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Abstract

Recent advances in single cell transcriptomics illuminate the diverse neuronal and glial cell types
within the human brain. However, the regulatory programs governing cell identity and function
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remain unclear. Using single nucleus ATAC-seq analysis, we explore open chromatin landscapes
across 1.1 million cells in 42 brain regions from three adults. Integrating this data unveils 107
distinct cell types and their specific utilization of 544,735 candidate cis-regulatory DNA elements
(cCREs) in the human genome. Nearly 1/3 of the cCREs demonstrate conservation and chromatin
accessibility in the mouse brain cells. We reveal strong links between specific brain cell types

and neuropsychiatric disorders including schizophrenia, bipolar disorder, Alzheimer’s disease, and
major depression, and develop deep learning models to predict regulatory roles of non-coding risk
variants in these disorders.

Neuropsychiatric disorders and mental illnesses are the leading cause of disease burden

in the United States(1). Tens of thousands of sequence variants in the human genome
have been linked to the etiology of neuropsychiatric disorders(2, 3). However, interpreting
the mode of action of the identified risk variants remains a daunting challenge, since the
vast majority of them are non-protein-coding and remain to be annotated (4, 5). A large
fraction of the non-coding risk variants might contribute to disease etiology by perturbing
transcriptional regulatory sequences and target gene expression in disease-relevant cell
types(6, 7). However, a lack of maps and tools to explore gene activities and their
transcriptional regulatory sequences at high cellular and anatomical resolution in the brain
presents a major barrier to obtaining a clearer mechanistic understanding of the broad
spectrum of neuropsychiatric disorders.

The human brain is made up of hundreds of billions of neurons, which through trillions

of synapses form a complex neurocircuitry to carry out diverse neurocognitive functions.
The functionality of the neural circuitry is supported and maintained by an even greater
number of glial cells including astrocytes, oligodendrocytes, oligodendrocyte precursor
cells, and microglia, among others. Single-cell RNA-seq and high throughput imaging
experiments have produced detailed cell taxonomies for mouse and human brains (8-11),
leading to a comprehensive view of cell types and their molecular signatures in many

brain areas(12-14). Analyses of gene expression patterns using single-cell transcriptomics
and spatial transcriptomics assays (8, 10, 15-17), have further advanced our understanding
of the transcriptional landscapes in different brain cell types. In comparison, analysis of

the regulatory elements that drive the cell-type specific expression of genes is lagging.
Current catalogs of candidate regulatory sequences in the human genome, most notably
those generated by ENCODE and Epigenome Roadmap consortia (6, 7, 18, 19), still lack the
information about cell-type-specific activities of each element especially those identified
from brain tissues, because conventional assays performed using bulk tissue samples,
unfortunately, fail to resolve cCREs in individual cell types comprising the heterogeneous
tissues. Recent technological advances have enabled the analysis of open chromatin at single
cell resolution (20-23) in adult mouse tissues (20, 22, 24), generating cell-type-specific
maps of gene regulatory elements for a limited number of human brain cell types and brain
regions (25, 26).

As part of the BRAIN Initiative Cell Census Network (BICCN), we have carried out
single-cell profiling of transcriptome, chromatin accessibility, and DNA methylome across
>40 regions in the human brain from multiple neurotypical adult donors. Here, we generated
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a single-cell chromatin accessibility atlas comprising ~1.1 million human brain cells. We
used this chromatin atlas to define 107 distinct cell types, and uncover the state of chromatin
accessibility at 544,735 cCREs in one or more of these brain cell types. We found nearly
1/3 of the cCREs demonstrate conservation and chromatin accessibility in the mouse brain
cells. We integrated our chromatin atlas with single cell transcriptome and DNA methylome
atlases to link cCREs to putative target genes. We further predicted disease relevant cell
types for 19 neuropsychiatric disorders. Finally, we developed machine learning models to
predict the regulatory function of disease risk variants and we created an interactive web
atlas to disseminate this resource (cis-element ATLAS [CATLAS]; http://catlas.org).

A single-cell chromatin accessibility atlas of human brains

We dissected 42 brain regions from the human cortex (CTX), hippocampus (HIP), basal
nuclei (BN), midbrain (MB), thalamus (THM), cerebellum (CB), and pons (PN) (according
to the Allen Brain Reference Atlas (27)) from three neurotypical male donors (D1, D2,

and D4), age 29, 42, and 58, respectively (Fig. 1A, Table S1). For each brain sample,

we performed Single nucleus assay for transposase-accessible chromatin using sequencing
(SnATAC-seq) using a protocol described previously (28) (Fig. 1A, Fig. SIA-D, Table S2).
Data reliability was confirmed by sequencing reads showing nucleosome-like periodicity
(Fig. S1E), excellent correlation between datasets from similar brain regions (Fig. S1F), high
enrichments of reads near transcription start sites (TSS), and other quality control metrics
(see Methods). A total of 1,290,974 nuclei passed a set of quality control thresholds (Fig.
S1G, see Methods). After removing an additional 156,614 snATAC-seq profiles that likely
resulted from potential barcode collision or doublets (Fig. SIH-J, see M ethods), a total of
1,134,360 nuclei were retained. Among them, 595,713 were from CTX, 72,190 from HIP,
317,480 from BN, 23,114 from MB, 50,768 from THM, 51,775 from CB and 25,459 from
PN (Table S3). On average 4,970 chromatin fragments were detected in each nucleus (Table
S3, Fig. SIK-M, see Methods).

