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Abstract

Non-coding genetic variation is a major driver of phenotypic diversity, but functional
interpretation is challenging. To better understand common genetic variation associated with brain
diseases, we defined non-coding regulatory regions for major cell types of the human brain.
Whereas psychiatric disorders were primarily associated with variants in transcriptional enhancers
and promoters in neurons, sporadic Alzheimer’s disease (AD) variants were largely confined to
microglia enhancers. Interactome maps connecting disease-risk variants in cell type-specific
enhancers to promoters revealed an extended microglia gene network in AD. Deletion of a
microglia-specific enhancer harboring AD-risk variants ablated B/N/1 expression in microglia but
not in neurons or astrocytes. These findings revise and expand the genes likely to be influenced by
non-coding variants in AD and suggest the probable cell types in which they function.

One Sentence Summary:

Identification of cell type-specific regulatory elements in the human brain enables interpretation of
non-coding GWAS risk variants.

The central nervous system is a complex organ consisting of diverse and highly
interconnected cells. Single cell sequencing technologies have advanced our understanding
of the molecular phenotypes of human neurons, microglia, astrocytes, oligodendrocytes and
other cell types that reside within the brain (1-3), but the transcriptional mechanisms that
control their developmental and functional properties in health and disease remain less well
understood. Genome-wide association studies (GWASS) provide a genetic approach to
identify molecular pathways involved in complex traits and diseases by defining associations
between genetic variants and phenotypes of interest (4, 5). Large-scale GWASs have
discovered hundreds of single nucleotide polymorphisms (SNPs) associated with the risk of
neurological and psychiatric disorders. The vast majority of these disease-risk genetic
variants are located in non-coding regions of the genome (5). The causal variants and the
specific cell type(s) in which the disease-risk variants may be active is often unclear. GWAS-
identified risk variants in non-coding regions of the genome can exert phenotypic effects
through perturbation of transcriptional gene promoters and enhancers (4). Enhancers are
short regions of DNA that bind transcription factors to enhance mRNA expression from
target promoters. Clusters of multiple enhancers, referred to as super enhancers, are
particularly important in driving the expression of cell identity genes (6). Unique enhancer
repertoires underly particular patterns of gene expression and enable cell type-specific
responses (7). The activity of enhancers depends on three-dimensional enhancer-promoter
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interactions (8), however, the enhancer-promoter interactome of different brain cell types in
vivo remain largely unknown.

To characterize transcriptional regulatory elements within different cell types of the human
brain, PU.1* microglia, NEUN* neuronal, OLIG2* oligodendrocyte and NEUNM® LHX2*
nuclei were isolated from resected cortical brain tissue from 6 individuals by fluorescent
activated nuclei sorting (fig. SLA-B; Table S1). Cell type-specific populations of 200k nuclei
were subjected to ATAC-seq, which identifies open regions of chromatin (9); and cell type-
specific populations of 500k nuclei were subjected to H3K27ac and H3K4me3 ChIP-seq,
which predominantly identify active chromatin regions and promoters, respectively (10, 11).
These datasets clustered according to cell type of origin and exhibited cell type-specific
patterns (Figs. 1A; S1C-E). Promoter H3K27ac signal correlated with gene expression of the
corresponding cell type more closely than ATAC-seq and H3K4me3 ChIP-seq (fig. S1F)
(12). Promoters associated with cell type signature genes preferentially exhibited
corresponding H3K27ac profiles (fig. S1G) (13). Oligodendrocyte nuclei contain a low
number of oligodendrocyte precursor cells, while neuronal nuclei represent a mixture of
excitatory and inhibitory subtypes (fig. S1G). ATAC-seq and H3K27ac ChlP-seq profiles
generated from PU.1 nuclei were highly correlated with those previously defined in ex vivo
microglia (fig. S1C, D) (14). Promoter H3K27ac signal was increased at microglia signature
genes compared to genes associated with other myeloid populations (fig. S1H) (15). Cell
type-specific promoter activity defined by differential H3K27ac mirrored cell type patterns
of gene expression (12), as well as ATAC-seq and H3K4me3 enrichment, and were
associated with gene ontologies representative of each cell type (fig. S2A-D; Table S2).

