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Abstract 

Background Prioritizing genes that underlie complex brain disorders poses a considerable challenge. Despite previ‑
ous studies have found that they shared symptoms and heterogeneity, it remained difficult to systematically identify 
the risk genes associated with them.

Methods By using the CAGE (Cap Analysis of Gene Expression) read alignment files for 439 human cell and tis‑
sue types (including primary cells, tissues and cell lines) from FANTOM5 project, we predicted enhancer‑promoter 
interactions (EPIs) of 439 cell and tissue types in human, and examined their reliability. Then we evaluated the genetic 
heritability of 17 diverse brain disorders and behavioral‑cognitive phenotypes in each neural cell type, brain region, 
and developmental stage. Furthermore, we prioritized genes associated with brain disorders and phenotypes 
by leveraging the EPIs in each neural cell and tissue type, and analyzed their pleiotropy and functionality for different 
categories of disorders and phenotypes. Finally, we characterized the spatiotemporal expression dynamics of these 
associated genes in cells and tissues.

Results We found that identified EPIs showed activity specificity and network aggregation in cell and tissue types, 
and enriched TF binding in neural cells played key roles in synaptic plasticity and nerve cell development, i.e., EGR1 
and SOX family. We also discovered that most neurological disorders exhibit heritability enrichment in neural stem 
cells and astrocytes, while psychiatric disorders and behavioral‑cognitive phenotypes exhibit enrichment in neu‑
rons. Furthermore, our identified genes recapitulated well‑known risk genes, which exhibited widespread pleiotropy 
between psychiatric disorders and behavioral‑cognitive phenotypes (i.e., FOXP2), and indicated expression specificity 
in neural cell types, brain regions, and developmental stages associated with disorders and phenotypes. Importantly, 
we showed the potential associations of brain disorders with brain regions and developmental stages that have 
not been well studied.

Conclusions Overall, our study characterized the gene‑enhancer regulatory networks and genetic mechanisms 
in the human neural cells and tissues, and illustrated the value of reanalysis of publicly available genomic datasets.
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Background
Cell-type-specific variations in the epigenetic regulation 
of gene expression are critical to the development and 
maintenance of a healthy human brain. It has been shown 
that, instead of protein-coding sequence, GWAS variants 
are enriched in the cis-regulatory elements (CREs; e.g., 
enhancers and promoters) of cell types that are relevant 
to the pathophysiological basis of a given trait [1]. The 
risk genes are assumed to have cell-type-specific effects 
for both neural and non-neural cell types [2, 3]. In addi-
tion, recent single-cell studies indicated transcriptomic 
and epigenomic changes at cell-type-specific level in 
several brain disorders [4–7]. Thus, studying the regula-
tory networks of CREs (i.e., enhancer-promoter interac-
tions (EPIs)) at the cell-type-specific level is an important 
means to further understand both fundamental brain 
biology and the genetic basis of brain disorders and 
behavioral-cognitive phenotypes.

Despite its importance, the association between CREs 
as well as EPIs in human brain and their dysregulation in 
brain disorders are still poorly understood. Even when 
available, most previous studies have generally focused 
on a few cell types (e.g., neurons, astrocytes and micro-
glia) or brain regions (e.g., dorsolateral prefrontal cortex 
and hippocampus) restricted in specific developmen-
tal stages (e.g., early fetal and adult period) [5, 8–14]. 
Most of these studies leveraged chromatin accessibility 
(DNase-seq and/or ATAC-seq) data and histone mark 
ChIP-seq data to define a collection of active CREs in 
human brain, followed by typically predicting the EPIs 
using statistical associations (i.e., activity correlation) 
[15–17] or more sophisticated computational approaches 
(e.g., machine learning-based methods) [18–21]. How-
ever, DNase-seq or ATAC-seq technologies can only 
detect open chromatin regions, a small fraction of which 
could function as active enhancers. Although ChIP-seq 
technologies can systematically profile histone modifica-
tions, it is still challenging to accurately distinguish active 
enhancers from poised ones from the histone modifica-
tion profiles. By contrast, the CAGE (Cap Analysis of 
Gene Expression) technology can accurately detect the 
5′ ends of capped RNAs, which represent transcriptional 
activity of genes. More importantly, the active enhancer 
regions can also generate capped RNAs (i.e., enhancer 
RNAs) [22, 23], which can be also detected by CAGE 
technology. This property has been successfully used in 
identifying active enhancers in different cell and tissue 
types [24, 25].