We next carried out iterative clustering with snATAC-seq profiles and classified them into
three major classes, with class I enriched for glutamatergic (vGlut+, putatively excitatory)
neurons (11.8%), class Il enriched for GABAergic (GABA+, putatively inhibitory) neurons
(6.8%) and class 111 enriched for non-neuronal cells (81.4%) (Fig. 1B, D, F, Fig. S2, Fig.
S3A-B). Iterative clustering further classified the three major classes into 14 sub-classes
of vGlut+ neurons, 2 sub-classes of granule cell types, 1 sub-class of cholinergic neurons,
4 sub-classes of dopaminergic neurons, 2 sub-classes of thalamic and midbrain derived
neurons, 11 sub-classes of cortical GABA+ neurons, and 8 sub-classes of non-neuronal
cells (Fig 1B, D, F). Each sub-class was annotated based on chromatin accessibility at
promoters and gene bodies of at least three marker genes of known brain cell types, together
with the brain region where the cells reside (Fig. 1C, E, G, Fig. S3C, Table S4, and S5).
For each sub-class, we also conducted a third round of clustering and identified a union

list of 107 distinct cell types (Fig. 1H, Fig. S4, Table S3, see M ethods). To determine

the optimal number of cell types within each sub-class, we evaluated the relative stability
from a consensus matrix based on 100 rounds of clustering with randomized starting seeds.
We then calculated the proportion of ambiguous clustering (PAC) score and dispersion
coefficient (DC) to find the optimal resolution (local minimum and maximum) for cell
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type clustering (Fig. S2B-E). For example, vasoactive intestinal peptide-expressing (VIP)
neurons were further divided into multiple cell types with distinct chromatin accessibility
at multiple gene loci (Fig. 11, Fig. S2B-E, Fig. S4). We found that the clustering result

of sSnATAC-seq was robust to variation of sequencing depth, and signal-to-noise ratios, and
most cell sub-classes showed no batch effect from at least two biological replicates using
local inverse Simpson’s index (LISI) analysis, with the exception of two cell sub-classes
(SUB, granule cells from subiculum, SMC, vascular smooth muscle cells) that were mostly
captured from one donor (Fig. S5). To capture the relative similarity in chromatin landscapes
among the 42 sub-classes we constructed a robust hierarchical dendrogram showing known
organizing principles of human brain cells: the non-neuronal class is separated from the
neuronal class, which were further separated based on neurotransmitter types (GABA+,
dopaminergic, cholinergic, and vGlut_+) and developmental origins (Fig. 1H, Fig. S6, see
Methods).

As expected, most neuronal cell types and some glial cell types were distributed in the
human brain in a non-uniform fashion (Fig. 1J). We defined a regional specificity score

for each sub-class based on the contribution from different brain regions. Although the
majority of glial cell types were ubiquitously distributed throughout the brain, showing very
low regional specificity (Fig. 1J, right), there were exceptions. For example, Bergmann glia
(ACBGM), also called Golgi epithelial cells, were specialized, unipolar glial cells featuring
cell bodies situated in the Purkinje cell layer and radial fibers in the cerebellum (29). This
cell type was specifically found in the cerebellum (Fig. 1H, J). On the other hand, most
neuronal types were characterized by regional specificity (Fig. 1J, right). We found a stark
separation based on brain sub-regions for distinct neuron types including the granular cells
in the cerebellum (CBGRC) and medium spiny neurons (MSN) in the basal ganglia. For
vGlut+ neurons, we also observed distinct types of intra-telencephalic (IT) cortical neurons
in the primary visual cortex (V1C) (IT-V1C), and excitatory neurons from the amygdala
(AMY) to be highly restricted to specific brain regions or dissections. We also compared our
cell clusters with the cell taxonomy defined from other modalities and attained a remarkable
level of agreement. (Fig. S7, see Supplementary Text).