We identified putative active promoters and enhancers in each cell type and found a one-to
many relationship between promoters and enhancers (8). Whereas active promoters are
largely shared between cell types (Fig. 1B), a relatively small fraction of active enhancers
overlap between cell types (Fig. 1C), indicating that cell type specificity is mainly captured
within the enhancer repertoire. Most bulk brain enhancer regions identified by
PsychENCODE overlapped with the nuclei cell type enhancers (94%) (13). However,
analysis of cell-specific nuclei expanded the total number of putative brain enhancers by
87%.

To determine the enrichment of genetic variants associated with complex traits and diseases
in cell type-specific regulatory regions, we performed linkage disequilibrium score (LDSC)
regression analysis of heritability (16). LDSC utilizes GWAS summary statistics to
determine whether genetic heritability for a trait or disease is enriched for SNPs within
genome annotations while accounting for linkage disequilibrium. We obtained GWAS
summary statistics for neurological and psychiatric disorders and neurobehavior traits (17)
(Table S3). We found a strong enrichment of heritability for variants within neuronal
enhancers and promoters for all psychiatric disorders and behavioral traits (Fig. 1D), which
was substantially lower in PsychENCODE bulk brain enhancers (Fig. 1D) (13). In contrast,
AD SNP heritability was most highly enriched in microglia regulatory elements (Fig. 1D),
specifically microglia enhancers (18-23).
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De novo motif analyses at open chromatin within enhancers identified transcription factor
binding motifs associated with each cell type (fig. S3). In addition, H3K27ac-defined active
promoters identified 288 human transcription factors that were active in a cell type-specific
manner (fig. S4, Table S2) (24), several of which have been associated with disease (fig. S5;
Table S4). Integrating cell type-specific transcription factors with enhancer motifs of the
corresponding cell type identifies major drivers of cell ontogeny.

The relationship between promoters and distal regulatory regions for different cell types in
the brain is largely unknown. We utilized proximity ligation-assisted ChlP-seq (PLAC-seq)
in which proximity ligation preceded an enrichment for active promoters by H3K4me3
ChlIP-seq (25). Chromatin loops were identified between active promoters and distal
regulatory regions in microglia, neurons and oligodendrocytes (26). An example is the
SALL1locus, which has interactions to cell type-specific enhancers, including chromatin
loops to a microglia-specific super-enhancer (Fig. 2A). There were 219,509 significant
unique interactions across cell types, and replicates clustered according to origin (fig. S6A,
B; Table S5). A strong H3K4me3 signal did not dictate that an interaction will occur (fig.
S6C), suggesting that PLAC-seq captures a unique dimension of the chromatin
conformation.

A subset of chromatin interactions was significantly more active in each cell type and
colocalized with increased ATAC-seq, H3K27ac and H3K4me3 ChlP-seq signal in a cell
type-specific manner (Figs. 2B; S6D). Active promoters linked to microglia, neuronal and
oligodendrocyte enriched interactions were associated with gene ontology terms
representative of each cell type, supporting the ability of the PLAC interactome to annotate
cell type-specific promoter-enhancer interactions (Fig. 2C).

We identified 2,954 super-enhancers in microglia, neurons and oligodendrocytes, of which
83% had PLAC-interactions and were linked to promoters with elevated H3K27ac levels
compared to promoters linked to regular enhancers (fig. S7A, B). Many super-enhancers
harbored GWAS disease-risk variants and were connected to cell type-specific genes,
suggesting that a subset of GWAS variants act on super-enhancers to affect gene expression
(fig. STA, Table S6).