FANTOM5 project has generated CAGE profiles from 
hundreds of diverse human samples, including organs, 
primary cell types, and cancer cell lines [26]. Among 
them, we noticed that a wealth of samples from human 
brain have been profiled, covering major neural cell types 

and brain regions from different developmental stages. 
These datasets make it possible to systematically quan-
tify the activity of CREs and reconstruct EPIs in human 
brain. However, there are currently limited efforts to 
leverage the rich data in human brain from FANTOM5 
project to analyze the activity specificity of CREs and 
network architecture of EPIs in human brain, and further 
elucidate the risk genes of brain disorders.

To explore these ideas, here we first reconstruct active 
interactions between enhancers and their target promot-
ers in 439 different cell and tissue types from the FAN-
TOM5 project [27] (Fig.  1a). We then systematically 
analyze the tissue and regional specificity of the activity 
and their networks of enhancers and promoters from 
neural cell and tissue types (Fig.  1b). Furthermore, we 
prioritize a set of critical genes associated with brain dis-
orders and behavioral-cognitive phenotypes in a cell- and 
region-specific manner, expanding our understanding 
on the functionality of some brain regions that have not 
been well studied (Fig. 1c). Our analyses reveal how the 
unbiased data-driven analysis of publicly available data 
can be used to infer the EPIs in human brain and nomi-
nate the genes with substantial risk potential of brain dis-
orders in diverse neural cell types and brain regions in 
different developmental stages.

Methods
Collection of CAGE datasets and categorization of samples
We downloaded the CAGE read alignment files for 958 
human cell and tissue types (including primary cells, tis-
sues, and cell lines) from FANTOM5 project (see https:// 
fantom. gsc. riken. jp/5/ dataf iles/ repro cessed/ hg38_ v9/ 
basic) [27]. The annotations of these samples (e.g., biosa-
mple type, age, life stage and sex) were also obtained 
from FANTOM5 project (Additional file 2: Table S1). All 
the 958 samples were annotated as 439 different cell and 
tissue types (i.e., states) by aggregating replicates, and 
then categorized into 34 cell and tissue groups (Addi-
tional file  2: Table  S1). Among all these samples, there 
are 93 samples covering 54 different cell and tissue types 
from brain.

All genomic coordinates in this study were based on 
the human reference genome hg38. The genomic coordi-
nates that were originally provided in hg19 by their pub-
lications or resource were converted to hg38 using the 
liftover tool of the UCSC Genome Browser [28].

Data processing and reconstruction of EPIs
For each sample from FANTOM5 project, we com-
puted the CAGE TPM value (reads coverage per mil-
lion mapped reads) at the flanking regions (from 500 bp 
upstream to 500  bp downstream) of the TSS of each 
protein-coding gene from GENCODEv38 [29]. We then 

https://fantom.gsc.riken.jp/5/datafiles/reprocessed/hg38_v9/basic
https://fantom.gsc.riken.jp/5/datafiles/reprocessed/hg38_v9/basic
https://fantom.gsc.riken.jp/5/datafiles/reprocessed/hg38_v9/basic
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removed the genes located in ChrY and ChrM. Finally, 
we obtained a list of 19,878 promoters. In each sample, 
we then determined a set of promoters that are active 
and in usage by thresholding the TPM value larger than 
1. We also downloaded the processed CAGE-derived 
enhancers and their activity signal in each sample from 
FANTOM5 website (see https:// fantom. gsc. riken. jp/5/ 
datafi les/ repro cessed/ hg38_ v9/ extra/ enhan cer/). In total, 
we obtained a list of 63,285 enhancers. The usage infor-
mation of the enhancers in each sample is also obtained 
from FANTOM5 website. As expected, the enhancers 
and promoters exhibit strong cell and tissue specificity 
(Gini index > 0.8) (Additional file 1: Fig. S1).

