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The genetic architecture of complex traits is multifactorial. Genome-wide association studies (GWASSs) have identified risk
loci for complex traits and diseases that are disproportionately located at the non-coding regions of the genome. On the
other hand, we have just begun to understand the regulatory roles of the non-coding genome, making it challenging to
precisely interpret the functions of non-coding variants associated with complex diseases. Additionally, the epigenome
plays an active role in mediating cellular responses to fluctuations of sensory or environmental stimuli. However, it
remains unclear how exactly non-coding elements associate with epigenetic modifications to regulate gene expression
changes and mediate phenotypic outcomes. Therefore, finer interrogations of the human epigenomic landscape in
associating with non-coding variants are warranted.
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| 1. Introduction

Complex traits or diseases are considered to be influenced by interactions between environmental stimuli and regulation
of multiple genes. Indeed, correlating allelic frequencies with complex trait variations through case-control genome-wide
association studies made it abundantly clear that etiological dissection of complex diseases is non-trivial, and complex
diseases are pleiotropic and polygenic. W2IEl The etiological complexity of complex traits can be further influenced by the
purging of large effect-size disease-mutations via negative selection, especially those present in the coding-regions.
Effectively, this can result in small effect-size variants spread across hundreds of functionally-less deterministic regions 4!,
Notably, more than 90% of genome-wide significant risk loci are located in the non-coding regions of the genome, which
does not produce proteins, rendering their biological roles elusive IZBIAIEIE | grge-scale initiatives, such as ENCODE
(Encyclopedia of DNA Elements) and REC (Roadmap Epigenomic Consortium), systematically catalogued non-coding
elements, providing evidence that at least 80% of the genome is indeed functional I8, As such, non-coding risk loci pose
a significant challenge in their functional interpretation or in prioritizing causal variants. This is thought to be partly
because of very small effect-sizes of putative risk variants and an insufficient statistical power in pinpointing the causal
single nucleotide polymorphisms (SNPs) IS4l Therefore, understanding the regulatory roles of the epi/genome
remains a priority.

In addition, the epi/genome can be influenced by the environment factors [EIE |n general, changes in our lifestyle, diet,
or social cues, can influence adaptive physiological responses and inter-individual variations in gene expression through
epigenetic changes. Moreover, phenotypic heterogeneity in complex traits and diseases point towards the impact of
private environment-epigenetic interactions B These unique impacts may also lead to epigenetic variations or de
novo mutations precipitated by environmental factors. Indeed, long-term epigenetic and transcriptomic changes have
been reported in the brain cell-types of individuals with early-life adversity B2, Therefore, we need improved approaches
to identify the combined effects of genetic perturbations and environmental exposures in mediating predisposition to
complex traits and diseases.

The epigenomic elements can be broadly defined by regions of open chromatin including cis-regulatory elements, such as
insulators, promoters, enhancers, and trans-regulatory binding sites for transcription factors (TFs), as well as histone
modification marks that orchestrate a regulatory ensemble, under a dynamic chromatin topology, capable of modulating
the transcriptome without altering the nucleotide sequences per se. In turn, the chromatin states and structures are largely
influenced by heritable, but also reversible, chemical modifications to DNA and histones, collectively referred to as
epigenetic modifications Elld. The epigenetic and gene expression changes together regulate cell fate decisions during
neurodevelopment. Thereby, the inherent cell-type and epigenetic heterogeneity makes it harder to tease-apart precise
molecular modifications and masks subtle disease-related changes when investigating tissue homogenates. Indeed, cell-
type proportions were found to be a major contributor to gene expression variations in studies employing bulk tissue



homogenates 19, Hence, single-cell investigations are now increasingly employed over tissue homogenates, to delineate
cell-type specific epigenetic programs. Although epigenetic mechanisms like DNA methylation are known to influence
gene expression, in this review, we focus on chromatin structure and the respective profiling techniques, including
chromatin accessibility, histone modifications, and chromatin topology (Table 1), outlining their applications in deciphering
the intricate architecture of complex traits and diseases. To our knowledge, this is the most comprehensive review
summarizing these techniques, including state-of-the-art approaches to apply them at single-cell resolution in the brain.

