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Abstract

Epigenetic regulation plays an important role in controlling gene expression during complex 

processes, such as development of the human brain. Mutations in genes encoding chromatin 

modifying proteins and in the non-protein coding sequences of the genome can potentially 

alter transcription factor binding or chromatin accessibility. Such mutations can frequently cause 

neurodevelopmental disorders, therefore understanding how epigenetic regulation shapes brain 

development is of particular interest. While epigenetic regulation of neural development has 

been extensively studied in murine models, significant species-specific differences in both the 

genome sequence and in brain development necessitate human models. However, access to human 

fetal material is limited and these tissues cannot be grown or experimentally manipulated ex 
vivo. Therefore, models that recapitulate particular aspects of human fetal brain development, 

such as the in vitro differentiation of human pluripotent stem cells (hPSCs), are instrumental 

for studying the epigenetic regulation of human neural development. Here, we examine recent 

studies that have defined changes in the epigenomic landscape during fetal brain development. 

We compare these studies with analogous data derived by in vitro differentiation of hPSCs into 

specific neuronal cell types or as three-dimensional cerebral organoids. Such comparisons can be 

informative regarding which aspects of fetal brain development are faithfully recapitulated by in 
vitro differentiation models and provide a foundation for using experimentally tractable in vitro 
models of human brain development to study neural gene regulation and the basis of its disruption 

to cause neurodevelopmental disorders.
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1. Introduction

Epigenetic regulation plays a central role in brain development, enabling dynamic control 

of gene expression in developmental time and space. During embryonic development, 

large-scale changes in gene expression and chromatin structure occur, upregulating lineage­

specific genes and downregulating pluripotency genes and genes expressed in other lineages. 

Epigenetic regulation alters gene expression by modification of histone tails (for example, 

adding acetylation or methylation), by altering chromatin accessibility, or by methylating 

DNA. Human brain development is a protracted process, encompassing much of gestation 

and producing a diversity of cell types. Accordingly, many different epigenetic regulatory 

mechanisms shape developmental transitions to generate distinct neuronal and glial cell 

types (Zhao and Bhattacharyya, 2018). Epigenetic regulation of neural development 

is of particular interest because mutations in genes encoding proteins that modify or 

remodel chromatin are highly over-represented as contributors to the etiology of multiple 

neurodevelopmental disorders (NDDs), including autism spectrum disorder (ASD) (Lewis 

and Kroll, 2018; Loke et al., 2015). Moreover, many NDD risk variants are located in 

non-protein coding sequences in the genome, where variation may impact gene regulation 

by altering transcription factor (TF) binding, chromatin accessibility, or other regulatory 

mechanisms (Zhou et al., 2019).

Although epigenetic regulation of neural development has been studied extensively 

in murine models, there are substantial differences between human and murine brain 

development. These differences include a greater diversity of neural cell types and 

brain structures in humans, a longer neurodevelopmental timeline, human-specific disease 

phenotypes not seen in mouse models, and substantial differences in the genome sequence, 

particularly in non-protein coding regions of the genome (Clowry, 2015; DeFelipe, 2011; 

Jones, 2009; Letinic et al., 2002; Zhao and Bhattacharyya, 2018). Therefore, the use of 

human models is necessary to understand neurodevelopment and its disruption to cause 

NDDs.

Currently, human neural development can be studied through embryonic and fetal cells/

tissues or using models mimicking particular aspects of this process (Fig. 1). However, 

the use of fetal and embryonic material is challenged by limited access and the inability 

to grow or genetically manipulate these tissues ex vivo, making the study of human 

brain development difficult. Despite such challenges, some large-scale efforts, including the 

Encyclopedia of DNA Elements (ENCODE) and the NIH Roadmap Epigenomics projects, 

have transcriptionally and epigenetically profiled many cell and tissue types from the 

developing human fetus, including the brain (ENCODE Project Consortium, 2012; Kundaje 

et al., 2015). In vitro models, which mimic developmental processes by differentiation 

of human pluripotent stem cells (hPSCs), can also be used to study aspects of brain 
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development without the limitations of using fetal tissue. Here, we discuss transitions in 

the epigenetic landscape that occur during fetal brain development in vivo and compare 

these with data obtained for analogous cell or tissue types during the directed differentiation 

of neurons from hPSCs in vitro.

2. Epigenetic regulation of gene expression

The major classes of proteins or protein complexes which modulate the epigenome 

include those that read, write, or erase histone protein tail modifications, remodel the 

histone-DNA structure, and methylate DNA (Hyun et al., 2017; Sadakierska-Chudy and 

Filip, 2015). These regulators influence chromatin accessibility, creating euchromatin, 

which is transcriptionally accessible, or heterochromatin, which is transcriptionally inactive. 

Although DNA methylation is an important mechanism of epigenetic regulation, many 

excellent reviews have already been published on this topic (Greenberg and Bourc’his, 

2019; Hirabayashi and Gotoh, 2010; Jang et al., 2017). Instead, we focus predominantly on 

epigenetic regulation through histone modification and chromatin remodeling, as well as the 

associated changes in chromatin state. Chromatin consists of nucleosomes comprised of a 

histone octamer, around which DNA is wrapped. The ‘tails’ of histone proteins can acquire 

different post-translational modifications, influencing overall chromatin structure (Bowman 

and Poirier, 2015). Histone modifications that are particularly important for developmental 

gene regulation include tri-methylation of histone 3 lysine 27 (H3K27me3), a repressive 

modification; H3K4me3, a modification associated with active gene expression; and 

H3K27ac, a modification associated with active CREs (e.g. enhancers). Often, H3K27me3 

and H3K4me3 are present together near gene promoters, creating a ‘bivalent state’ where 

genes are ‘poised’ for activation (by the removal of H3K27me3) or repression (by the 

removal of H3K4me3) during development (Burney et al., 2013). As development is a 

dynamic process during which cells must respond rapidly to cues related to their location 

and identity, modulating gene expression in this manner during developmental transitions is 

particularly important.

Several assays are commonly used to study chromatin state, each of which has strengths 

and limitations. Chromatin immunoprecipitation followed by sequencing (ChIP-seq) uses 

an antibody directed against a protein of interest (e.g. a particular histone modification) 

to enrich for the chromatin regions bound by the protein. These protein-bound regions are 

then identified by sequencing. Although ChIP-seq is a powerful tool, it often results in a 

high background of non-selective sequence immunoprecipitation. Additionally, it requires a 

large number of cells and an antibody that can recognize a crosslinked epitope. To assess 

the general accessibility of chromatin, the Assay for Transposase-Accessible Chromatin 

with high-throughput sequencing (ATAC-seq) is commonly used, as it requires fewer cells, 

with single-cell analysis now feasible (Buenrostro et al., 2015). Prior to the development 

of ATAC-seq in 2015, DNase-seq (also known as DNase hypersensitivity) and MNase-seq 

were also commonly utilized to assess chromatin accessibility (Klein and Hainer, 2020; 

Tsompana and Buck, 2014). Like ChIP-seq, DNase/MNase-seq assays require larger cell 

numbers (tens to hundreds of millions of cells) by comparison with ATAC-seq (Wj, 2014). 