We developed a simple and multi-step pipeline to pre-
dict and quantify the EPIs in each sample and in each cell 
and tissue type. Here we briefly describe the procedures 
as follows:

(1) We applied a LASSO regression model that could 
predict its activity signal by using its all candidate reg-
ulating enhancers within 1 Mb of it, as in Cao et al. 
[21]. Based on the results of the LASSO regression 
model, the subset of enhancers of which the CAGE 

activity positively correlates with the CAGE activ-
ity of putative target promoters (i.e., based on the β 
coefficients in the LASSO regression) were retained, 
indicating that these enhancers might have potential 
regulating association with their target promoter.
(2) We filtered the candidate enhancers for each pro-
moter based on their pairwise activity correlation 
(Spearman correlation coefficient), asking that the 
observed activity correlation should be higher than 
the random enhancer-promoter pairs at an empiri-
cal false discovery rate (FDR) of 5%. For each pro-
moter, the random enhancer-promoter pairs were 
constructed by randomly selecting 10,000 enhanc-
ers located in all the other chromosomes where the 
promoter was from. This step can further minimize 
the false positive in the candidate enhancers from the 
first step (Additional file 1: Fig. S2).
(3) We then reconstructed EPIs for each sample based 
on the enhancer and promoter usage in the sample. 
For each candidate EPI retained from the last step, it 
could be defined as active and inactive in the sample 
based on whether both of its enhancer and promoter 
were determined as in usage in that sample.

Fig. 1 Outline of the study. a Schematic showing the method for reconstructing EPIs in each cell and tissue type. In total, we included 958 
human samples from FANTOM5 project (Table S1), which can be further grouped into 439 different cell and tissue types (Table S2). b Analysis 
of the reconstructed EPIs showing their tissue specificity (i.e., comparing between brain and non‑brain samples) and developmental stage (i.e., 
comparing between fetal, newborn and adult samples) specificity. c The EPIs reconstructed in the neural cell and tissue types were used to prioritize 
the associated genes of 17 different neurological disorders, psychiatric disorders, and behavioral‑cognitive phenotypes by integrating with their 
GWAS summary statistics data

https://fantom.gsc.riken.jp/5/datafiles/reprocessed/hg38_v9/extra/enhancer/
https://fantom.gsc.riken.jp/5/datafiles/reprocessed/hg38_v9/extra/enhancer/
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(4) For each sample, we applied the Activity-By-Con-
tact (ABC) model [30] to quantify the EPIs recon-
structed in the third step. Briefly, we computed the 
ABC scores for each EPI by combining the enhancer 
activity, the promoter activity, and the distance 
between the enhancer and promoter, as well as the 
background ABC scores for the promoter (Addi-
tional file 1: Fig. S3).
(5) The active EPIs from the replicate samples were 
aggregated to define a set of active EPIs for each cell 
and tissue type. For the EPIs that were determined as 
active in more than one replicate sample, we assigned 
the maximal ABC score to the corresponding EPI 
when aggregating for each cell and tissue type.

Validation of CAGE‑derived enhancers as active enhancers
We evaluated the enrichment of the CAGE-derived 
enhancers with the active and poised enhancers defined 
using histone mark ChIP-seq and ATAC-seq/scATAC-
seq technologies. Notably, we used both brain-specific 
datasets and whole-body datasets to estimate the enrich-
ment in the brain samples and all samples from FAN-
TOM5 project, respectively.

For the datasets generated by histone mark ChIP-seq 
technologies, the whole-body datasets were obtained 
from EpiMap (see https:// perso nal. broad insti tute. org/ 
cboix/ epimap/ Chrom HMM/ obser ved_ aux_ 18_ hg38/ 
CALLS/) [31], among which the brain samples were used 
in the brain-specific analysis. In the datasets from EpiMap 
[31], the annotations EnhG1 (state_7), EnhG2 (state_8), 
EnhA1 (state_9), EnhA2 (state_10), EnhWk (state_11), 
and EnhBiv (state_15) were regarded as the background, 
while the two annotations among them, EnhA1 (state_9) 
and EnhA2 (state_10) were regarded as active enhancers.