The Chromatin Environment

The chromatin is structurally and functionally active (Figure 1). The two major structural categories of chromatin,
associating with distinct histone modifications, include the open regions of chromatin that associate with active gene
regulatory mechanisms, collectively called euchromatin, while the nucleosome-dense heterochromatin states are
important for defining transcriptionally-inactive regions. A nucleosome is the basic unit of chromatin; a histone protein
octamer that wraps ~147bp of DNA, repeated periodically throughout the genome. The accessibility of chromatin
(unwound open chromatin) and/or nucleosome positioning at genomic loci are indicative of their regulatory potential, and
can be examined using chromatin accessibility techniques, such as DNase-seq (DNase | hypersensitive sites sequencing)
and MNase-seq (micrococcal nuclease digestion of chromatin followed by sequencing) (Figure 1B). Typically, active
regulatory regions are thought to be depleted of nucleosomes to allow RNA polymerases or TFs to bind in mediating gene
expression. Additionally, the DNA around nucleosomes can transiently unwrap to allow regulatory factors to bind, known
as “DNA breathing” 111,
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Figure 1. The Chromatin Environment. The open chromatin includes both coding and non-coding aspects of the genome.
The interactions between cis- and trans- non-coding, regulatory elements and genes can occur at different genomic
scales: locally (such as by histone modifications) or distally (such as by 3-dimesional interactions). The dynamics and
functions of the chromatin environment can be mapped using chromatin profiling techniques. (A) Local histone
modifications (such as acetylation or methylation): induce changes in the chromatin permissiveness, allowing binding of
regulatory proteins like transcription factors, impacting expression of the nearby genes. The binding of transcription
factors and histone modifications can be assayed using ChIP-seq, CUT&RUN, or CUT&TAG. (B) Broad chromatin
accessibility: involve significant remodeling of the chromatin landscapes and redistribution of multi-nucleosomes that can
directly or indirectly impact expression of multiple genes in the neighborhood. The chromatin environment, cis-regulatory
elements and nucleosome distribution can be assayed using ATAC-seq, MNase-seq, DNase-seq, or FAIRE-seq. Genome-
wide association studies (GWAS) risk loci for complex traits also largely map to the open non-coding genome, where the
index or lead single-nucleotide polymorphism (statistically most significant SNP at a risk loci) may or may not be the
disease causative SNP. Identifying regulatory roles of the epigenomic elements associating with risk variants can
ascertain causal epi/genetic mechanisms of the complex traits. (C) Distal chromatin looping: facilitates long-range gene
regulation by DNA elements located farther apart from gene promoters (more than 1-2 kbps), involving 3D changes in the
chromatin topology. The spatially interacting genomic regions can be mapped using 3C, 4C, 5C, or HI-C. Additionally,
genome-wide chromatin looping interactions of a regulatory protein can be assayed by ChIA-PET, 3C-ChlP, HiChIP, or
PLAC-seq.

More stable nucleosome post-translational modifications are facilitated by ATP-dependent chromatin remodeling
complexes, such as SWI/SNF (Switch/Sucrose non-fermentable) and nucleosome remodeling and deacetylase complex
(NuRD). More commonly, histone-remodeling enzymes, such as histone acetyl- or methyl- transferases, can lead to
covalent modifications at the N-terminal tails or core of the histone proteins 1. The activity of histone remodeling



enzymes in repositioning nucleosomes at chromatin regions can be regulated by the availability of metabolic cofactors.
For example, histone acetyltransferases (HAT) depend on acetyl-CoA to neutralize positive charge of lysine-rich histone
tails by adding an acetyl group, destabilizing electrostatic interactions with the DNA, and opening the local chromatin. In
contrast, the histone deacetylases (HDAC) are dependent on the availability of Zn?>* or NAD™ cofactors to remove the
acetyl groups, restabilizing the chromatin structure 2. Thereby, histone modifications regulating changes in the chromatin
environment are conducive to the binding of transcriptional repressor or activators and can be assessed by ChIP-seq
(chromatin immunoprecipitation with sequencing) (Figure 1A) and alternative techniques (Table 1).