Nonetheless, ChIP-, DNase-, and MNase-seq have been used to identify key information 

about chromatin state changes during human brain development and are incorporated into 
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this review. The advantages and disadvantages of using these assays to assess chromatin 

state in the context of each model (i.e. in fetal tissue, during in vitro differentiation of 

hPSCs, or in cerebral organoids) are discussed in each section below, especially with 

respect to limitations pertaining to the numbers or homogeneity of cells assessed in each 

model. Below, we describe extant data that contribute to our understanding of epigenetic 

regulation of human brain development, as well as outline knowledge gaps that remain 

unresolved, particularly related to understanding regulation of chromatin state at neuronal 

cell type-specific resolution.

3. Epigenetic regulation in the fetal brain

3.1. Background

Human brain development begins in the third gestational week (GW) with the formation 

of the neural plate (Fig. 2) and extends beyond birth (Stiles and Jernigan, 2010). Using 

human embryonic or fetal cells or tissues to study epigenetic regulation of human brain 

development poses several challenges (Moradi et al., 2019). These challenges involve both 

ethical considerations and practical limitations related to access to human fetal material; 

specifically, very limited materials can be obtained from each embryo and these materials 

cannot be expanded or experimentally manipulated ex vivo. The consequences of these 

limitations are that sample size, and therefore biological replicate numbers, for these studies 

are often small, encompassing cells or tissues derived from only a few (or sometimes 

only one) unique embryo(s) or fetus (es) (Supplementary Table 1). Additionally, materials 

for study are obtained from a small, developing embryo with limited numbers of cells 

which are not expandable, limiting the number of different chromatin features that can be 

evaluated. This limited material availability is particularly problematic for methods like 

ChIP-seq, where assessing enrichment for each histone modification or chromatin-bound 

protein requires a large number of cells (more than one million per experimental replicate). 

Consequently, different histone modifications must usually be profiled using material from 

different embryos, increasing variability and making cross-comparisons more challenging. 

Given these limitations related to material availability, studies typically focus on a small 

number of histone modifications, or solely on chromatin accessibility, to increase the 

number of biological replicate experiments that can be conducted (Table 1; Supplementary 

Table 1). Finally, since embryonic development is a dynamic process involving constant 

changes in cell identity and physical location, profiling neural development with spatial 

and cell type-specific resolution is challenging. Several studies have performed epigenetic 

profiling on dissected tissues, which provides some spatial resolution but further reduces cell 

numbers available for any particular assessment (Supplementary Table 1).

As ATAC-seq requires far fewer cells than ChIP-seq, it is more amenable to studies 

using fetal tissue; however, it does not provide information regarding changes in histone 

modification state that centrally regulate development, such as the transition from 

bivalent to active chromatin (Buenrostro et al., 2015). Other strategies include combining 

transcriptional and epigenetic profiling (either using dissected tissues or single cells), 

enabling cell type to be inferred from gene expression (Supplementary Table 1). However, 

analysis of such data is predicated upon understanding the transcriptional identity of diverse 
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cell types at each developmental stage; this information is often unavailable due to our 

inability to trace and genetically manipulate human fetal cells. The advent of single-cell 

sequencing technologies has improved our ability to obtain transcriptional and epigenetic 

data with spatial and cell type-specific resolution (Armand et al., 2021; Kundaje et al., 2015; 

Rotem et al., 2015). Below we survey epigenetic studies of human fetal brain development, 

focusing on profiling of histone modification state and chromatin accessibility using both 

bulk and single-cell methods.

3.2. ChIP-seq: histone modifications

Despite the challenges described above, several studies have assessed key histone 

modifications in the developing human brain, including H3K4me3, H3K27me3, and 

H3K27ac (Table 1; Supplementary Table 1). Initial work to profile these modifications 

and others was performed as part of the Human Reference Epigenome Mapping Project 

and is described with other data from this project below. In addition to these studies, Yan 

et al. profiled the epigenomic landscape of human fetal brain, heart, and liver (Yan et 

al., 2016). Using two technical replicates from 12 GW embryos, they used ChIP-seq to 

assess H3K4me1, H3K27ac, H3K4me3, and H3K27me3, and performed sequential ChIP­

seq for H3K27me3/H3K4me3 to identify bivalent domains. As expected, many putative 

CREs identified by H3K27ac enrichment exhibited tissue- and developmental stage-specific 

enrichment by comparison of peaks present in fetal brain, heart, and liver, and with other 

H3K27ac peak datasets from corresponding adult tissues and from hESCs. Significantly, 

both putative fetal brain-specific enhancers and bivalent domains were predicted to regulate 

genes important for neural development. The authors also identified several so-called ‘super­

enhancers,’ defined as large (20–50 kb) regions enriched for H3K27ac signal. These ‘super-­

enhancers’ usually correspond with and contribute to regulating tissue-and stage-specific 

gene expression; in this study, they were predicted to regulate genes known to regulate 

neuronal development (Yan et al., 2016). Although this work was limited in terms of the 

biological replicates utilized and only analyzed one developmental time point, these data 

from Yan et al. provide a useful resource and excellent example of the types of analyses 

and comparisons that can be performed with ChIP-seq and RNA-seq data generated for the 

developing human brain.

Epigenetic profiling of human fetal cortical development over time was also performed in 

2018 by Li et al., in work supported by the PsychENCODE and Brainspan Consortia (Li 

et al., 2018). This large, collaborative effort assessed the transcriptomic and epigenomic 

landscape across human brain regions and cell types through both pre- and postnatal 

development. Comprehensive details of the samples, assays, and time points analyzed are 

provided in Supplementary Table 1. In short, up to 16 brain regions were dissected in 

more than 60 postmortem human brains, ranging from five post-conceptional weeks (PCW) 

to 64 years of age, and assays including RNA-seq, single-cell RNA-seq (scRNA-seq) and 

ChIP-seq for several histone modifications (H3K27ac, H3K4me3, and H3K27me3) were 

performed. Although we focus here only on findings from the prenatal samples, further 

comparisons to data from the postnatal brain can serve as a useful tool to identify regulatory 

mechanisms that are unique to the developing human brain. For the prenatal samples, the 

study incorporated histone ChIP-seq data from 17, 19, 21, and 38 PCW embryos with RNA­

Lewis et al. Page 5

Neurochem Int. Author manuscript; available in PMC 2021 August 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



seq and other data generated from the developing human brain (such as DNA methylation) 

(Li et al., 2018). This data can be used to define which developmental stages and brain 

regions in vitro cellular models of cortical development most closely resemble, based upon 

histone modification state.

3.3. ATAC-seq

Requiring far fewer cells than ChIP-seq and offering a comprehensive landscape of 

chromatin state, ATAC-seq is a useful tool to study in vivo human brain development (Table 

1; Supplementary Table 1). In 2018, de la Torre-Ubieta et al. used ATAC-seq to extensively 

assess chromatin accessibility and to compare accessibility with changes in gene expression 

in the developing human cortex (de la Torre-Ubieta et al., 2018). They dissected tissue in 

the ventral germinal zone (GZ; a neural progenitor/radial glia-rich layer below the cortical 

plate (CP)) and the dorsal CP (containing differentiating neurons) from the developing 

forebrain of three female embryos between 15 and 17 PCW. They identified a significant 

number of differentially accessible regions between the CP and GZ and demonstrated a 

high correlation between increased chromatin accessibility and expression of the associated 

genes. Importantly, they showed significant overlap between their data and chromatin 

accessibility data generated for similar sample types by the NIH Roadmap Epigenomics 

Project. They also used previously published Hi-C data, which analyzed genome-wide 

chromatin organization in matched stages and tissue types (Won et al., 2016), to demonstrate 

that their identified distal CREs were associated with key genes specific to human cortical 

neurogenesis, including human-specific enhancers. They were also able to test the functional 

significance of two of their predicted enhancers, which regulated the FGFR2 and EOMES 
genes, by experimentally manipulating their sequences (de la Torre-Ubieta et al., 2018).