We intersected the genomic coordinates of the CAGE-
derived enhancers from FANTOM5 project with the 
enhancer regions defined by histone mark ChIP-seq, and 
then estimated the enrichment of CAGE-derived enhanc-
ers from FANTOM5 project and the active enhancers using 
hypergeometric test. We also calculated an OR score as.

where CAGEact is the number of active enhancers in 
a specific cell/tissue type from FANTOM5 project, 
CAGEbgd is the number of total enhancers from FAN-
TOM5 project, ChIPact is the number of active enhancers 
from EpiMap, and ChIPbgd is the number of total enhanc-
ers from EpiMap.

For the datasets generated by ATAC-seq/scATAC-seq 
technologies, the whole-body datasets were obtained 
from CATlas (see http:// yed. ucsd. edu: 8787) [32], 

OR =
CAGEact/CAGEbgd

ChIPact/ChIPbgd

while the brain-specific datasets were obtained from 
Markenscoff-Papadimitriou et  al. [33]. In the study by 
Markenscoff-Papadimitriou et  al. [33], the open chro-
matin regions were regarded as the background, while 
the predicted regulatory elements were regarded as 
active enhancers. In the datasets from CATlas [32], the 
total cCREs were regarded as the background, while the 
gene-linked cCREs were regarded as active enhancers in 
human body. We intersected the genomic coordinates of 
the CAGE-derived enhancers from FANTOM5 project 
with the cCREs or open chromatin regions defined by 
ATAC-seq/scATAC-seq, and then estimated the enrich-
ment of CAGE-derived enhancers from FANTOM5 pro-
ject and the active enhancers using hypergeometric test. 
We also calculated an odds ratio (OR) score as.

where CAGEact is the number of active enhancers in 
a specific cell/tissue type from FANTOM5 project, 
CAGEbgd is the number of total enhancers from FAN-
TOM5 project, ATAC act is the number of active enhanc-
ers from ATAC-seq/scATAC-seq, and ATAC bgd is the 
number of total cCREs or open chromatin regions from 
ATAC-seq/scATAC-seq.

cis‑QTL enrichment analysis
We estimated the cis-QTL (including cis-expression QTL 
and cis-splicing QTL) enrichment in the CREs by calcu-
lating an OR score using the numbers of real cis-QTL 
variants and control variants located in the CREs com-
pared to those in the baseline regions as.

where a is the number of cis-QTL variants in the CREs; 
b is the number of control variants in the CREs; c is the 
number of cis-QTL variants in the baseline region; and d 
is the number of control variants in the baseline region.

The cis-QTL variants were downloaded from GTEx 
v8 (see https:// gtexp ortal. org/ home/ datas ets# files etFil 
esDiv 14) [34]. The baseline regions are the union of all 
the functional and putative functional regions in the 
human genome, including coding regions, untranslated 
regions, noncoding RNA genes, open chromatin regions, 
TF binding sites, active and repressed histone peaks 
from multiple tissue and cell types, and evolutionary 
conserved regions [35]. The set of control variants was 
generated with the same number and same MAF distri-
bution as the real QTL variants, and this procedure was 
repeated 30 times to calculate a standard deviation for 
the variant enrichment.

OR =
CAGEact/CAGEbgd

ATACact/ATACbgd

OR =
a/b

c/d

https://personal.broadinstitute.org/cboix/epimap/ChromHMM/observed_aux_18_hg38/CALLS/
https://personal.broadinstitute.org/cboix/epimap/ChromHMM/observed_aux_18_hg38/CALLS/
https://personal.broadinstitute.org/cboix/epimap/ChromHMM/observed_aux_18_hg38/CALLS/
http://yed.ucsd.edu:8787
https://gtexportal.org/home/datasets#filesetFilesDiv14
https://gtexportal.org/home/datasets#filesetFilesDiv14
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To minimize the bias effects from LD structure, we 
also estimated the enrichment using the fine-mapped cis-
eQTLs from GTEx v8 and observed a higher enrichment 
in the case of fine-mapped cis-eQTLs. We obtained fine-
mapped cis-eQTLs with a posterior probability > 0.8 from 
the three GTEx fine-mapping cis-eQTL catalogs (CAV-
IAR, CaVEMaN, and DAP-G; see https:// gtexp ortal. org/ 
home/ datas ets# files etFil esDiv 15). Then, we applied the 
enrichment analysis pipeline as we did in the case of total 
cis-eQTLs on these fine-mapped cis-eQTLs.