Mapping and characterization of human brain cCREs

As a first step towards defining the gene regulatory programs that underlie the identity and
function of each brain cell type, we identified the open chromatin and cCREs in each of
the 107 brain cell types. We aggregated the chromatin accessibility profiles from the nuclei
comprising each cell cluster/type and identified the open chromatin regions with MACS2
(30)(Fig. S8A). We filtered the resulting accessible chromatin regions based on whether they
were called in at least two donors, or pseudo-replicates (Fig. S8A-B). From our previous
study, we found that read depth or cluster size can affect MACS2 peak calling scores(28).
We used “score per million” (SPM)(31) to correct this bias (Fig. S8C, see M ethods).
About 1000 nuclei were sufficient to identify over 80% of the accessible regions in a cell
type, consistent with our previous finding(28) (Fig. S8C). We iteratively merged the open
chromatin regions identified from every cell type, and kept the summits with the highest
MACS?2 score for overlapped regions. On average, we detected 62,045 open chromatin
regions per cell type (each 500 bp in length), and a union of 544,735 open chromatin
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regions across all 107 cell types (Fig. S8D, Table S6, and S7, see M ethods). These cCRES
together made up 8.8% of the human genome (hg38) (Table S8). Of these cCREs, 95.3%
were located at least 2 kbp away from annotated promoter regions of protein-coding and
IncRNA genes (Fig. 2A, Table S8). The promoter-distal cCCREs were distributed in introns
(34.8%), intergenic (27.8%), and other genomic regions. Of note, 22% of them overlap
with endogenous retrotransposable elements, including the long terminal repeats classes
(LTR, 6.8%), LINEs (long interspersed nuclear elements, 11.3%), SINEs (short interspersed
nuclear elements, 3.9%). Several lines of evidence support the authenticity of the identified
CCREs. First, both proximal and distal cCREs showed higher sequence conservation than
random genomic regions with similar GC content (Fig. 2B). Second, 89.6% of cCREs
overlapped with DNase hypersensitive sites (DHS) previously mapped in a broad spectrum
of bulk human tissues and cell types including fetal and adult brains (32). This list further
expands candidate CREs previously annotated in the human genome by the ENCODE(19)
and a recent survey of chromatin accessibility in single nuclei across fetal and adult human
tissues (33)(Fig. 2C).

To define the cell type specificity of the cCREs, we first plotted the median levels of
chromatin accessibility against the maximum variation for each element (Fig. 2D). We found
that the majority of cCREs displayed highly variable chromatin accessibility across the
brain cell types identified in the current study, except for a small proportion of invariable
CCREs (2.0%) that showed accessibility in virtually all cell clusters, of which 87% were

at proximal regions to TSS (Fig. 2D, Fig. S8E). To characterize the cell type specificity of
the cCREs more explicitly, we used non-negative matrix factorization to group them into 37
modules, with elements in each module sharing similar cell type specificity profiles. Except
for the first module (M1) which included mostly cell-type invariant cCRES, the remaining
36 modules displayed high cell-type restricted accessibility (Fig. 2E, Table S9, and S10).
These restricted modules were enriched for distinct sets of motifs recognized by known
transcriptional regulators (Table S11). For example, the NEUROG2 and ASCL1 enriched

in module M4 for intratelencephalic (IT) neurons at cortical layer 2/3 (IT-L2/3) have been
reported to be proneural genes, which is critical for cortical development (Table S11)(34).
The SOX family factors in module M35 for oligodendrocytes (OGC) are pivotal regulators
of a variety of developmental processes (Table S11)(35). These results lay a foundation for
dissecting the gene regulatory programs in different brain cell types and regions.

Linking distal cCREs to target genes

To investigate the transcriptional regulatory programs that are responsible for cell-type-
specific gene expression patterns in the human brain, we carried out an integrative analysis
combining the SnATAC-seq data collected in the current study with sScRNA-seq data
generated by a companion paper (Siletti, et al. 2022. in press in the same issue, #1) from
matched brain regions (Fig. S7). We first connected 255,828 distal cCREs to 14,861 putative
target genes by measuring the co-accessibility across single nuclei in every cell sub-class
using Cicero (Fig. 2F, upper, see M ethods), which resulted in a total of 1,661,975 gene—
cCRE pairs within 500 kb of each other. Next, we identified the subset of cCREs the
accessibility of which positively correlated with the expression of putative target genes and
therefore could function as putative enhancers in neuronal or non-neuronal types (Fig. 2F,
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bottom). This analysis was restricted to distal cCCRESs and expressed genes captured from

27 matched cell sub-classes defined from integrative analysis between snATAC-seq and
scRNA-seq (Fig. S7). We revealed a total of 265,049 pairs of positively correlated cCRE
(putative enhancers) and genes at an empirically defined significance threshold of FDR <
0.05 (Table S12). These included 114,877 putative enhancers and 13,094 genes (Fig. 2G,
Fig. S9, Table S12). The median distance between the putative enhancers and the target
promoters was 176,345 bp (Fig. S9A). Each promoter region was assigned to an average of
7 putative enhancers, and each putative enhancer was assigned to two genes on average (Fig.
S9B-C).