Markenscoff-Papadimitriou et al. recently expanded on this chromatin accessibility work 

from de la Torre-Ubieta et al., assessing chromatin accessibility in the developing human 

cortex with increased temporal and anatomical specificity (Markenscoff-Papadimitriou et 

al., 2020). They dissected nine regions of the mid-gestation (14–19 GW) telencephalon, 

including six cortical regions and the medial, lateral, and caudal ganglionic eminences. 

They identified predicted regulatory elements with differential accessibility between the 

regions and time points studied and correlated these with gene expression. The functional 

significance of these regions was tested in several ways, including by luciferase assay in 

neuroblastoma cells and using CRISPR-mediated gene activation (CRISPRa) in a mouse 

model. Interestingly, two separate sequence variants were identified in the same regulatory 

element associated with SLC6A1, a gene that causes neurodevelopmental disorders 

when mutated. When tested by luciferase assay, the two SLC6A1-associated regulatory 

element variants reduced reporter expression (Markenscoff-Papadimitriou et al., 2020). The 

chromatin accessibility and gene expression data presented by Markenscoff-Papadimitriou 

et al. provide a valuable resource, both for comparisons with future studies of chromatin 

accessibility in developing human brain and for integration with other fetal brain data. 

Such data may include ChIP-seq for histone modifications or TF binding and transcriptional 

profiling by single-cell or bulk RNA-seq.
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The utility of integrating different types of genome-wide data was already demonstrated in 

a study comparing bulk tissue ATAC-seq data (de la Torre-Ubieta et al., 2018) with scRNA­

seq profiling of 40,000 cells from the developing human brain, using four female embryos 

between 17 and 18 PCW (Polioudakis et al., 2019). Combining these high-resolution 

transcriptome data with information about chromatin accessibility allowed them to predict 

binding and co-expression of TFs previously associated with specific cell types and to 

identify new regulators of gene expression in a variety of neuronal cell types. This data 

integration also enabled associations to be drawn between genetic variants that affect 

both risk for neuropsychiatric disorders and regulation of neuronal cell type-specific gene 

expression. For example, variants associated with schizophrenia (SZ) risk were associated 

with gene regulation in multiple neural cell types, including neural progenitors, interneurons, 

and glutamatergic neurons (Polioudakis et al., 2019). This study by Polioudakis et al. 

demonstrates the utility of integrating transcriptional and epigenetic data to gain a deeper 

understanding of human cortical development and to associate these findings with genetic 

data related to risk for neurodevelopmental or neuropsychiatric disorders.

In addition to scRNA-seq, scATAC-seq can provide valuable information about chromatin 

accessibility in specific cell types in the developing brain, which bulk analysis cannot 

resolve. In a recent manuscript, currently available only as a pre-print, Ziffra et al. profiled 

chromatin accessibility by scATAC-seq for cells from distinct regions of the developing 

human forebrain (Ziffra et al., 2019). They profiled >75,000 cells from six mid-gestation 

embryos, preserving information about anatomical region of origin (eight distinct areas) 

for three embryos, while also analyzing bulk tissue from three embryos. Significantly, they 

could identify differentially accessible peaks between different cell types and regions, while 

also observing significant overlap between their data and enhancers identified in another 

study of bulk cortex tissue, defined by H3K27ac enrichment (Reilly et al., 2015), as well as 

human-specific forebrain enhancers available through the VISTA Enhancer Browser (Visel 

et al., 2007). They also analyzed enriched TF binding motifs in the sequences underlying 

neuronal cell type-specific H3K27ac peaks and found enrichment for binding motifs for 

TFs known to act in that cell type, such as enrichment for binding motifs for NKX2–1 

in medial ganglionic eminence (MGE) progenitors. Although the functional significance 

of these predicted enhancers cannot be tested in human embryos, Ziffra et al. employed 

the recently developed activity-by-contact (ABC) model, which predicts enhancers by 

integrating H3K27ac ChIP-seq, gene expression, chromatin accessibility, and Hi-C datasets 

(Fulco et al., 2019). This powerful tool allowed them to identify sets of high-confidence 

putative enhancers for each cell type in the human fetal brain and to predict their target 

genes. As discussed below, this study by Ziffra et al. also performed scATAC-seq in cortical 

organoids, identifying a number of shared peaks between the fetal cerebral cortex and 

cortical organoids, but also showing that a significant portion of peaks identified in primary 

fetal cells were missing in organoids (Ziffra et al., 2019). While the data from this work 

are not yet publicly available, they should serve as a resource to understand cell type- and 

region-specific regulation of human cortical development and will also be useful to compare 

to other in vitro models of human brain development.
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3.4. Human accelerated regions

Although ~99% of the DNA sequence is identical in both the human and chimp genome, 

about 5% of human DNA sequences have been rearranged, copied, or deleted by comparison 

to their chimp counterparts (Kehrer-Sawatzki and Cooper, 2007; Watanabe et al., 2004). 

About 5–10% of the human genome is under positive evolutionary selection, remaining 

invariant across mammals and thus likely functional. However, some evolutionarily 

conserved regions - termed human accelerated regions (HARs) - exhibit significantly 

accelerated nucleotide substitution rates, specific only in the human (Pollard et al., 2006) 

and ape lineages (del Rosario et al., 2014; Kostka et al., 2018). Other studies have 

characterized HARs that arose after the divergence of Homo sapiens from other hominid 

species (Meyer et al., 2012; Prüfer et al., 2014). The function of most HARs have not been 

elucidated, but many are intergenic and located near developmental genes (Capra et al., 

2013); thus they may act as developmental enhancers or long noncoding RNAs (Franchini 

and Pollard, 2017; Levchenko et al., 2017; Li et al., 2019). Mutated HARs have also 

been implicated in neurodevelopmental disorders, such as ASD. Doan et al. discovered that 

individuals with ASD had a 6.5-fold enrichment for rare de novo copy number variants in 

HARs than sibling-matched controls (Doan et al., 2016). Furthermore, ASD probands have 

an excess of rare biallelic point mutations in HARs; such mutations in HARs that are active 

in neurons can contribute ASD risk to approximately 5% of individuals in a family.