To better understand AD genetics and the microglia interactome, we distinguished likely
causal variants from those in linkage disequilibrium by applying fine mapping and identified
261 credible set variants (18). In many instances, such as the B/IN1, PICALM, and SORL1
loci, the fine mapped variants overlapped with microglia-specific enhancers that were
PLAC-linked to corresponding gene promoters (Fig. 3A). Next, we determined PLAC-
interactions between active promoters and AD-risk credible set variants (19) and identified
forty-one genes that were linked to these variants across cell types (fig. S8). Twenty-five of
the PLAC-linked AD-risk genes were identified in microglia, of which 14 were not detected
in the other cell types (Figs. 3B; S8). A broader set of 134 putative risk genes were identified
by applying the same analysis to all genome-wide significant variants found in two AD
GWASs (fig. S8, S9A, B and Table S7) (18, 19).
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Protein-protein interaction (PPI) network analysis showed that microglia AD-risk genes
identified by PLAC-seq were highly connected with GWAS-assigned genes and centered
around APOE, whereas PPI networks for neurons and oligodendrocytes were smaller in
scope (fig. S9C-E). Microglia AD-assigned genes were associated with gene ontology terms
for immune function, whereas gene ontology terms for amyloid-beta processing were
associated with neurons, microglia and oligodendrocytes (fig. SOF).

PLAC-interactions altered interpretation of AD-risk variants according to three features.
First, we found AD-risk variants that were linked to more distal active promoters and not the
closest gene promoter. An example is the SLC24A4 locus, which has AD-risk variants that
were connected to the proximal active promoters of ATXN3, TR/IP11and CPSFZ, but not to
SLC24A4 (Fig. 3C). Second, we observed enhancers harboring AD-risk variants that were
PLAC-linked to active promoters of both GWAS-assigned genes and an extended subset of
genes not assigned to GWAS loci. An example is the CLU locus, which has PLAC-linked
AD-risk variants to the GWAS-assigned genes CLUand PTKZ2B, and an extended set of
genes TRIM35, CHRNAZ, SCARA3and CCDCZ25 (Fig. 3D). Last, we identified cell type-
specific enhancers harboring AD-risk variants that were linked to genes expressed in
multiple cell types, implicating cell type-specific disease susceptibility. Examples are the
PICALM and BINI loci, which, despite being expressed in multiple cell types (12), have
microglia-specific enhancers harboring AD-risk variants (Fig. 3E, 4A).

The BINI microglia-specific enhancer is PLAC-linked to the B/N1 promoter (Fig. 4A),
binds to PU.1 (14) and contains the AD-risk variant rs6733839, which has the second
highest AD-risk score after APOE and was fine-mapped as a casual variant (Fig. 3A).
Functionality of this microglia-specific enhancer was validated by CRISPR/Cas9-mediated
deletion of a 363 bp region in two human pluripotent stem cell (PSC) lines (fig. SL0A-C).
PSC control (B/NICO0l) and B/N1 enhancer deletion (B/N28"N-%1) Jines had normal
karyotypes (fig. S10D) and were differentiated into microglia, neurons and astrocytes (Figs.
4B, S11A-D, S12A, B). Gene expression analysis of B/N1control and B/A/zen_del jines in
PSC and PSC-derived microglia, neurons and astrocytes showed high correlation between
samples, with clustering according to cell type (fig. S12C, D). However, gene expression of
BIN1 was nearly absent in the B/Ne""_del pSC-derived microglia, whereas BIN1
expression in B/N1e"h_del pSCs and PSC-derived neurons and astrocytes were equivalent to
BINICOOl ce|ls (Figs. 4C; S12E; Table S8). Western blot confirmed BIN1 protein in
BIN1cool pSCs and PSC-derived microglia, neurons and astrocytes (Figs. 4D, E; S12F).
BIN1 expression was unchanged in B/N2e"_del pSC-derived microglia precursor
hematopoietic stem cells, indicating that microglia derivation was unaffected (fig S12F).
However, BIN1 was dramatically reduced in B/A/72""_d¢l microglia and not neurons and
astrocytes (Fig. 4D, E). This finding that the most significant GWAS risk allele associated
with B/NI resides in a microglia-specific enhancer provides a rational for further
investigation of its function in these cells (27).