To investigate how cell-type-specific gene expression is regulated, we further classified

these putative enhancers into 27 modules by using non-negative matrix factorization (Table
S13, and S14). The putative enhancers in each module had a similar pattern of chromatin
accessibility across cell sub-classes (Fig. 2H), and the expression of putative target genes
showed a correlated pattern (Fig. 21). This analysis revealed a large group of 5,113 putative
enhancers that were linked to 4,775 genes more strongly expressed across all neuronal cell
clusters than in non-neuronal cell types (module M1) (Fig. 2H, I, Table S13, and S14). These
putative enhancers are strongly enriched for CTCF, and RFX binding sites (Table S15),
which is consistent with what we previously found in the mouse cerebrum(28).

We also uncovered modules of enhancer—gene pairs that were active in a more restricted
manner (modules M2-M27) (Fig. 2H-J). For example, we identified several modules
(M2-MT7) associated with cortical glutamatergic neurons (IT-L2/3, IT-L4, IT-L5, IT-L6-1,
IT-L6-2), in which the putative enhancers were enriched for sequence motifs recognized
by the bHLH factors NEUROD1 (Fig. 2J, Table S13-S15). Another example was module
M15 associated with medium spiny neurons (MSN), in which putative enhancers were
enriched for motifs of MEIS factors, which play an important role in establishing the striatal
inhibitory neurons (Fig. 2J, Table S13-S15). Module M25 was associated with microglia
(MGC). Genes linked to putative enhancers in this module were related to immune genes
and the putative enhancers were enriched for the binding motif for ETS-factor PU.1, a
known master transcriptional regulator of this cell lineage (Fig. 2J, Table S13-S15). This
observation is consistent with the paradigm that cell-type-specific gene expression patterns
are largely established by distal enhancer elements.

Regional specificity of glial and neuronal cell cCREs

The single-cell atlas of chromatin accessibility generated in this study provides a

unique opportunity to characterize the heterogeneity of the gene regulatory programs

that might underlie the specialized functions of glial and neuronal cells in each brain
region. Whereas most non-neuronal cell types, including oligodendrocytes (OGCs),
oligodendrocyte precursor cells (OPCs), microglia (MGC), telencephalon astrocytes
(ASCTs), non-telencephalon (ASCNTS), and various vascular cells were ubiquitously
distributed throughout the different brain dissections (Fig. 1J), molecular diversity has
been recently reported in these cells in juvenile and adult vertebrates(36—39). We therefore
leverage the largest collection of >900,000 single nuclei of non-neuronal cells and the
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high-resolution brain dissections in the present study (Fig. SIN), to perform in-depth
characterization of the regulatory diversity of the non-neuronal populations.

The UMAP embeddings in the brain regional spaces showed a gradient among cell types
of OGCs, OPCs, MGCs, and ASCTs (Fig. 3A-B, E-F, I-J, and M-N, Fig. S10). We
hypothesized that these gradients may reflect heterogeneity in cCRE usage in these glial
cells across brain regions. We first calculated the averaged chromatin accessibility and
coefficient of variation (CV) across 42 brain regions for every cCRE identified in OGCs,
OPCs, MGCs, ASCTs, respectively (Fig. 3C, G, K, and O, Fig. S10). A large number of
cCREs displayed highly variable chromatin accessibility across the brain regions (Fig. 3C,
G, K, and O, Fig. S10). In total 55,304 variable cCREs made up 40.1% of total cCREs
identified in OGCs, 43,574 variable cCREs made up 33.0% of total cCREs identified in
OPCs, 37,962 variable cCCREs made up 34.5% of total cCREs identified in MGC, and
46,979 variable cCCREs made up 33.1% of total cCREs identified in ASCTSs. Next, using
k-means clustering analysis on these variable cCREs for each glial cell population (Fig.
3D, H, L, and P), we revealed distinct open chromatin patterns in OGCs, OPCs, and
ASCTs from the cerebellum (CB). A large fraction of these variable cCREs showed higher
chromatin accessibility in the cerebellum exclusively (Fig. 3D, H, and P). We also observed
loss of chromatin accessibility in a large number of cCREs in distinct brain structures (Fig.
3D, H, L, and P). These variable cCREs show similar regional specificities across three
donors.

In addition, we found a diverse population of both telencephalic (ASCT) and non-
telencephalic astrocytes (ASCNT) in different major brain structures (Fig. 3M, and N). We
identified three ASCNT cell types from sub-clustering of astrocytes, and one cell population
restricted to the cerebellum that was annotated as Bergmann glial cell (ASBGM) (Fig.