In 2015, Prescott et al. epigenetically profiled cranial neural crest cells (CNCCs), using 

pluripotent-stem-cell-based in vitro differentiation models in both human and chimp 

(Prescott et al., 2015). The authors studied histone modifications associated with active 

regulatory elements (H3K4me1, H3K4me3, and H3K27ac) and performed ATAC-seq in 

both models. Approximately 6% of human CNCC enhancers showed increased or decreased 

enhancer activity in chimpanzees. Interestingly, human CNCC enhancers overlapped with 

163 HARs, while functional testing of 20 of these enhancers demonstrated species-biased 

activity (Prescott et al., 2015). Kanton et al. also compared potential gene regulatory 

mechanisms in human and chimpanzee stem cell-derived cerebral organoids using bulk and 

single-cell accessible chromatin profiling by ATAC-seq (Kanton et al., 2019). Differentially 

accessible peaks had significant numbers of single nucleotide changes (SNCs) that are 

conserved in humans and unique versus other primates. Some SNCs are thought to create 

new or interfere with current TF binding sites. The authors further annotated accessible 

regions, defining species-specific potential regulatory regions near differentially expressed 

genes that have human-conserved SNCs or that are HARs, identifying 62 HARs that 

intersected with these differentially accessible peaks. Differentially expressed genes like 

cadherin 7 (CDH7), a gene expressed in human but not chimp neurons, were close to 

some of these HARs, and were perhaps linked to their activity (Kanton et al., 2019). In 

2015, Reilly et al. also profiled H3K27ac and H3K4me2 to compare active enhancers 

and promoters during human, rhesus macaque, and mouse corticogenesis, pinpointing 

increases (gains) in their activity in humans. Eight thousand nine hundred and ninety-six 

nonoverlapping enhancers and 2855 promoters in total exhibited gains of these enhancer­

associated histone modifications in humans. Whether such increases resulted from human­

specific sequence changes was also analyzed. While 48 HARs showed increased H3K27ac 

or H3K4me2 in the human cortex in general, these gains were not associated with 

Lewis et al. Page 8

Neurochem Int. Author manuscript; available in PMC 2021 August 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



significant human-only accelerated sequence variation (Reilly et al., 2015). Nonetheless, 

these enhancer-associated histone modification gains were consistently associated with 

genes important for cortical development and similar increases in H3K27ac enrichment 

also occur in regions with ancestral regulatory activity, such as promoters or enhancers 

that are also H3K27ac enriched in rhesus and mouse cortices. Any human-specific gains 

not enriched in rhesus or mouse may indicate de novo regulatory mechanisms developed 

through human evolution.

The evolution of human-specific gene regulatory features during neural development might 

further be driven by transposable elements (Trizzino et al., 2017), which can either act as 

enhancers or interfere with transcription (Shapiro, 2017). In 2015, Notwell et al. reported 

that a specific family of transposable elements (MER130) was enriched in active enhancers 

associated with neocortex development in the mouse (Notwell et al., 2015). Of particular 

recent interest are Krüppel-associated box (KRAB) domain-containing zinc-finger proteins 

(KZFPs), a rapidly evolving family of TFs that can bind transposable elements (Ecco et 

al., 2016; Imbeault et al., 2017). KZFPs transcriptionally silence transposable elements by 

recruiting other chromatin binding proteins, such as SETDB1 (Pontis et al., 2019). An 

evolutionary “arms race” between transposable elements and KZFPs in turn may contribute 

to the evolution of human-specific features of gene regulatory networks, which are of 

interest for understanding human neural development and disease.

3.5. Other fetal epigenetic data obtained from consortium-based projects

In addition to the previously described PsychENCODE and Brainspan consortia (Li et al., 

2018), fetal brain epigenetic data has been collected by other consortia-supported efforts, 

including the NIH Roadmap Epigenomics Program and the ENCODE project (ENCODE 

Project Consortium, 2012; Kundaje et al., 2015). Many of these consortia-acquired datasets 

are outlined in Supplementary Table 2. Some of these data are also included in other 

published analyses, for example, for comparison to epigenomes of other fetal cell types 

(Kundaje et al., 2015). Since this work is not specific to fetal brain development, we 

focused here on highlighting and summarizing the available fetal brain data and creating 

a curated database (Supplementary Table 2), which may serve as a resource for readers 

seeking extant fetal brain epigenetic datasets for their analyses. The fetal brain epigenetic 

data were collected by researchers at the University of Washington, The Broad Institute, 

and a joint University of California San Francisco-University of British Columbia (UCSF­

UBC) team. Most data gathered by the University of Washington team focused on DNase 

hypersensitivity, analyzing male and female embryos from gestational day 85–142 (~12–20 

GW). The research team at the Broad Institute also used material from these embryos 

to profile histone modifications in conjunction with DNase hypersensitivity profiling. The 

most complete datasets were generated by the UCSF-UBC team by using twin donors, 

HuFNSC01 and HuFNSC02 (Shapiro, 2017). The fetal brain epigenetic datasets include 

whole brain samples, as well as data derived from cortex and GE neurosphere cultures, 

which were collected from either the cortex or the GE at 17 GW and cultured as 

neurospheres for approximately three passages in NeuroCult + EGF + FGF (“Genboree 

Discovery System - Project: XML Submissions/UCSF-UBC/SAMPLE/EDACC.5485, no 

date (n.d.)”). Although it is not clear whether a specific structure from the GE, such as 
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the MGE was used, this strategy should decrease the heterogeneity of cell types assessed 

by comparison with whole brain-derived samples, and therefore provides datasets with 

more tissue-restricted resolution to use for comparisons to data from in vitro-derived 

neurons. Histone marks profiled included H3K27me3, H3K4me3, H3K36me3, H3K9me3, 

and H3K4me1, and limited data was also obtained for H3K9ac and H3K27ac. Together with 

the data discussed previously, this fetal brain epigenetic data from the consortia provide 

a snapshot of changes in the epigenetic landscape during human cortical development. 

However, these data are understandably limited, as they lack either tissue- or cell type­

specific resolution, and include a limited range of histone modifications, developmental 

timepoints, and donors. In our conclusions section of this review, below, we describe 

additional data that would be highly useful, both to understand fetal cortical development 

and to draw comparisons with in vitro neural differentiation-based studies.

4. In vitro cellular models

4.1. Background

In vitro models that derive different types of human neurons from PSCs circumvent many 

limitations of using fetal material. For example, in vitro models can generate a large number 

of human neuronal progenitors and neurons of particular types, which can be expanded 

and experimentally manipulated. However, some aspects of fetal development may not be 

fully recapitulated in vitro. Therefore, it is essential to compare data derived from in vitro 
models with analogous data from the fetal brain, such as gene expression changes and 

epigenetic regulation. A significant advantage of in vitro models is the ability to use either 

or both proband-derived iPSCs and genetically engineered PSCs with introduction of a 

pathogenic NDD-associated mutation, to study the contribution of a specific mutation versus 

the genetic background to NDD etiology. These approaches involving specific mutations 

are particularly well-suited to studying NDDs, many of which involve mutations in either 

chromatin modifying proteins and/or putative CREs (Lewis and Kroll, 2018; Loke et al., 

2015). The following sections describe studies that assess changes in histone modification 

state and chromatin accessibility during in vitro neuronal differentiation in several models. 

By comparison with data from fetal samples, substantially more histone modifications can 

be assayed within the same set of experiments, more timepoints during differentiation can 

be interrogated, and results from multiple types of assays, including RNA-seq, ChIP-seq, 

and ATAC-seq, can be readily integrated. These rich data provide a more complete picture 

of the multiple layers of regulatory interactions that drive specification and differentiation 

of different types of neurons, and the value of these data is increased by comparison with 

comparable data from the analogous developing neuronal cell types acquired from the fetal 

brain.