In general, histone modification patterns at regulatory sites, such as at promoters, can effect local chromatin
permissiveness to TFs in regulating proximal gene activity, while large-scale histone modifications and nucleosome
redistribution either directly or indirectly leading to the remodeling of chromatin accessibility landscapes can impact long-
range gene regulation, and can be assessed by ATAC-seq (assay for transposase-accessible chromatin coupled to
sequencing) or ChlA-PET (chromatin interaction analysis by paired-end tag sequencing). Moreover, these interactions can
be reversible (e.g., to maintain cellular functions) or stable to define cell lineages (e.g., during neurodevelopment) 4.

The non-coding elements commonly effect distal gene expression through 3-dimensional (3D) chromatin interactions or
loops, involving shifts in the chromatin topology. Chromatin loops spatially juxtapose functional loci and gene promoters to
facilitate long-distance gene expression or insulate genomic regions with diverse chromatin states. These higher-order
chromatin interactions can be mapped by chromatin conformation techniques, such as the 3C or Hi-C (Figure 1C).

Of note, the CCCTC-binding factor (CTCF) is a transcription factor that colocalize with ring-shaped cohesin complexes to
organize the formation of 3D chromatin loops (Figure 1C), as well as the topologically associated domains (TADs). TADs
are structural units comprising genomic regions with high interaction frequencies. Additionally, the CTCF-cohesin
complexes also act as transcriptional insulators, blocking enhancer-promoter interactions, and repressing gene
expression. Importantly, genetic mutations in the CTCF complexes are linked to neurodevelopmental delays 23l Overall,
the chromatin-profiling techniques for assaying distinct epigenetic features are thoroughly compared and reviewed (Table
1).

Table 1. Comparison of chromatin profiling techniques to assaying epigenomic features.
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| 2. Chromatin Accessibility Techniques

Regions of open chromatin include coding and non-coding aspects of the genome. Interestingly, they harbor the majority
of the genome-wide significant risk variants associated with neuropsychiatric disorders L8l and they are subject to
remodeling by neuronal plasticity and therapeutic drugs 2415 A number of gene regulatory mechanisms can be
investigated through the following techniques.

2.1. DNase | Hypersensitive Sites Sequencing (DNase-seq)

DNase-seq leverages the DNase | enzyme that digests only the open chromatin regions, and not the nucleosome-packed
inactive heterochromatin, generating DNase | hypersensitive sites (DHSs). These sites encompass cis-regulatory
elements, locus control regions, and transcription factor binding sites, allowing identification of functional non-coding
elements. Optimal DNase | digestion is carried out to enrich for the nucleosome-free regions from the isolated nuclei. To
reduce random shearing, DNase | digested DNA is embedded in low-melt gel agarose plugs, followed by synthesis of
blunt ends. The extracted chromatin is ligated to biotinylated linkers for subsequent enrichment of small DNA fragments
using streptavidin columns, followed by PCR amplification and hybridization to microarrays (DNase-Chip) 28 or high-
throughput sequencing (DNase-seq) 4.

DNase-based high-throughput analyses of open chromatin have been widely employed to investigate regulatory functions
of the non-coding regions and non-coding disease risk loci L8191 ENCODE initiatives mapped and characterized about
3 million unique DHSs using DNase-seq across hundreds of cell-types. While this represented on an average 1% genome
in each cell type, it covered more than 90% ENCODE-identified binding sites of transcription factors 2. Complex trait and
disease risk variants catalogued by the National Human Genome Research Institute (NHGRI), were found to overlap
strongly with ENCODE DHSs (34%), the majority of which overlapped with functional enhancers and/or the TSSs.
Moreover, up to 71% of complex traits associated SNPs were found to be likely functionally causative in DHSs when
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Human-specific DHSs were defined as regions with human-specific increase in El?af\s}'gsé?es-féﬁ's&ﬁnal compared to non-
human primates. These DHSs were shown to be cell-type specific (present largely inioRmP e@ldrpegand primarily enriched
at distal enhancers [22. Notably, species-specific changes to chromatin accessﬁﬁ&t?ﬁ?ﬁﬁugrt‘ﬁfgg with species-specific
differences in gene expression and recognition sequences of TFs, such as for actidatoypeotein-1 (AP-1), a key activity-