3Q, and R). One cell type (ASCNT-1) was detected mostly in the thalamus, midbrain,

and pons, whereas the other two ASCNT cell types were predominantly found in the

cortex, hippocampus, and cerebral nuclei (CN). To characterize the dynamic epigenome, we
compared the open chromatin landscapes among different cell types using a likelihood ratio
test (Fig. 3S, Table S16, see M ethods), and identified a total number of 8,790 cCREs that
exhibited cell-type-restricted accessibility (range: 100-3,787) (Fig. 3S). A human enhancer,
specifically accessible in the ASCNT-1 type, was previously validated by mouse transgenics
to be active in the midbrain (Fig. 3T). We further performed motif analysis for differentially
accessible regions in these cell types, finding enrichment of both shared and specific TF
binding motifs. For example, we found CCAAT box-binding transcription factor (CTF) NF1
enriched in differential regions identified from both ASCT-1 and ASBGM, whereas TF
motifs from nuclear receptors (NRs) and zinc-finger families are specifically enriched in
different types (Fig. 3U, Table S17).

Lastly, we found that the cell populations of medium spiny neurons (MSNs) solved by
chromatin accessibility were better separated based on the sub-regions in basal ganglia,
rather than D1- and D2-types defined by the expression of two dopamine receptors DRD1
and DRD2 (Fig. S11, Table S18, Table S19, and Supplementary Text).
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Epigenetic conservation of cCREs in mouse and human brain cells

To determine how conserved the gene regulatory landscapes are between human and mouse
brains, we compared the human brain cCREs defined in this study with our previously
published map of mouse cerebrum cCREs(28). We first performed joint clustering of 18
neuronal and glial cell sub-classes from cerebrum (each with >1,000 single nuclei) (Fig.

4A, Fig. S12)(28). We used multiple molecular features, including “gene activity scores”

at homologous genes, chromatin accessibility at homologous cCREs, and transcription
factor motif enrichment scores (Fig. S12A-G, see Methods). We note that clustering based
on gene activity scores alone does not align brain cell types between the two species

(Fig. S12A, D, and E), because of a lack of general conservation of expression patterns,

as reported previously(40, 41). We identified orthologues of the human cCREs in the

mouse genome by performing reciprocal homology searches, and overlapped with cCREs
identified in the mouse cerebrum (Table S20, see M ethods). Clustering using the chromatin
accessibility at homologous cCREs alone also failed to align corresponding cell types, likely
due to substantial of CRE turnovers (Fig. S12B, and F). Instead, we found that clustering
based on TF motif enrichment allows for reasonable alignment of brain sub-classes between
species (Fig. S12C, and G). This observation suggests that sequence motif enrichment scores
are conserved molecular features that can reliably align similar cell sub-classes in the human
and mouse brains (Fig. 4B, Fig. S12G). These analyses also showed that the gene regulatory
programs of similar cell types share a similar grammar and syntax of gene regulation, likely
in the form of combinatorial activities of conserved transcription factors.

For ~60% of the human cCREs, mouse genome sequences with high similarity could

be identified (more than 50% of bases lifted over to the human genome) (Fig. 4C, Fig.
S12H-I, Table S20). Among these orthologues’ genome sequences, only half of them
(32.8% of total human cCRES) were also identified as open chromatin regions in any

cell sub-classes from the mouse cerebrum. We thus defined the 32.8% of human cCREs
with both DNA sequence similarity and open chromatin conservation as CA (chromaitn
accessibility)-conserved cCREs, and 26.8% of human cCREs with only DNA sequence
similarity as CA-divergent cCREs. In addition, we defined 40.4% of human cCREs without
orthologous genome sequences in the mouse genome as human-specific cCREs, although
these may also include cCREs conserved in other primates or mammalian species except for
the mouse (Fig. 4C, left, Table S21). This general pattern was consistent with what has been
reported in other cell types between human and mouse(42). Next, we further break down
and performed the same analyses on the cCREs within the corresponding cell sub-classes
from both species. We observed a similar pattern and the proportion of different categories
of cCREs was relatively consistent between various cell sub-classes (Fig. 4C, right, Table
S21).

We further characterized the genomic distribution of different categories of cCREs. We
observed that a large proportion of CA-conserved cCRESs were located at or near the
promoter-TSS regions in the human genome. In addition, the human-specific cCCREs were
enriched for transposable elements (TE), such as LINEs, SINEs, and LTRs (Fig. 4D, Table
S21). Previous reports suggest that certain transposable elements are active in mammalian
brains, and could hypothetically contribute to vulnerability to disease(43). In support of this
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hypothesis, we further characterized TE-cCREs (Fig. S13, see Supplementary Text), and
our findings provide evidence that distinct TE families might be activated in specific brain
cell types. For example, LTRs, including but not limited to LTR13A, LTR2B, and LTR5B
display chromatin accessibility in microglia but not in other sub-classes of brain cells (Fig.
4E). The LTR13A has been reported to act as cellular gene enhancers(44). We observed
that the LTR13A also has variable accessibility in microglia populations in different brain
regions. For example, we identified higher accessibility in brain regions such as posterior
parahippocampal gyrus (TH-TL), primary visual cortex (A1C) and primary motor cortex
(M1C) from the cortex, substantia innominata and nearby nuclei (SI) and corticomedial
nuclear group (CMN) from cerebral nuclei, and lower accessibility in midbrain and
cerebellum (Fig. 4F). Furthermore, chromatin accessibilities at LTR13A in microglia from
TH-TL, CMN and Sl varied considerably among the donors, (Fig. 4G), but not in other
brain regions (Fig. 4H). The chromatin accessibility of LTR13A was associated with the
activation indicated by RNA expression signals (Fig. 41), though the biological relevance of
this observation requires further investigation in larger cohorts.