Many strategies have been developed to produce different neuronal cell types from PSCs 

in vitro, most of which involve either treatment of PSCs with small molecule agonists 

and antagonists of growth factor signaling or overexpression of neurogenic transcription 

factors (Fig. 3). Neuronal cell types that can presently be derived from hPSCs include 

cortical excitatory neurons (cExNs), which correspond to neurons found in different layers 

of the developing neocortex (Shi et al., 2012); inhibitory cortical interneurons (cINs) 
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(Liu et al., 2013; Maroof et al., 2013; Meganathan et al., 2017; Nicholas et al., 2013); 

dopaminergic neurons (Kriks et al., 2011); and microglia (Muffat et al., 2016). Here, we 

focus predominantly on summarizing what is known regarding epigenetic regulation of the 

development of the two major types of cortical neuron, cExNs and cINs, as dysregulation of 

these developmental programs is strongly implicated in the etiology of NDDs (Zikopoulos 

and Barbas, 2013). In addition to the directed differentiation of specific neuronal cell types, 

cerebral organoids (COs) also provide a promising tool for modeling human forebrain 

development (Amiri et al., 2018; Kanton et al., 2019; Lancaster et al., 2013; Luo et al., 

2016; Marton et al., 2019; Qian et al., 2019). Studies examining epigenetic regulation 

in COs will be discussed below. By comparison with both tissues derived from the fetal 

brain and COs, schemes which promote directed differentiation into a specific neuronal 

cell type can provide a more homogeneous platform for in parallel assessment of different 

types of phenotypic, transcriptomic, and epigenetic data, especially when using bulk 

analysis approaches like ChIP-seq, yielding data with stage-and neuronal cell type-specific 

resolution.

In general, cortical neurons are produced by patterning PSCs into telencephalic neural 

progenitors (NPCs) which are then matured into neurons. These differentiation strategies 

aim to mimic the normal developmental signaling pathways that occur in vivo to produce 

specific cell fates in vitro. Generation of telencephalic NPCs by directed differentiation 

is either conducted in monolayer culture or by formation of embryoid bodies (EBs), 

three-dimensional spheres of cells which enhance cell-to-cell contacts and often improve 

differentiation efficiency (Zhang et al., 2001). A common approach for specifying 

telencephalic NPCs involves dual-SMAD inhibition in either monolayer or EB culture 

(Chambers et al., 2009; Ying et al., 2003). These NPCs can then be patterned towards a 

dorsal (cExN) or ventral (cIN) telencephalic neuron fate. Formation of dorsal progenitors 

is promoted in some schemes by adding the Sonic Hedgehog (SHH) signaling inhibitor, 

Cyclopamine (Li et al., 2009; Liu et al., 2013; Mak et al., 2012; Maroof et al., 2013; 

Meganathan et al., 2017; Nicholas et al., 2013), while ventral fate can be specified 

using SHH agonists (Li et al., 2009; Liu et al., 2013; Mak et al., 2012; Maroof et al., 

2013; Meganathan et al., 2017; Nicholas et al., 2013). Subsequently, PAX6- and EMX1/2­

expressing dorsal telencephalic precursors are differentiated into cExNs (Eiraku et al., 

2008; Shi et al., 2012) while NKX2–1-expressing ventral telencephalic precursors are 

differentiated into cINs (Liu et al., 2013; Meganathan et al., 2017).

As an alternative to the approach described above, forced expression of several neurogenic 

transcription factors has also been utilized to differentiate hPSCs into cortical neurons. 

Overexpression of NEUROD1 or NEUROG2 in PSCs can rapidly convert these cells into 

cExNs (Vierbuchen et al., 2010; Zhang et al., 2013), whereas overexpression of ASCL1 

and DLX2 can produce cINs (Yang et al., 2017). Somatic cells, such as fibroblasts can 

also be trans-differentiated into induced neurons by introduction of transcription factors, 

such as PTF1A (Xiao et al., 2018). It is important to document and note distinctions 

between methods used to produce neurons in vitro, as these can complicate comparisons of 

epigenetic data between studies. This is due to differences both in the identity of the starting 

cell population (hPSC lines or somatic cells with different genetic backgrounds), as well as 
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variation in how each method recapitulates the epigenetic changes that occur during neural 

development in vivo and which type of neuronal identity is acquired (Schafer et al., 2019).

4.2. ChIP-seq: histone modifications

Pluripotent stem cell-based differentiation methods provide a valuable platform to study 

changes in the epigenetic landscape across cortical neural development, as cells can be 

collected at specific timepoints for a more granular assessment of this regulatory process 

(Table 1; Supplementary Table 1). Although many studies have defined the epigenetic 

changes that occur during neural induction of murine ESCs via ChIP-seq, fewer studies 

have done so during neuronal differentiation of human PSCs. However, several groups 

have recently begun to elucidate the epigenetic regulation of human neural differentiation, 

including Inoue et al., who used a dual-SMAD-based differentiation method (Inoue et al., 

2019). At six different time points through 72 h of differentiation of the H1 ESC line 

(male), ChIP-seq for H3K27ac and H3K27me3 was conducted to identify putative enhancers 

associated with neural differentiation. Regions where H3K27ac and H3K27me3 peaks 

overlapped were presumed to be inactive and were removed from analysis. Since this paper 

also integrated this data with chromatin accessibility, determined by ATAC-seq, the main 

findings are discussed further in a following section of this review. Similarly, Ziller et al. 

performed epigenomic and transcriptional analysis of six NPC stages derived from human 

ESCs, also by using a dual-SMAD inhibition protocol (Ziller et al., 2015). Assays were 

performed on ESCs, neuroepithelial (NE) cells, early radial glial (ERG) cells, mid radial 

glial (MRG) cells, late radial glial (LRG) cells, and long-term neural progenitors (LNP). 

These assays included both RNA-seq and ChIP-seq for H3K4me1, H3K4me3, H3K27ac, 

and H3K27me3, to identify stage-specific regulation of neural specification. Significant 

changes in histone modification state were observed during the initial specification of NE 

cell identity, while they also identified an increase in the repressive H3K27me3 mark at the 

MRG stage; this increase was associated with repression of non-neural gene expression and 

with activation of many key regulators of neural development and forebrain specification 

such as PAX6, OTX2, and FOXG1, as well as multiple SOX transcription factors (Ziller 

et al., 2015). These histone modification state datasets are especially useful for assessing 

changes in the epigenomic landscape during the early stages of excitatory neural progenitor 

specification and differentiation.

The NIH Roadmap Epigenomics Project also includes ChIP-seq data for a large number 

of histone modifications, as well as DNase hypersensitivity and RNA-seq data in H1 ESC­

derived NPCs. Together, these data can be utilized to further correlate histone modification 

status with the regulation of gene expression during neural cell specification (Inoue et al., 

2019). A smaller number of histone marks have also been profiled during specification of 

the H9 ESC line (female) as NPCs (“Roadmap Epigenomics Project - Data, no date (n.d.)”). 

A summary of these Roadmap Epigenomics datasets is provided in Supplementary Table 1. 

These data do not include mature cExNs or cINs, nor do they focus on inhibitory NPCs. In 

order to fill such gaps, additional efforts of this nature will be needed.
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4.3. ATAC-seq

As with studies using fetal tissues, chromatin accessibility has also been more widely 

assessed in in vitro models of neurodevelopment, as it provides a general snapshot of 

the epigenetic state of cells and can also be effectively used to determine how genetic 

perturbations affect chromatin state, such as in models using NDD proband-derived PSCs. 