Evaluation of the reconstructed EPIs
We assessed the reconstructed EPIs using two independ-
ent datasets, i.e., GTEx cis-eQTLs and pcHi-C data from 
the matched and related cell and tissue types (Additional 
file 2: Table S3). For the cis-eQTLs, we obtained the data-
sets from GTEx V8 (see https:// gtexp ortal. org/ home/ datas 
ets# files etFil esDiv 14) [34]. We first intersected the genomic 
coordinates of the cis-eQTLs with the enhancer regions, 
and therefore the enhancers can be associated to their tar-
get promoters based on the target genes of cis-eQTLs pro-
vided by GTEx. Notably, for some tissue types in GTEx, 
their cis-eQTLs were inferred using very limited number 
of samples, which could result in significant incomplete-
ness for the predicted cis-eQTLs. Thus, we only included 
the tissue types with sample size larger than 500 in this 
analysis. For the pcHi-C datasets, we first downloaded the 
significant P-O interactions (i.e., interactions between pro-
moters and “other regions”) from GSE86189 [36]. In the 
pcHi-C dataset, the majority of the “other regions” linked 
to promoters are assumed to be putative enhancer regions. 
We then intersected the genomic coordinates of the “other 
regions” with the enhancer regions from FANTOM5 pro-
ject to associate the enhancers to their target promoters.

For each FANTOM5 cell/tissue type for which cis-
eQTLs or pcHi-C data were available, we then computed 
the area under the precision-recall (AUPR) of our pre-
dicted EPIs using the two independent validation sets 
as true labels. Notably, only the enhancers within 1 Mb 
from the promoters and that were available in the valida-
tion sets for at least once were considered in this analysis. 
As comparison, we also computed the AUPRs for another 
three alternative approaches: (1) linking enhancers to the 
closest promoter; (2) linking enhancers to the promoter 
with the maximum activity correlation (Spearman corre-
lation coefficient); (3) randomly linking enhancers to the 
promoter within 1 Mb from it.

Hierarchical clustering of EPIs among cell and tissue types
We evaluated the similarity of the EPIs between the cell 
and tissue types by calculating the extended Jaccard 
index [37] of the two sets of edges (i.e., EPIs) from the 
two cell and tissue types as.

where a and b are the ABC-score-defined edge-weight 
vectors of the two sets of edges. We then used the dis-
tance matrix (i.e., 1 − f) to perform hierarchical clustering 
for all the cell and tissue types.

Estimation of expression specificity of genes
We estimated the expression specificity score of each gene 
by calculating the Shannon entropy based on the activity 
values of the promoter across all the samples, as in Cao et al. 
[21]. For a promoter i with expression level yij in sample j, 
the overall expression specificity score was calculated as.

where m is the total number of samples.

Identification of CAGE activity elevated and specific CREs 
in human brain
We applied DESeq2 [38] to detect enhancers and pro-
moters with elevated activity in brain versus other tis-
sues, and in a specific developmental stage versus the 
other developmental stages. Notably, we performed 
this analysis based on the CAGE count number of the 
enhancers and promoters. The enhancers and promoters 
which have an FDR < 0.05 and a fold change > 2 were con-
sidered as elevated ones. The enhancers regulating genes, 
promoters regulated by enhancers, and EPIs that are 
identified as active in > 50% samples in the corresponding 
cell and tissue type and in < 50% samples in all other cell 
and tissue types were regarded as tissue-specific ones.

Visualization of tissue‑specific EPIs
We first aggregated the EPIs from individual cell and tis-
sue types into a global network, consisting of enhancers 
(nodes), promoters (nodes), and interactions between 
them (edges). For better visualization, we then created a 
virtual node for each cell and tissue type, and connected 
the virtual nodes to all the real nodes (i.e., enhancers and 
promoters) that are specifically active in the correspond-
ing cell and tissue type using virtual edges (not shown in 
figure). Finally, the networks were arranged with perfuse 
force-directed layout. In the figure, we only presented the 
enhancer-promoter networks on Chr1. We visualized the 
networks using Cytoscape [39].