Taking advantage of the integration of multi-modal datasets, we next aimed to better
delineate the gene regulatory programs that underlie the identity and function of each brain
cell type (Fig. 5A, Fig. S14A-E). We collected single-cell genomic datasets profiled from
the human primary cortex (M1C) and middle temporal gyrus (MTG), including 149,891
cells from scRNA-seq, 27,383 cells from Paired-Tag (only from M1C), 55,974 cells from
SnATAC-seq, 10,604 cells from snmC-seq, and 16,257 cells from snm3C-seq (Fig. 5B-C).
We performed co-embedding cell clustering analysis on these datasets. (see Supplementary
Text and M ethods). The different single-cell assays showed excellent agreement in the same
co-embedding space, which indicates the high quality of common variable features and

the success of the integration strategy (Fig. 5C). The integration of multi-modal datasets
allowed us to evaluate the information content, the strengths, and limitations of various
assays in the prediction of potential functional enhancers. We first defined different subsets
of distal cCREs by using the combination of single-cell modalities or ShATAC-seq only
(Fig. 5D). By comparing the different subsets of distal cCCREs against validated human
enhancer in the forebrain from VISTA Enhancer Browser (https://enhancer.lbl.gov)(45), we
observed that the highest gain of enrichment comes with the incorporation of H3K27ac
modification signals (Fig. 5D). We also found incorparing the sequence conservation
information further improved the prediction of potential functional enhancers. The above
observations suggest that incorporation of chromatin accessibility, histone modification
information such as H3K27ac, co-accessibility between distal elements and promoters, and
sequence conservation, could improve the prediction of functional enhancers.

We characterized the gene program in VVIP-4, one cell type of VIP* neurons, which showed
distinct chromatin accessibility at gene CHRNAZ loci (Fig. 5E). The gene CHRNAZ
encodes a subunit of nicotinic cholinergic receptor, which is involved in fast synaptic
transmission. The co-localization of marker gene B7TBD11 for VIP+ neurons and CHRNAZ
from RNAscope(46) in situ hybridization experiment first validated the existence of VIP-4
type in the human cortex (Fig. S14F). We also noticed that the expression of CHRNAZ

was restricted in human VIP+ cell types, but not in any VIP+ cell types identified from
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mouse brain (Fig. 5F) (8, 41, 47). We explored whether the human-specific expression of
CHRNAZ was regulated by specific cCREs in the VIP-4 type. We identified a total of 40,086
differential cCREs between 7 VIP* cell types (Fig. 5G, Table S22). One differential cCRE
located downstream of the gene CHRNAZ showed higher accessibility in VIP-4, than in
OPC (Fig. 5H, ATAC tracks for 7 VIP* cell type and aggregated signals for VIP and OPC).
This cCRE was also characterized as a human-specific cCRE in VIP+ neurons (Fig. 4C,
Table S20). The specific accessibility of this cCRE and promoter of CHRNAZin VIP*
neurons were supported by mCG signals from snmC-seq (Fig. 5H, mCG tracks). This cCRE
was predicted as a putative enhancer that regulates the expression of CHRNAZ (Fig. 5H,

red arcs). The potential active function of this CRE was further supported by H3K27ac
modification in the cells (Fig. 5H, K27ac tracks). We additionally confirmed the chromatin
interactions between this cCRE and the promoter of CHRNAZ (Fig. 51). Taken together, the
above data suggested that this human-specific cCCRE could be an enhancer that regulates the
distinct expression of CHRNAZ in the VIP-4 type from the human brain.

Sequence changes underlie epigenetic divergence in cCREs in distinct brain cell types

We characterized different categories of cCREs (Fig. S15-17, Table S23, see Supplementary
Text), and hypothesized that the epigenetic divergence of cCREs could be partly due to
evolutionary changes in DNA sequences. To test this hypothesis, we picked IT-L2/3 neurons,
LAMP5* interneurons, and MGC as representative cell sub-classes, and trained gapped-
kmer SVM classifiers (gkmSVM) (48) from the DNA sequences in cCREs (Fig. 6A, B,

see M ethods). These models achieved excellent performance (area under receiver operating
characteristic curve (AUROC) ranging from 0.856 to 0.928, and area under precision-recall
curve (AUPRC) ranging from 0.850 to 0.912) in the prediction of open chromatin regions
within the corresponding species (Fig. 6A, B). Next, we predicted different categories

of mouse cCREs using gkmSVM models trained with human DNA sequence at cCRES

in corresponding cell sub-classes (Fig. 6C). These models also achieved high accuracy
(ranging from 0.83 to 0.91) in the prediction of CA-conserved mouse cCREs, and slightly
lower accuracy in CA-divergent (ranging from 0.79 to 0.82) and mouse-species cCCREs
(ranging from 0.71 to 0.80) (Fig. 6C). Similarly, the gkmSVM models trained with mouse
DNA sequences archived high accuracy in predicting human CA-conserved cCRESs (ranging
from 0.89 to 0.93), and slightly lower accuracy for human CA-divergent (ranging from