Several studies have used varying time courses and differentiation strategies to assess 

chromatin accessibility during directed differentiation of hPSCs into neurons (Table 1; 

Supplementary Table 1). For example, Shang et al. performed ATAC-seq combined with 

scRNA-seq analysis at various stages of NPC specification from iPSCs, both to study 

cellular heterogeneity and to delineate unexpected features of neurogenesis (Shang et al., 

2018). They analyzed human iPSCs, EBs, early rosettes (Ros-E, three days after rosette 

formation), late rosettes (Ros-L, five days after rosette formation), NPCs, and the original 

somatic fibroblasts from which the iPSCs were derived. Chromatin accessibility changes 

at each cell stage were assessed by tracing novel ATAC-seq peaks that appeared at each 

stage of differentiation. Peaks that were conserved across stages were presumed to be 

associated with housekeeping genes, while stage-specific peaks were regarded as potential 

CREs that could regulate some aspect of the new cell state or transition to this state. 

In this work, ~10–50% of the peaks observed at each stage were novel and specific to 

that stage, while NPC specification corresponded with a large increase in novel peaks 

and reduction of numbers of pre-existing peaks. After integration with ATAC-seq data, 

genes expressed in a cell stage-specific manner included those encoding TFs and signaling 

molecules that regulate cell growth, proliferation, and morphology (Shang et al., 2018). 

Thus, this study provides both transcriptomic and epigenetic data related to human neural 

cell specification and differentiation and indicates some regulatory mechanisms underlying 

acquisition of neuronal fate. In another study, van der Raadt et al. attempted to identify TFs 

that might influence chromatin accessibility to promote neural cell fate when overexpressed 

in somatic cells (van der Raadt et al., 2019). They performed ATAC-seq to define differences 

in chromatin accessibility profiles of human fibroblasts and induced neurons (iNeurons) 

produced by overexpressing NEUROG2. Among differentially accessible peaks between 

these cell types (accessible in iNeurons versus fibroblasts), they identified a ONECUT TF 

binding motif. Accordingly, ONECUT1, ONECUT2, or ONECUT3 overexpression induced 

chromatin remodeling in fibroblasts within two days and accelerated neuronal differentiation 

(van der Raadt et al., 2019). This paper demonstrates how epigenetic information can be 

leveraged to define activities that can regulate neural development.

The temporal interplay between epigenetic and transcriptional regulatory processes during 

early neural induction is another important topic of study. As introduced above, Inoue et 

al. assessed transcriptome changes that accompanied neural fate acquisition of hESCs at 

six time points between 3 and 72 h (Inoue et al., 2019). As expected, expression of neural 

genes increased, with concomitant decreases in pluripotency gene expression. To identify 

putative enhancers involved in neural differentiation, the ATAC-seq analysis described 

above was accompanied by ChIP-seq for activating (H3K27ac) and repressive (H3K27me3) 

histone modifications at all time points. Changes in these epigenetic modifications over time 

corresponded with gene expression changes. A set of putative enhancers predicted using 

these epigenetic modification data were subsequently assessed for activity by massively 
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parallel array analysis. Active enhancers were enriched for binding sites for five TFs, 

BARHL1, IRX3, LHX5, OTX1, and OTX2, predicting that these TFs regulate neural 

fate acquisition. Overexpression and knockdown of these TFs respectively up- and down­

regulated expression of neural genes (Inoue et al., 2019). A similar approach could be 

applied to define transcriptional regulators that regulate the development of other cortical 

cell types and/or act at other temporal stages.

In addition to studying neurodevelopmental processes, several studies have assessed 

chromatin accessibility differences between affected and unaffected individuals with NDDs, 

including ASD and SZ, to define neurodevelopmental alterations that may contribute to 

disease etiology. Schafer et al. performed a time-course analysis in human idiopathic ASD 

subject-derived iPSCs during neural specification as NPCs (16 days) and during their 

differentiation into mature neurons (during 2–14 days of NPC differentiation) (Schafer et 

al., 2019). They also directly differentiated iPSCs into induced neurons (iPSC-iN) by NGN2 

overexpression. RNA- and ATAC-seq was performed in both models to identify alterations 

in chromatin remodeling during neural development in the affected individuals. They 

observed that pathological dysregulation of chromatin remodeling and transcription prior 

to the NPC stage was sufficient to induce ASD-associated morphological and functional 

changes during later neurodevelopment. Interestingly, they also found that epigenetic 

regulatory processes that normally occur during neural specification and differentiation are 

not recapitulated during direct conversion of iPSCs into iPSC-iNs (Schafer et al., 2019). 

Forrest et al. also assessed chromatin state by ATAC-seq in iPSC-derived neurons from 

individuals with SZ at 27, 33, and 41 days after neural induction (Forrest et al., 2017). 

They proposed that non-coding SZ risk variants in open chromatin regions (OCRs) were 

likely to affect neural development, particularly if variants were close to, or within, predicted 

TF-binding sites within regulatory elements. Significantly, they could correct a risk allele 

within the putative MIR137 SZ risk locus, partially restoring gene expression and reversing 

the neurodevelopmental anomalies observed in this model (Forrest et al., 2017). This work 

relating to NDDs demonstrates the importance of identifying non-coding regulatory regions 

that control neural development and highlights the role that epigenomic analysis can play in 

defining variants in the non-coding space that contribute to disease risk.

Intriguingly, another study of chromatin accessibility during iPSC-derived neural 

differentiation also identified allelic imbalance of gene expression (AIE) related to NDDs, 

a phenomenon in which the two alleles of a given gene are expressed at different levels in 

a given cell, due to either genetic variation in regulatory regions or epigenetic inactivation 

of one allele (Zhang et al., 2020). Allele-specific open chromatin regions (ASoC) may 

contribute to AIE. Zhang et al. mapped these ASoC regions using ATAC- and RNA-seq, 

identifying common non-coding risk variants associated with neurodevelopmental disorders. 

They observed that ASoC and AIE are cell-type specific, with iPSC-derived neurons 

exhibiting higher levels of ASoC and AIE than iPSCs. They identified heterozygous single 

nucleotide polymorphisms (SNPs) that exhibited ASoC in each cell type and defined two 

SNPs of interest: one in the 5′UTR of CHRNA5 and one in the promoter of VPS45. The 

proteins encoded by both of these genes are involved in synaptic transmission and have 

pathogenic variants that are strongly associated with NDDs (Zhang et al., 2020). This study 
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demonstrates a powerful method for predicting functional non-coding variants associated 

with NDD risk.

5. Cerebral organoids

5.1. Background

By comparison with other in vitro differentiation methods, differentiation of multiple 

neuronal cell types in structured three-dimensional COs more closely recapitulates the tissue 

structure and organization of the developing brain. This organoid-based approach enables 

differentiation over very long timelines (months to years), also enabling more mature 

neurons to be generated. Cerebral organoids can therefore serve as an informative tool to 

study human neural development (Luo et al., 2016; Qian et al., 2019). Many advantages 

of non-organoid-based in vitro models of cortical development are also applicable to COs, 

including the ability to generate large numbers of cells, perform genetic manipulations, and 

perform assays at multiple timepoints. However, the structure and composition of COs are 

generally not highly reproducible, which, combined with the heterogeneity of cell types 

present in each organoid, poses challenges for producing epigenetic data sets from this 

model.

Initial efforts to construct models of differentiated neurons in three-dimensions date back 

to the 1990s. Notably, the development in 1992 of methods for culturing various types 

of neurons as three-dimensional neurospheres was shown to facilitate their culture and 

differentiation (Reynolds and Weiss, 1992). Cerebral organoids, however, are distinct from 

neurospheres in that they benefit from a capacity for self-organization of multiple neuronal 

cell types and therefore more closely imitate in vivo brain development (Qian et al., 2019). 