dependent TF that modulates synaptic plasticity 22. Moreover, brain-specific DHS&!!#at show evidence of accelerated

evolution (brain-aceDHSs) were enriched for target genes with differential expression between humans and chimpanzees
(23] These brain-aceDHSs also overlapped several human-specific TF motifs, including CTCF and early growth response
1 (EGR1) motifs, important for chromatin organization and activity-dependent functions. Importantly, putative risk SNPs
associated with complex traits and brain diseases also overlapped with brain-aceDHSs [23]. Taken together, these studies
suggest that at least some gene-regulatory elements at open chromatin landscapes are under adaptive evolution,
including those that are fundamental to neurodevelopment and cognition. Further, these regions may also confer risk to
neuropsychiatric diseases through unfavorable epi/genetic variations.

A stratified LD score regression can be employed to estimate contributions of functional epigenetic elements to heritability
of complex traits. Using this approach, active DHSs were shown to explain higher proportions of complex trait heritability
compared to coding regions (24, Moreover, heritability enrichments for complex traits were cell-type specific, for example,
enrichment for psychiatric traits were specific to brain tissues and cell-types that overlapped histone marks associated
with open chromatin and functional enhancers. These findings highlight the importance of studying tissue- and cell-
specific epigenetic elements in dissecting disease etiology.

To examine cell-type specific differences in epigenomic signatures, a large number of biological replicates are required as
produced by ENCODE; however, this may not be feasible for the primary tissues. Furthermore, deconvolution approaches
require specific epigenetic markers for distinct cell-types, which remain approximative at best. More sensitive approaches
that can allow unbiased cell-type specific investigations are inclusive of single-cell investigations.

Single-cell DNase sequencing (scDNase-seq) has been shown to generate cell-type specific DHSs. Briefly, this method
involves flow cytometry based single-cell sorting, DNase | digestion, and addition of circular carrier DNA to minimize loss
of digested short fragments, followed by preferential amplification of small DNA fragments and sequencing 3. This
method detected 38 thousand DHSs per cell, and was sufficient to identify cell-type specific enhancers regulating gene



expression programs. Further, this approach was successfully implemented to identify complex disease mutations at
regulatory regions effecting target gene expression in specific cell-types 3. As such, scDNase-seq can be used to
identify novel cis-regulatory elements or causal risk SNPs underlying disease phenotypes with cell-type specificity and
future work should consider implementing this technique.

2.2. Formaldehyde-Assisted Isolation of Regulatory Elements with Sequencing (FAIRE-seq)

FAIRE-seq, like DNase-seq, maps open regions of the chromatin. It relies on crosslinking protein bound chromatin with
formaldehyde followed by nuclei isolation and lysis, sonication, and reversal of cross-links to obtain 200-1000 bp
fragments. Finally, phenol-chloroform extraction can separate the organic phase containing unused covalently-linked
protein complexes, from the aqueous phase with protein-free DNA. The isolated DNA can subsequently be paired with
quantitative amplification (QPCR), hybridized to microarrays, or libraries can be prepared for high-throughput sequencing
(28],