TF motif enrichment analysis
We used findMotifsGenome in HOMER [40] with 
default parameters to identify significantly (FDR < 0.05) 

f (a, b) =
ab

|a|2 + |b|2 − ab

S(i) = log2m+

m

j=1

[
yij
m
l=1 yil

log2
yij
m
l=1 yil

]

https://gtexportal.org/home/datasets#filesetFilesDiv15
https://gtexportal.org/home/datasets#filesetFilesDiv15
https://gtexportal.org/home/datasets#filesetFilesDiv14
https://gtexportal.org/home/datasets#filesetFilesDiv14
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enriched TF motif occurrence in the enhancer regions 
with specific activity patterns in human brain. Both pre-
viously known (JASPAR2020_CORE_vertebrates [41]) 
and de novo enriched TF motifs were considered in the 
prediction.

GWAS summary datasets of brain disorders 
and behavioral‑cognitive phenotypes
We collected a comprehensive set of GWAS summary 
statistics for 17 brain disorders and behavioral-cognitive 
phenotypes (Additional file  2: Table  S7). Most of these 
GWAS were available recently and based on meta-anal-
yses with large sample sizes; the average sample size is 
over 300,000 individuals.

Here we show the sample size for each of the GWAS 
summary datasets as follows:

• Neurological disorders. (1) Alzheimer’s disease (AD) 
[42]: 7428 cases and 429,961 controls; (2) amyo-
trophic lateral sclerosis (ALS) [43]: 12,577 cases and 
23,475 controls; (3) epilepsy [44]: 15,212 cases and 
29,677 controls; (4) multiple sclerosis (MS) [45]: 
47,429 cases and 68,374 controls; (5) Parkinson’s dis-
ease (PD) [46]: 37,700 cases and 1,400,000 controls.

• Psychiatric disorders. (1) Attention deficit hyperac-
tivity disorder (ADHD) [47]: 19,099 cases and 34,194 
controls; (2) anxiety [48]: 7016 cases and 14,754 
controls; (3) autism spectrum disorder (ASD) [49]: 
18,381 cases and 27,969 controls; (4) alcohol use dis-
order (AUD) [50]: 5408 cases and 121,604 controls; 
(5) bipolar disorder (BIP) [51]: 20,352 cases and 
31,538 controls; (6) obsessive–compulsive disorder 
(OCD) [52]: 2688 cases and 7037 controls; (7) schizo-
phrenia (SCZ) [53]: 54,418 cases and 78,818 controls; 
(8) Tourette’s syndrome (TS) [54]: 4819 cases and 
9488 controls.

• Behavioral-cognitive phenotypes. (1) Insomnia [55]: 
386,533 individuals; (2) intelligence [56]: 269,867 
individuals; (3) neuroticism [57]: 390,278 individuals; 
(4) risk behavior [58]: 975,353 individuals.

Heritability enrichment in the CREs in human brain
We applied partitioned LDSC [35] to estimate the herit-
ability enrichment in the CREs (i.e., enhancers and pro-
moters) that are active in each brain cell and tissue type. 
Briefly, LDSC regresses GWAS χ2 statistics on SNPs’ LD 
scores, which can reflect the degree to which each SNP is 
correlated with its surrounding SNPs [35, 59]. The parti-
tioned LDSC approach can estimate the relative enrich-
ment of heritability in specific genomic regions compared 
to the genomic background. The pre-calculated genome-
wide LD scores were obtained from LDSC (https:// data. 
broad insti tute. org/ alkes group/ LDSCO RE/). The LD 

scores were calculated based on data from individuals of 
European ancestry from the 1000 Genomes Project [60]. 
We also removed the SNPs that were not annotated in 
HapMap3 [61] and those located in the major histocom-
patibility complex regions.