Recently, several techniques have emerged to produce COs, stemming from the method 

described by Lancaster et al. in 2013 (Lancaster et al., 2013). Production of COs generally 

entails aggregation of PSCs as three-dimensional spheres and their subsequent specification 

into neural progenitors and neurons with the desired brain regional identity. Current methods 

for deriving COs include both guided and unguided differentiation approaches. With 

unguided approaches, the PSCs are formed into spheres, which are subsequently implanted 

into extracellular matrix and allowed to spontaneously differentiate within a spinning 

bioreactor (Fig. 4) (Lancaster et al., 2013). As this method does not direct specification 

of a particular regional neural identity, it produces a heterogenous population of neuronal 

cell types from multiple brain regions, and results in organoid-to-organoid variability within 

and across experiments. While this heterogeneity and variability can enable studies of 

interactions between brain regions or neuronal cell types, it also substantially complicates 

quantitative analyses (Qian et al., 2019). Guided approaches to producing COs instead 

utilize specialized media and signaling agonist/antagonists to specify a particular regional 

identity, enabling derivation of spheroids corresponding with a particular brain region or of a 

specific neuron type (Fig. 4) (Gordon et al., 2021; Marton et al., 2019; Qian et al., 2019).

5.2. ChIP-seq: histone modifications

A few studies have characterized histone modification state in COs, although most extant 

work focuses primarily on the DNA methylome (Luo et al., 2016), transcriptome (Amiri 
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et al., 2018; Luo et al., 2016; Xiang et al., 2017), or chromatin accessibility (Trevino et 

al., 2020; Xiang et al., 2017; Ziffra et al., 2019) changes that accompany development 

(Table 1; Supplementary Table 1). Amiri et al. recently defined transcriptomic changes 

associated with specific histone modifications (H3K4me3, H3K27ac, and H3K27me3) in 

developing COs (Amiri et al., 2018). They found that differential activity of enhancers 

is linked to differential gene expression in the developing organoids, with increased 

enhancer activity correlating directly with increased gene expression. This correlation was 

demonstrated through a clustering analysis of differential enhancer activity, which closely 

followed transcriptomic differences (Amiri et al., 2018). Consistent with other findings, it 

was observed that the largest change in differential enhancer activity occurred during the 

specification of stem cells as NPCs; this work suggests that these enhancers regulate gene 

expression during early aspects of brain development, the developmental timeframe that 

organoids most closely model. More work is needed in this area to further characterize the 

relationship between histone modifications and CO development, as well as to determine 

how this in vitro model compares to its in vivo counterpart.

5.3. ATAC-seq

ATAC-seq is especially valuable for assessing heterogeneous cell populations like COs 

as, unlike ChIP-seq, it can be performed both in bulk and at a single-cell resolution 

(Table 1; Supplementary Table 1). In 2017, Xiang et al. employed bulk ATAC-seq to 

assess epigenomic regulatory mechanisms in regionally restricted brain organoids modeling 

the MGE and the cerebral cortex (Xiang et al., 2017). Unique open chromatin regions 

corresponding to genes crucial for development of the MGE or the cortex were observed, 

suggesting that changes in chromatin accessibility actively contribute to transcriptional 

regulation during development of those regionally patterned organoids. However, this work 

did not draw direct comparisons to human fetal data from analogous tissues (Xiang et al., 

2017).

A recent study by Trevino et al. likewise collected 117 bulk ATAC-seq samples 

encompassing both COs of dorsal or ventral character generated from iPSC lines (Trevino 

et al., 2020). Corresponding human fetal samples were obtained from the dorsal and ventral 

forebrain at 20 and 21 PCW for comparison. Differences in chromatin accessibility between 

these CO types were assessed, with consideration of temporal changes. They observed that 

gene expression correlated more closely with the average accessibility of distal enhancers 

versus proximal promoters. To assess the relevance of these findings to brain development 

in vivo, they compared these findings to the human fetal samples, demonstrating that 

COs cultured for 188–230 days most closely resembled human fetal forebrain at 20–21 

PCW. Further comparisons with PSYCHENCODE epigenetic data demonstrated that the 

COs displayed progressive transformation of their chromatin landscape, which resembled 

the changes in chromatin remodeling observed in developing fetal tissue (Trevino et al., 

2020). This study suggests that COs may accurately recapitulate many aspects of epigenetic 

regulation in the developing forebrain in vivo and established their relevance for modeling 

neurodevelopmental pathologies.
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While bulk ATAC-seq has provided data on chromatin accessibility, scATAC-seq had not 

yet been used to characterize COs. However, scATAC-seq was used in the aforementioned 

pre-print by Ziffra et al., which compares chromatin accessibility in COs and human 

fetal tissue (Ziffra et al., 2019). These scATAC-seq assays corroborate conclusions 

drawn in previous studies using bulk ATAC-seq, demonstrating that changes in enhancer 

chromatin accessibility predict changes in gene expression. Based upon assessment of 

excitatory neuron lineages over time, epigenomic differences were defined between 

progenitor cells in different cortical areas, while changes in accessibility corresponded 

with neuronal differentiation. Interestingly, the highly dynamic changes in chromatin 

accessibility observed here challenge the conventional model of differentiation as a gradual, 

progressive process. Furthermore, although COs appear to faithfully mimic many aspects 

of fetal development, a limitation of this model observed here is an absence of increased 

accessibility during CO neuronal differentiation at thousands of distal regulatory elements 

that become active and accessible during fetal brain development (Ziffra et al., 2019). 

Therefore, this work illustrates both the strengths and limitations of using COs to model 

aspects of fetal brain development.

6. Conclusions and future perspectives

Although our understanding of epigenetic regulation of human brain development has 

advanced considerably in the past 10 years, there remain many substantial gaps in 

knowledge. In many cases, these gaps involve the lack of neuronal cell-type specific 

resolution of extant data, which limits our understanding of differences in epigenetic 

regulation across neuronal cell types (Table 1; Supplementary Table 1). Gathering data 

from additional donors, samples, and timepoints will also enable us to identify both common 

regulatory processes and those that are specific to a certain timepoint, neuronal cell type, 

sex, or individual. The sex of most samples (whether fetal brains or cell lines) is noted in 

most studies, but data from male and female samples are frequently aggregated; this can be 

problematic, since there are significant differences in developmental gene regulation related 

to sex (Manoli and Tollkuhn, 2018). Some limitations will be overcome by technological 

advancements, for example, the single-cell analysis performed by Ziffra et al. (2019), which 

substantially enhances the resolution of analyses that are possible. Although single-cell 

sequencing often sacrifices read depth, hampering identification of rare cell types or low­

to-moderate gene expression, this tool can be particularly helpful when combined with 

tissue dissection. Combining tools enables both single-cell-level and bulk-level analysis, 

while ensuring greater homogeneity of each sample, relative to analysis of bulk cortex 

or whole fetal brain. Future studies that combine analysis of scATAC-seq and scRNA-seq 

data will further enable us to define regulatory networks that control the specification 

and differentiation of different neuronal cell types. Finally, assay innovation will enable 

collection of data that was previously unattainable due to technical limitations. For example, 

CUT&RUN (Meers et al., 2019; Skene and Henikoff, 2017) and CUT&Tag (Kaya-Okur 

et al., 2019) enable low-input, high-resolution, profiling of chromatin state, down to a 

single-cell level, using MNase- or Tn5 transposase-based methods, respectively. These new 

approaches will be particularly helpful for fetal samples, allowing histone modification and 