A combination of DNase-seq and FAIRE-seq in human cell lines encompassed 9% of human genome across cell-types
and captured significantly more TF binding sites than either technique by itself. Despite the mostly overlapping
nucleosome-free regions between the two techniques, there is a degree of uniqueness to each approach. FAIRE-seq
captured more distal regulatory sites enriched in H3K4me1 histone marks, while DNase-seq captured open regions more
proximal to TSSs enriched in H3K4me3 and H3K9ac histone marks. Together, these complementary approaches resulted
in a higher-resolution mapping of cis-regulatory elements. Interestingly, open chromatin regions shared across cell lines
were generally proximal to TSSs and enriched for CTCF binding sites. On the other hand, open chromatin associated with
specific cell types was relatively depleted of CTCF binding sites but enriched for major cell-type defining TFs thought to
coordinate cell-type specific gene expression 22, Therefore, combining profiles of open chromatin regions from these two
techniques provides deeper insight into human regulatory epigenome.

The differential properties of the FAIRE-seq and DNase-seq in mapping cis-regulatory elements are likely the result of
technical differences. These include distinct regulatory proteins bound at the open chromatin regions that could impact
formaldehyde cross-linking in FAIRE-seq. Likewise, relative depletion of nucleosomes proximally to genes may be more
susceptible to DNase | digestion 22,

Given the accumulating evidence suggesting that risk SNPs in complex diseases are often located farther from gene
bodies 29 FAIRE-seq is useful for probing distal enhancer loci. For example, FAIRE-seg-identified cis-regulatory
elements in a patient-based cohort showed that the germline and somatic variants of complex diseases correlated with
disruption in TF binding sites at differentially accessible enhancer regions and their accompanied altered gene expression
(28] |n addition, these approaches could ascertain clinical sub-categories of the disease. FAIRE-seq combined with ATAC-
seq was also used to identify key TFs that regulated distinct stages of disease progression through chromatin remodeling,
whereby a loss-of-function mutation in a key disease-related TF decreased severity of the disease 2. FAIRE-seq is not
as widely implemented, possibly due to its inability in determining open chromatin regions bound to regulatory proteins
(TF/RNAPII), as a result of formaldehyde cross-linking of DNA-bound proteins. Despite this, FAIRE-seq offers certain
advantages, such as circumventing the requirement of an enzymatic step or nuclei suspensions, and can be paired with
other chromatin techniques for investigating larger epigenomic landscapes 29,

2.3. Micrococcal Nuclease Digestion of Chromatin Followed by Sequencing (MNase-seq)

One of the most popular methods to determine nucleosome occupancy is MNase-seq. Other similar methods include
nucleosome occupancy and methylome sequencing (NOME-seq) that map nucleosome position along with DNA
methylation B or site-directed chemical cleavage of nucleosomes 2. MNase-seq employs an endo-exonuclease called
the micrococcal nuclease, isolated from Staphylococcus aureus, which digests linker DNA and accessible chromatin
between nucleosomes, without degrading the nucleosomes. A typical MNase-seq protocol involves crosslinking chromatin
with formaldehyde to prevent digestion of histone bound DNA, nuclei isolation, micrococcal digestion to remove free DNA.
Subsequently, cross-linking is reversed, and proteinase K digestion is used to release histone proteins. DNA is extracted
with phenol-chloroform or spin columns and used as input for microarrays 22, or high-throughput sequencing 41551,

Employing MNase-seq in human cell lines showed that nucleosome occupancy is dependent on distinct DNA methylation
and histone modification patterns B8l For example, H3K4me3-histone marks, associated with active promoters, were
generally depleted of nucleosomes, while H3K9me3-marked inactive epigenetic elements had relatively higher
nucleosome occupancy 28l On the other hand, distinct nucleosome distribution at TF binding sites can determine lineage-
specific TFs. An increased nucleosome occupancy at binding sites of Stat3 and p300 TFs was found in the lineage-
committed cells compared to embryonic stem cells and neural progenitor cells (NPCs) B4, Interestingly, combining



ENCODE ChIP-seq and MNase-seq datasets led to the development of an unsupervised chromatin pattern discovery tool
that predicted asymmetry and heterogeneity in distribution of nucleosomes and histone modifications flanking distinct
classes of TF binding sites [28l,