0.75 to 0.86) and human-specific cCREs (ranging from 0.77 to 0.84) (Fig. 6D). The

human CA-divergent cCREs that failed to be predicted from mouse gkmSVM models

have a potential function in regulating genes involved in specific biological processes,
including glutamate receptor signaling pathway (GO:0007215), synaptic transmission -
GABAergic (GO: 0051932), and various fatty acid elongation (GO: 0019367, GO:0019368,
G0:0034625) in IT-L2/3 neurons, LAMP5* interneurons, and MGC, respectively (Fig. S18,
Table S24, see Supplementary Text). These results suggested that the regulatory divergence
is at least in part due to evolution of DNA sequences.

Predicting disease relevant cell types for neuropschiatric disorders

Genome-wide association studies (GWASS) have identified genetic variants that are
associated with many mental diseases and traits (Table S25), but >90% of variants are
located in non-protein-coding regions of the genome (4, 5). Previous studies have shown
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that non-coding risk variants are enriched in cCRES active in disease relevant cell types (6,
7, 49). Leveraging the newly annotated cell-type-resolved human brain cCREs, we predict
the cell types relevant to the different neuropsychiatric disorders. We performed linkage
disequilibrium score regression (LDSC) analysis to determine if the genetic heritability of
DNA variants associated with neuropsychiatric disorders are significantly enriched within
cCREs showing chromatin accessibility in the major brain cell types in the present study
(Table S25, see M ethods). We found associations between 19 mental diseases and traits
(Table S25, and S26) with the open chromatin landscapes in one or more cell types we
identified (Fig. 7A, see Methods), and few associations for non-central nervous system
traits (Fig. S19A). In particular, we observed widespread and strong enrichment of genetic
variants linked to neuropsychiatric disorders such as schizophrenia (SCZ) and bipolar
disorder within accessible cCREs across various neuronal cell types (Fig. 7A, Table S26).
Tobacco use disorder and alcohol usage were associated with specific neuronal cell types
in basal ganglia, which were previously implicated in addiction(50). Another example is
neuroticism, which was restricted and associated with IT neurons from the cortex (Fig.
7A, Table S26). In addition, the risk variants from Alzheimer’s disease were significantly
enriched in the cCREs found in microglia, but not in other cell types (Fig. 7A, Table S26).

We further provided breakout reports of LDSC analysis by using three categories of cCREs
defined above (Fig. 4C). the strongest associations between cell sub-classes and GWAS
traits were found in the analysis of epigenetic conserved elements (Fig. 7B, Table S27).

For example, the risk variants in schizophrenia showed the most significant enrichment in
epigenetic conserved elements (Fig. 7C, see Supplementary Text). Fewer associations were
observed in the analysis of epigenetic divergent elements, and most of GWAS traits showed
no associations when human-specific elements were used for LDSC (Fig. 7B).

Interestingly, LDSC analysis using human-specific elements revealed an association between
Alzheimer’s disease (AD) and microglia (Fig. 7B, Table S27), raising the possibility that the
AD-related risk variants could reside in human-specific regulatory elements, and contribute
to human-specific gene regulation programs in microglia(51) (Fig. S20, see Supplementary
Text). This observation suggests potential limitations of animal models of AD in revealing
disease pathology in humans (52). For example, One AD risk locus contains multiple
microglia-specific cCCREs, which cannot find any homologous sequence in the mouse
genome (Figure S19B). One of these cCREs harboring AD-risk variants rs6733839 has
been predicted to be a microglia-specific enhancer that can regulate the expression of B/N1
gene, and its function was supported by both H3K27ac modification and previous validation
experiment (Figure S19B) (53).