Predicting the genes associated with brain disorders 
and behavioral‑cognitive phenotypes based on EPIs
We applied our post-GWAS method nMAGMA [62] 
to aggregate the genetic signal from the related SNPs to 
their target genes. The SNPs located in the gene body 
and flanking (from 2  kb upstream to 2  kb downstream) 
regions were directly assigned to the corresponding gene. 
The SNPs located in the distal enhancers were assigned 
to their target genes based on the reconstructed EPIs. We 
performed these analyses separately for each of the 55 
cell and tissue types from human brain. Finally, we pre-
dicted a set of candidate significant genes (FDR < 0.05) 
associated with brain disorders and behavioral-cognitive 
phenotypes in each brain cell and tissue type.

The candidate associated genes were further filtered 
based on their expression specificity. Briefly, we first 
defined a set of relatively highly expressed genes for each 
sample requiring that their TPM > 1 and higher than 50% 
of the remaining genes in each sample. These relatively 
highly expressed genes from the replicate samples were 
aggregated to form a set of relatively highly expressed 
genes for each brain cell and tissue type. Finally, the 
associated genes for each brain cell and tissue type were 
defined by intersecting the candidate associated genes 
with these relatively highly expressed genes from the cor-
responding cell and tissue type.

Collection of risk genes of brain disorders
The known risk genes for the brain disorders were col-
lected from diverse resources as follows: (1) the risk genes 
of ADHD were collected from ADHDgene database 
(http:// adhd. psych. ac. cn), followed by selecting those hav-
ing support by at least 60% of all the studies included in 
the database [63]; (2) the risk genes of ASD were down-
loaded from AutDB database (http:// autism. minds pec. 
org/ autdb) and combined with the risk genes from recent 
studies [64, 65]; (3) the risk genes of SCZ were obtained 
from SZGene database (http:// www. szgene. org/) and 
Wang et al. [6, 66]; (4) the risk genes of BIP were obtained 
from DisGeNet [67]; (5) the risk genes of MDD were 
downloaded from Polygenic pathways database (http:// 
www. polyg enicp athwa ys. co. uk/ depre ssion. htm); (6) the 
risk genes of AD were obtained from ALzGene database 
(http:// www. alzge ne. org) [68]; (7) the risk genes of PD 
were downloaded from PDGene database (http:// www. 
pdgene. org) [69]. The complete list of these known risk 
genes can be found in Additional file 2: Table S9.

https://data.broadinstitute.org/alkesgroup/LDSCORE/
https://data.broadinstitute.org/alkesgroup/LDSCORE/
http://adhd.psych.ac.cn
http://autism.mindspec.org/autdb
http://autism.mindspec.org/autdb
http://www.szgene.org/
http://www.polygenicpathways.co.uk/depression.htm
http://www.polygenicpathways.co.uk/depression.htm
http://www.alzgene.org
http://www.pdgene.org
http://www.pdgene.org
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Expression analysis of the associated genes
We assessed the expression levels of the genes associ-
ated with the brain disorders and behavioral-cognitive 
phenotypes. We leveraged both bulk and single-cell tran-
scriptomic data. For the single-cell data, we used the 
single-cell gene expression data in human brain from 
our STAB database [70]. Considering the sample num-
ber available in the database, we used datasets from 
two developmental time windows (i.e., 19–24 PCW, 
40–60  years) and three cell types (i.e., Astro, Neuron, 
OPC). In addition, we obtained the bulk gene expression 
data during human brain development from Zhu et  al. 
[71]. We defined a set of developmental time windows 
by merging the similar developmental periods as in Zhu 
et al. (Additional file 2: Table S12).