TF binding profiles to be obtained for a greater number of samples and cell types.
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Further studies of these data will also inform our understanding of how epigenetic 

dysregulation contributes to neurodevelopmental disorders. Although genome-wide 

association studies (GWAS) have pinpointed hundreds of NDD-associated SNPs, it is often 

still unclear which risk variants contribute to disease pathology. More generally, more than 

90% of disease-associated SNPs are located in DNA regions that do not encode proteins 

(Maurano et al., 2012). These non-coding risk variants likely affect gene expression by 

regulating chromatin accessibility for TF binding. Functional genomic assays such as ATAC­

seq and ChIP-seq have identified such candidate CREs (cCREs) in the genome. Integrating 

SNP coordinates with these epigenetic datasets can reveal NDD-associated variants that 

overlap putative regulatory elements (An et al., 2018; Markenscoff-Papadimitriou et al., 

2020). For example, since noncoding CREs often coincide with accessible chromatin 

regions, Forrest et al. profiled global open chromatin regions in human iPSC models and 

used these data to define functional noncoding risk variants for SZ (Forrest et al., 2017). 

Recently, mutations in the noncoding space have also been linked to ASD (Zhou et al., 

2019). Machine learning was used to analyze whole genome sequences for 1790 individuals 

with ASD and their families. Upon comparing de novo variants in the probands to 

biochemical data illustrating interactions between DNA- and RNA-binding proteins (DBPs 

and RPBs, respectively) and their targets, Zhou et al. assessed the potential quantitative 

impact of each mutation on particular transcriptional and post-transcriptional regulatory 

features, such as histone modification state (Zhou et al., 2019). Indeed, many mutations 

in ASD probands were found to disrupt binding of DBPs and RBPs and transcriptional 

regulation, providing support for the functional role of de novo noncoding variants in ASD.

It will also be important to assess the functional significance of identified regulatory 

elements. While comparison to chromatin-state datasets can help prioritize SNPs that may 

lie in a regulatory element, this data alone cannot define functional variants. Epigenomic 

annotations may be incongruous even within the same cell type and thus, variants must be 

tested to truly define any regulatory significance (Benton et al., 2019). Human accelerated 

regions may also represent CREs that regulate gene expression in a conserved manner 

across most vertebrates, including primates (e.g. chimpanzees), but that are significantly 

different in humans (Capra et al., 2013; Pollard et al., 2006). The presence of these 

human-specific regulatory elements, as well as additional differences in genome sequence 

and brain development between other animals and humans indicate that unique regulatory 

processes underlie human neural development, many of which remain to be elucidated. 

Massively Parallel Reporter Assays (MPRAs) are a high-throughput method used to assess 

functional activity of such predicted regulatory elements and changes in activity related to 

sequence variants. Using this assay, thousands of noncoding sequences can be screened in 

a single experiment. In an MPRA, candidate regulatory sequences are inserted before a 

minimal promoter in a vector with a unique DNA barcode that can be transcribed (Ashuach 

et al., 2019). After constructs are introduced into cells, both DNA construct counts and 

RNA transcript counts are used to approximate the transcription rate of every barcode. 

Thus, MPRA testing can provide quantitative measurements of regulatory activity and help 

supplement disease predictions associated with cCREs. Massively parallel reporter assays 

have been used to functionally assess cCREs regulating several aspects of neurodevelopment 

(Grossman et al., 2017; Inoue et al., 2019; Mulvey et al., 2020; Shen et al., 2016). Another 
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approach for functional testing involves epigenome editing to silence or activate cCREs in 
situ in their genomic context (Chavez et al., 2015; Konermann et al., 2015; Li et al., 2020).

Modeling epigenetic regulation of human fetal brain development increases both our 

understanding of and our ability to experimentally manipulate these developmental 

regulatory programs. Recent studies have generated epigenomic data from neuronal cell 

and tissue types in the developing human brain and have compared these datasets to the 

analogous in vitro-derived neuronal cell types, providing valuable insights into mechanisms 

of human brain development and disease etiology. Determining which aspects of human 

brain development are or are not recapitulated with in vitro models indicates where protocol 

refinements are needed, and these ongoing refinements continue to enhance the utility of in 
vitro hPSC differentiation approaches. Together, the increasing amount of epigenetic data 

available for human brain development is valuable for elucidating epigenetic mechanisms 

and regulatory networks that control these developmental processes, and for determining 

how these are disrupted by pathogenic mutations in both TFs and chromatin modifiers and in 

the non-coding genome to cause neurodevelopmental disorders.
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DBP DNA-binding protein
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Fig. 1. 
Three models for studying epigenetic regulation of human brain development. High­

throughput sequencing approaches such as ATAC-seq or ChIP-seq have been used to 

interrogate changes in the epigenetic landscape throughout human cortical development. 

Disruption of epigenetic regulation during embryonic development can contribute to 

neurodevelopmental disorders such as autism spectrum disorder (ASD). Human brain cells 

or tissues for use in these assays can be harvested from the developing fetus or produced 

by in vitro differentiation of human pluripotent stem cells into cortical neurons or cerebral 

organoids. Figure created using BioRender.com.
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Fig. 2. 
In vivo-derived human fetal cells and tissues. (A) Studies have performed epigenetic 

assays such as ChIP-seq, ATAC-seq, RNA-seq, and DNA methylation by using materials 

derived from human fetuses from 7 to 38 post-conceptional weeks (PCW). The data 

shown and other related information can be retrieved using accession numbers from the 

NCBI-GEO and PsychENCODE databases, shown in pink text and described in more detail 

in Supplementary Table 1. (B) Bulk brain tissue, dissected regions, or single cells have 

been assayed. The cerebral cortex is a particular focus of this review. Figure created using 

BioRender.com.
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Fig. 3. 
In vitro-derived cortical neurons from human pluripotent stem cells. Human pluripotent stem 

cells (hPSCs) can be derived from reprogramming of somatic cells (induced pluripotent 

stem cells; iPSCs) or from the inner cell mass of a blastocyst-stage embryo (human 

embryonic stem cells; hESCs). Directed differentiation with small molecules or recombinant 

proteins (via an intermediate neural progenitor cell (NPC) stage) or direct conversion via 

transcription factor overexpression can be used to produce cortical neurons. (B) Epigenetic 

assays have been performed on cells at varying stages of differentiation; these can be utilized 

to analyze epigenetic modifications occurring during directed differentiation or conversion 

of hESCs/iPSCs to NPCs and NPCs to cortical neurons. Dataset accession numbers are 

shown in pink text, with additional information for each dataset in Supplementary Table 1. 

Figure created using BioRender.com.
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Fig. 4. 
In vitro-derived cerebral organoids from human pluripotent stem cells. Human pluripotent 

stem cells (hPSCs) can be differentiated into cerebral organoids using unguided methods 

that allow for self-organization or into region-specific (e.g. cortex or medial ganglionic 

eminence; MGE) organoids using guided methods with patterning factors. hPSCs are formed 

into embryoid bodies (EBs) and are induced into neurons prior to being embedded in 

Matrigel to provide a scaffold, and then matured on a shaker. (B) Epigenetic assays have 

been performed on organoids at varying stages of neural induction and maturation, from day 

(D) 0 to 600. Dataset accession numbers are shown in pink, with additional information for 

each dataset in Supplementary Table 1. Figure created using BioRender.com.
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