In general, and on an average across cell-types, most eukaryotic chromatin has a nucleosome repeat length of 185-195
bp, corresponding to ~147 bp of nucleosome DNA and ~45 bp of linker DNA. However, nucleosome spacing can also be
indicative of specific cell-types and/or disease-states. For example, MNase-seq in distinct cell-types identified a shorter
average nucleosome spacing in dorsal root ganglia neurons (~165 bp) compared to cortical astrocytes or oligodendrocyte
precursor cells (~183 bp) B2, Another study depicted age-dependent effects on nucleosome spacing and reported that
nucleosome spacing on an average increased with age (up to 50 bp) in mammalian cortical and cerebellar neurons, but
not in the glial cell-types ¥9. As such, epigenetic changes (such as DNA methylation) have been shown to correlate with
ageing process . Given that precise nucleosome spacing at regulatory sites is an important determinant of
transcriptome, it will be important to test, whether and to what extent, age-dependent changes in the neuronal epigenome
relate to age-related changes in synaptic functions.

MNase-TSSs sequence capture is a modified technique to map nucleosome distribution surrounding only TSSs at a
genome-wide scale. This approach identified nucleosome relocation around TSSs at early stages of the disease. This, in
turn, was associated with aberrantly high TF binding and disruption of gene expression programs that mediate disease
progression 41, Moreover, alterations to nucleosome occupancy around gene TSSs has been associated with both
neurological ¥2 and psychiatric diseases “3l. Chromatin remodelers can increase nucleosome density, displacing RNAPII
and leading to gene silencing 44, Moreover, mutations in chromatin remodelers have been reproducibly associated with
neurodevelopmental and psychiatric disorders 4445l Taken together, nucleosome turnover by chromatin remodeling
factors can impact interactions at cis-regulatory elements, dysregulating target gene expression.

Combining human de novo mutation datasets with MNase-seq-derived nucleosome maps revealed that non-coding
regions at/around translationally stable nucleosome positioning across cell-types associate with significantly higher de
novo mutation rates, INDELs, repeat elements, and a lower DNA replication fidelity of those sites (48] This further
suggests that nucleosome positioning may be an important factor in determining DNA mutation rate variations, which
associate with numerous complex traits and diseases.

Recently, single-cell MNase-seq has been able to obtain nucleosome positioning and chromatin accessibility profiles from
single cells 4, Briefly, fluorescence assisted cell (FAC)-sorting of single cells can be paired with native or fixed cells and
micrococcal nuclease digestion of single-cell or bulk cell suspension can be carried out depending on the amount of
starting material, followed by phenol-chloroform extraction of DNA fragments. Isolated DNA is ligated with specific
adapters for PCR amplifications and subsequently purified for high-throughput sequencing “4. This approach revealed
nucleosome organizing principles of cell-types, not evident in bulk MNase-seq. For example, smaller variations in the
positioning of nucleosomes were detected within single cells and cell-types than those found across different cell-types.
Furthermore, scMNase-seq demonstrated that the nucleosomes surrounding both the active DHSs and transcription start
sites of active genes showed less positional variance across different cell-types and correlated with variations in gene
expression, as compared to inactive DHSs or silenced genes [48],

Other single-cell methods include scNOMe-seq that can measure both nucleosome occupancy and DNA methylation at a
genome-wide scale 2. Multi-omics approaches, such as scNMT-seq (single-cell nucleosome, methylation and
transcription sequencing), can directly identify impacts of nucleosome positioning on transcriptomic regulation at the
single cell level B9, These techniques have allowed us to integrate different but complementary levels of genomic
information, providing multimodal signatures for a given cell.

