcephaly or macrocephaly and changes to 
cortical folding not seen in mouse models. Despite the limitations out-
lined, brain organoids remain a revolutionary way of studying molecular 
and epigenetic mechanisms in the developing brain and understanding 
the pathogenesis and affected interactions in NDDs, especially when 
combined with single-cell epigenomics. 
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7. Ex-Vivo cultures 

Despite in vitro organoid models becoming a promising model for 
NDD research, they still do not accurately reflect the anatomy of the 
cortical layers. One method gaining attraction to combat this are orga-
notypic brain slices cultures (OBSCs) which exhibit all 3D layers with 
both neuronal and non-neuronal cell-types and serve as easy models for 
gene manipulation [128,129]. This is highly relevant as the system al-
lows the studying of changes in cell-types other than neuronal pop-
ulations, which is observed in many NDDs. For example, Croft et al. in 
2019 explain nicely how the OBSCs are utilised to model neuro-
vegetative proteinopathies [130], while other studies employ OBSCs to 
model the toxic effect amyloid-β oligomers have on the gene expression 
profile and Tau phosphorylation in AD [131,132]. Furthermore, OBSCs 
have been utilised for drug discovery and development in more recent 
years [133]. Given their potential and the recent advances in single-cell 
multi-omics technologies, OBSCs propose an extraordinary model to 
study NDDs. 

8. Conclusion and future directions 

Recent advances in the study of epigenetics during brain develop-
ment have provided much-needed knowledge on the regulatory net-
works at play and provide a landscape for the study of NDDs. In 
particular, improvements to single-cell technologies and human model 
systems have enabled a more comprehensive view of human develop-
ment not previously known, especially when using a multi-omics 
approach. Nevertheless, there are still many knowledge gaps that need 
to be a focus of future studies. Despite a wide number of genes, path-
ways, and mutations knowingly involved in the pathogenesis of NDDs, 
there remains a lack of therapeutic intervention that builds upon these 
discoveries. Furthermore, the pathways that govern the co-occurrence of 
certain neurodevelopmental disorders remain unclear. Future studies 
mapping aberrations in gene regulatory pathways to distinct develop-
mental time-points and cell-fate decisions while replicating the process 
in human in vitro models will help a better understanding of the cause 
and risk of regulatory disruptions and affected pathways involved in the 
aetiology of NDDs. This in turn will aid in advancing approaches to-
wards a better diagnosis and therapy for these disorders. 
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