Deep learning models predict the influence of risk variants on gene regulation

To further understand how risk variants contribute to the function of regulatory elements,
we used deep learning (DL) models to predict chromatin accessibility from DNA sequences
(Fig. 7E, Figure S21A-C, see Methods). The deep learning model architecture was inspired
by Enformer (54), which adapts attention-based architecture, Transformer, that could better
capture syntactic forms (for example, the order and combination of words in a sentence)
and outperforms most existing models in natural language processing tasks (55). We trained
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the DL model called Epiformer on the normalized pseudo bulk ATAC-seq profiles in human
microglia and multiple cell subclasses. To demonstrate the utility of the resulting deep
learning models, we focused on a microglia-specific cCCRE that was predicted to regulate
the expression of 7SPAN14 gene. This cCRE harbors two Alzheimer’s disease (AD) risk
variants, whose functions were investigated in a separate study (56)(Fig. 7D). The deep
learning model successfully predicted the cell type-specific accessibility of cCREs at the
TSPANI4locus with a Pearson correlation coefficient of 0.72 (Fig. 7E, F). By contrast, DL
models trained using ATAC-seq profiles from other cell types failed to predict the chromatin
accessibility profiles of these cCREs (Fig. S21D). To predict the regulatory effects of

the risk variant, we then performed in silico mutagenesis on the above microglia-specific
enhancer near 75PAN14 and compared the changes of accessibility predicted from reference
and altered DNA sequences. Every nucleotide within this 500 bp enhancer was mutated

in silico, and the influence on accessibility was measured by assessing the difference
between the predicted accessibility for the reference and altered sequences (Fig. 7G, Table
S28). Among these in silico single nucleotide mutations, most in the flanking regions did
not affect the predicted accessibility; however, a few nucleotide substitutions increased or
decreased the predicted chromatin accessibility (Fig. 7G, Table S28). The DNA sequence
most negatively associated with the predicted accessibility was predicted to contain binding
maotifs for transcription factors TFAP2A/B/C, ELF1, and FOXOL1 (Fig. 7G). Among them,
FOXO1 has been recently reported to be a critical element for the regulation of microglial
cell physiology and the maintenance of the brain homeostasis(57). The model predicted
that the nucleotide substitutions (C > A) of AD-risk variant rs7922621 would decrease

the accessibility of microglia specific enhancer (Fig. 7H), whereas the AD-risk variant
rs7910643 would barely influence chromatin accessibility (Fig. 71). These predictions
matched the experimental results obtained from microglia-like cells differentiated from two
different human pluripotent stem cell lines in which the two variants were modified using
PRIME editing and tested for effects on 7SPANI4 expression(56). These results provide
evidence that deep learning approaches might be able to capture the gene regulatory code
and interpret risk variants associated with complex traits and diseases.

Discussion

In-depth knowledge of the transcriptional regulatory program in brain cells would not only
improve our understanding of the molecular inner workings of neurons and non-neuronal
cells, but could also shed light on the pathogenesis of a spectrum of neurological disorders.
Here, we report a comprehensive profiling of chromatin accessibility at single-cell resolution
in 42 human brain regions. The chromatin accessibility maps of 544,735 cCREs, were
probed in >1.1 million nuclei. Taking advantage of our high-resolution brain dissections,

we examined the regional specificity in chromatin accessibility of cell types in the human
brain and showed that most brain cell types exhibit strong regional specificity. The described
cCRE atlas (http://catlas.org) represents a rich resource for the neuroscience community

to understand the molecular patterns that underlie the diversification of brain cell types in
complementation to other molecular and anatomical data.

The comparsion of open chromatin landscape between human and mouse cell types
uncovered a substantial degree of evolutionary changes involving both sequence turnovers
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and regulatory divergence. We identified ~30% of the cCREs that display sequence
conservation as well as chromatin accessibility, which is likely an underestimate of the
degree of conservation, since the list of brain cCREs in each species will likely be greater
as more cells and brain regions are assayed. We observed that the chromatin accessibility
at human-specific cCREs tend to be correlated with species-restricted gene expression,
and they are enriched for TEs. Whether these TE-cCRES may serve new enhancers to
drive primate specific gene expression remain to be demonstrated(58). In addition, TEs are
reactivated during aging, neurodegeneration, and neuropsychiatric disorders, and their role
in the disease pathology needs to be further elucidated(59) with future datasets collected
from more species and donors in various conditions.

Genome-wide association studies (GWAS) have been widely used to enhance our
understanding of polygenic human traits and reveal clinically relevant therapeutic targets
for neuropsychiatric disorders. However, our ability to interpret the risk variants has

been hampered by tissue heterogeneity and molecular functions of non-coding regulatory
elements. By leveraging both epigenetic conserved, divergent, and human-specific cCCRE
identified from various cell types between human and mouse comparison, we prioritized
likely causal variants in linkage disequilibrium, linked distal cCRES to putative target genes,
and predicted motifs altered by risk variants using cutting-edge deep learning methods. We
revealed hundreds of cell-type trait associations and created a framework to systematically
interpret noncoding risk variants.

The present study is limited to three subjects and each brain region is surveyed at a

modest depth. Future studies will be necessary to investigate the variations more deeply

in chromatin landscapes across different individuals, genders, age groups and populations.
Further, application of single cell multiomics as well as spatial transcriptomics tools will
greatly accelerate the identification of rare human brain cell types and their gene regulatory
programs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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