2.4. Assay for Transposase-Accessible Chromatin (ATAC-seq)

ATAC-seq can capture multi-nucleosome regions of open chromatin using at least 10 times less nuclei and can obtain a
higher signal-to-noise ratio compared to the previously described DNase, FAIRE, or MNase-seq. Introduced by
Buenrsotro et.al, ATAC-seq requires a prokaryotic Tn5 transposase charged with point mutations to increase its enzymatic
activity and adaptors to tag accessible chromatin. Tn5 transposase is applied to the isolated nuclei in bulk. Specific primer
pairs can be used to amplify the cut and tagged segments of DNA, which is then followed by high-throughput sequencing.
A successful ATAC-seq library shows a laddering pattern with 200 bp periodicity, corresponding to segments of DNA
devoid of one (200 bp) or more nucleosomes B, With slight modifications, such as the use of multiple detergents and
post-lysis nuclei washing with Tween-20, Omni-ATAC-seq is optimized for long-term frozen tissues and attains lower
mitochondrial contamination. The use of this adapted protocol with postmortem brain tissue showed enrichments for
neurological and psychiatric disease associated risk variants in regions of open chromatin 52,



ATAC-seq has become a popular technique for studying DNA structure, not only because of its ease of use, but also
because of its robust findings. For example, the Common Mind Consortium (CMC)-led study in postmortem human brain
identified about 9% SNP heritability in schizophrenia in the open regions of chromatin. In addition, a four-fold increase in
the SNP heritability for this illness was found when including evolutionarily conserved open regions 23, Interestingly,
differences in accessibility across open regulatory regions appear to be significantly influenced by age and disease
phenotypes. Cellular maturation influences the closing of regulatory loci enriched for motifs important for activity-
dependent dendritic patterning and NPCs self-renewal. Schizophrenia-related phenotypic alterations were correlated with
changes in open chromatin enriched in motifs important for neurogenesis and myelin regeneration 23, Furthermore, many
guantitative trait loci (QTLs) that were found to impact chromatin accessibility changes in the brains of individuals with
schizophrenia, showed concordant effects with QTLs effecting gene expression changes (eQTLs), suggesting an
association of specific alleles and chromatin states with gene expression alterations in diseased phenotypes. Of note, this
study used a very large sample-size, but did not correct for cell-type heterogeneity in chromatin states 531,

Since ATAC-seq can be performed on small amounts of material, researchers have successfully used fluorescence-
activated nuclei sorting (FANS) to isolate broad cell types based on antibodies against specific cell markers. Generating
neuronal (NeuN+) and non-neuronal (NeuN-) populations from postmortem brain regions of healthy individuals showed
that individual cell-types capture more than 50% of the variance in open chromatin brain regions, in contrast to biological
sex that accounted for less than 2% variance 4. Additionally, the neuronal open chromatin showed less overlap with the
bulk DHSs than non-neuronal cells, potentially indicating higher variability among neuronal subtypes. Moreover, open
chromatin regions of neurons were mostly distal and intergenic with more variable profiles across brain regions than non-
neuronal open chromatin 24!, suggesting region-specific distal gene regulation in neurons.

Overlapping risk loci with open chromatin regions revealed that neurons from the striatum and hippocampus were
enriched for schizophrenia risk variants, while non-neuronal hippocampal regions were enriched for risk variants
associated with major depressive disorder (MDD) 24, Likewise, an organoid model of forebrain development (cell sorted
by FACS) depicted both time- and lineage-specific accessibility patterns that correlated with distal enhancer accessibility
(+/- 500 kbps of TSSs) of glial and neuronal marker gene expression. In terms of disease association, schizophrenia-
associated risk variants were enriched across mature neuronal or non-neuronal cell-types, while those for autism
spectrum disorders were enriched primarily in progenitor glial cells 52, further highlighting the importance of employing
cell-type specific modalities.

Combining ATAC-seq with a more refined FANS approach by sorting for glutamatergic neurons, GABAergic neurons,
oligodendrocytes, and microglia/astrocytes resulted in cell-type specific differentially open coding- and noncoding-regions
(581 For example, differentially open chromatin overlapping Bdnf gene was found in the glutamatergic neurons, while open
chromatin of Lhx6 gene was detected in the GABAergic neurons. In addition, cell-type specific open chromatin overlapped
with regulatory regions of cell-type specific marker genes. Further, TF footprinting using ATAC-seq, such as DNase-seq,
can predict binding of TFs at open chromatin. The footprinted TFs were associated with target genes by the distance of
TF binding sites to TSSs. Moreover, the target genes of cell-type specific TFs were among those with cell-type specific
open chromatin 8. These results elucidate the role of accessible chromatin in influencing cellular transcriptome.