The present studies provide evidence that identification of cell type-specific promoter-
enhancer interactomes enables substantial advances in interpretation of GWAS risk alleles
associated with neurological and psychiatric diseases and establish a new resource for this
purpose. Major goals will be to extend these approaches to diseased tissues and refine
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nuclear sorting protocols to interrogate enhancer landscapes of informative cell subsets, such
as amyloid plaque-associated microglia (28). Disease-specific regulatory elements are likely
to be influenced by genetic variation, which due to our limited sample size may partly
explain the lack of overlap of a subset of risk alleles with the current regulatory atlases. The
acquisition of more samples will provide further opportunity to evaluate inter-individual
variation on enhancer selection and function. We expect that these approaches will provide
qualitatively new insights into disease mechanisms that may be of value in developing new
approaches for prevention and treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Cell type-specific genomic regulatory region enrichments for GWAS-risk variants for brain
disorders and behavioral traits. (A) UCSC browser of ATAC-seq (top panel), H3K4me3
(middle panel) and H3K27ac ChlP-seq (bottom panel) for brain nuclei populations. Shown
is a representative gene for microglia (CX3CR1), neurons (NVEFL), oligodendrocytes (MOG)
and astrocytes (GJAI). (B) Chow-Ruskey plot of promoter regions defined for cell
populations. (C) Chow-Ruskey plot of enhancer regions defined for cell populations and
PsychENCODE enhancers defined using bulk brain. (D) Heatmap of LDSC analysis for
genetic variants associated with brain disorders and behavior traits displayed as —log10(q)
value for significance of enrichment for promoter and enhancer regions of cell populations
and PsychENCODE bulk brain enhancers. OL, oligodendrocytes.
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and oligodendrocytes shown as —log10(q) values.
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Cell type specificity of GWAS-assigned
and PLAC-linked AD-risk variants
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Fig. 3.

E)?panded gene network of AD-risk loci. (A) Circos plot of AD GWAS loci, showing
microglia enhancers (gold bars), promoters (turquoise), open chromatin regions (black bars)
and PLAC-seq interactions (black loops). Dots show z-score values of high-confidence AD
variants identified by fine mapping (Kunkle, stage 1) with log10 p-value < 6e-5 (18). Blue
dots represent z-score values of the credible set of AD SNPs (95% confidence); red lines
show 15 high-confidence AD SNPs with a posterior probability > 0.2. (B) Chow-Ruskey
plot of genes that are GWAS-assigned and PLAC-seq linked to AD-risk credible set variants
in microglia, neurons and oligodendrocytes. (C)-(E) UCSC browser of interactions at AD-
risk loci demonstrating (C) reassignment of GWAS-assigned genes, (D) extension of
GWAS-assigned genes and (E) cell type-specific gene regulatory regions. The AD GWAS
track shows meta-analysis p-values of stage 2 variants (18); line indicates p-value = 5e-8;
blue dots are fine mapped 95% credible set variants.
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Fig. 4.

Dgletion of a microglia-specific enhancer harboring a lead AD-risk variant affects microglia
BIN1 expression. (A) UCSC browser of the B/N1 locus showing AD-risk variants, ATAC-
seq, H3K27ac, H3K4me3 ChiIP-seq and PLAC-seq in brain cell types. Shared active
promoter region, highlighted pink; microglia-specific enhancer region, highlighted in yellow.
The AD GWAS track shows meta-analysis p-values of stage 2 variants (18); line indicates p-
value = 5e-8; blue dots are fine mapped 95% credible set variants. (B)
Immunohistochemistry of PSCs, microglia, neurons and astrocytes in control and
BINIe"h_Gel jines stained for the indicated cell lineage markers. (C) B/NI gene expression in
control and B/NE"_%el pSCs (N = 8,7), microglia (N = 6,5), neurons (N = 6,5) and
astrocytes (N = 4,5) as RNA-seq TPM. **** Benjamini and Hochberg adjusted p-value <
0.0001. (D) Western blot of BIN1 and GAPDH in control and B/N/zenh_del pSC-derived
microglia (top) and neurons (bottom). (E) Protein expression of BIN1 in control and
BINZE"h_del pSCs microglia, neurons and astrocytes determined as Western blot BIN1/
GAPDH mean gray intensity. N = 4 controls, 3 B/N2eN"_del per cell type. ** unpaired two-
tailed t-test p-value < 0.01.
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