The open chromatin regions in glutamatergic neurons showed strong enrichments for risk variants associated with
psychiatric phenotypes including schizophrenia and brain-related traits like neuroticism and intelligence 281, Moreover,
cell-type deconvolution of bulk ATAC-seq from the brains of individuals with schizophrenia B3l using cell-type open
chromatin signatures identified in this study, further implicated glutamatergic cell-type in pathology of schizophrenia 8!,
On the other hand, microglia/astrocytes cell types were enriched for Alzheimer’s disease (AD) risk related SNPs.
Together, these findings support the need to acquire cell-specific epigenome when investigating complex phenotypes 28],

Single-cell or nucleus ATAC-sequencing (sc/sn-ATAC-seq) can capture cells that cannot be isolated through gene markers
(i.e., FANS based isolation), as well as identify landscapes of rare cell-types and/or cell-states. Using the principles of bulk
ATAC-seq, scATAC-seq requires a fluidics-based chip, where single cells are captured into individual wells, followed by
Tn5 transposition and amplification. Single-cells are then barcoded for cell-identification, and subsequently pooled for
library generation and next-generation sequencing (NGS) 4. Alternatively, a high-throughput droplet-based sequencing
can be done using 10x chromium microfluidics, where cells are transposed in bulk, and then isolated with a gel bead
matrix so every region of open chromatin from a given cell is tagged with a unique 16 bp cell specific barcode sequence.
This approach was used to profile distinct regions of the developing human forebrain, revealing regulatory mechanisms
essential for neurogenesis with cell-type and cell-state specific chromatin landscapes and those associating with germline
and de novo disease risk variants of complex psychiatric traits (2],



A plate-based combinatorial barcoding approach called sci-ATAC-seq was established to allow multiplexing of high
numbers of cells/nuclei. First, one-to-few nuclei are tagged with barcoded Tn5 in a single well of a 96-well plate, and then
it is followed by a fixed number of successive barcoding events with different barcode and pools of nuclei, enabling
multiplexing of cells, making it scalable and cost-efficient [22. This approach was used to develop an atlas of 45 distinct
brain regions from the adult mice, identifying almost 492,000 cis-regulatory elements, which could define 160 cell-type
clusters 89, The majority of the cis-regulatory elements (96%) were located at least 1kbp away from promoter regions.
Among 1% of invariant cis-regulatory elements across the cell-types, 80% were at promoters and others mainly at CTCF
binding sites. The open chromatin from mice leveraged with coordinates converted to human genome, revealed significant

overlaps of complex brain disease risk variants with open chromatin regions with both regional and cell-type specificity
[60]

The use of bulk-ATAC-seq captured minimal enrichments for Alzheimer’s or Parkinson’s disease associated risk variants,
however, combining it with snATAC-seq revealed five-fold enrichment of SNPs overlaying regions of open chromatin at
cell-type specific regulatory loci BY. Further, SNP heritability for Alzheimer’s and Parkinson’s were mainly predicted to
occur in microglial cells. Both microglia-specific TF binding sites and gene targets were found to be enriched for risk
SNPs, while heritability for other neurological or psychiatric traits were mostly predicted in distinct neuronal cell-types €],
These findings strongly point towards the importance of using single-cell techniques when studying complex disorders of
the brain.

Taken together, the general patterns of chromatin accessibility and disease enrichments consistently show distal
regulation of cell-type specific genes. Risk variants for psychosis-associated diseases are mainly enriched in the open
regions of neurons, while neurodegenerative disease variants occur more consistently in open chromatin regions of non-
neuronal cell-types. These findings hold true across distinct chromatin accessibility measuring approaches 621[631(64]
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