Results
Reconstruction of EPIs in diverse human cell and tissue 
types
Assigning enhancers to their target genes on a genome-
wide scale remains a difficult task. Although quite a few 
computational methods have been developed for predict-
ing EPIs [15–21], most of them need a wealth of func-
tional genomics data such as DNase-seq data, ATAC-seq, 
and/or histone mark ChIP-seq data. Here, we aim to use 
only CAGE activity of enhancers and promoters from 
the FANTOM5 datasets [27] (Additional file 1: Fig. S1). 
Notably, the enhancer regions used in this study were 
defined by the CAGE data and obtained from ref. [24]. 
We confirmed that these CAGE-derived enhancers were 
significantly enriched with the active enhancers defined 
based on histone mark ChIP-seq (P < 2.2e − 16, hyper-
geometric test; Additional file 1: Fig. S2) and ATAC-seq 
(P < 2.2e − 16, hypergeometric test; Additional file 1: Fig. 
S3) datasets from human body. Many of the existing 
methods for predicting EPIs were built on sophisticated 
machine learning-based models, which cannot be simply 
applied on the hundreds of samples from the FANTOM5 
project [27]. Therefore, we set up a deliberately simple 
pipeline for determining the target promoters of enhanc-
ers in each of the 958 FANTOM5 samples.

Our reconstruction pipeline was generally built based 
on previous studies showing that real EPIs presented sig-
nificantly higher activity correlations between enhanc-
ers and their target promoters, and also, a gene can be 
regulated by multiple enhancers [15, 72]. Briefly, we 
designed the pipeline by integrating the advantages from 
both correlation- and regression-based approaches, 
which involves four main steps (Fig. 1a, Additional file 2: 
Table  S1 and Methods). In the first step, it predicts the 
subset of enhancers of which the activity positively cor-
relates with the activity of putative target promoters 
using multiple regression of all enhancers in the genomic 

neighborhood of a promoter [21]. In the second step, it 
computes the activity correlation for each potential EPI 
across all samples and discards the EPIs with relatively 
lower activity correlation (Additional file  1: Fig. S4). In 
the third step, it identifies active EPI for each sample by 
pruning the potential EPIs that are with inactive enhanc-
ers and/or promoters in a specific sample. In the fourth 
step, we used the Activity-By-Contact (ABC) framework 
[30] to quantify the interaction strength for each active 
EPI in each sample. Finally, the active EPIs from the rep-
licate or similar samples were aggregated to define the set 
of active EPIs for each of the 439 different cell and tis-
sue types (provided on our supplementary website; URL: 
https:// souln ature. github. io/ brain epl).

Overall, we identified 36,807 EPIs, involving 16,872 
unique enhancers and 8077 unique promoters. Every recon-
structed enhancer-promoter network has up to 11,610 
active enhancers (on average 3292 enhancers), 6275 active 
promoters (on average 3937 promoters), and 24,921 EPIs 
(on average 9145 interactions) (Additional file 2: Table S2).

Global architecture and reliability of the reconstructed EPIs
Over 82% of all linked promoters were linked to multi-
ple enhancers with a median of 4 of the number of linked 
enhancers, and a large proportion of promoters are 
linked to single enhancer (Fig. 2a). This finding is consist-
ent with the data from promoter capture Hi-C (pcHi-C) 
experiments [73]. Of the promoter-linked enhancers, 
about 34% are linked to a flanking promoter (within a 
100-kb window, Fig. 2b), which is consistent with previ-
ous analyses [74], highlighting the importance of chro-
matin structure in determining the regulatory targets of 
enhancers. Next step, we evaluated the degree to which 
the cis-expression QTL (cis-eQTL) or cis-splicing QTL 
(cis-sQTL) variants from GTEx [34] are enriched in the 
linked enhancers and promoters (Fig.  2c, Additional 
file 1: Fig. S5 and “Methods”). The enrichment was con-
siderably stronger in the linked promoters than in the 
linked enhancers, especially, as expected, for cis-sQTL 
variants. We also confirmed that the active EPIs recon-
structed in each cell and tissue type exhibited signifi-
cantly higher interaction strength than the inactive EPIs 
in the corresponding cell and tissue type (Additional 
file 1: Fig. S6), suggesting that our pipeline could not only 
assign enhancers to their target genes but also quantify 
their interaction strength.

Having shown that the global architecture of the recon-
structed EPIs are reliable, we next sought to examine 
their accuracy using the chromatin loops derived from 
the pcHi-C data in 24 matching and related cell and tis-
sues [75] (Additional file 2: Table S3, Table S4 and “Meth-
ods”). Overall, about 27% of the reconstructed EPIs were 
confirmed by the pcHi-C data, showing an improvement 

https://soulnature.github.io/brainepl
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on results obtained by alternative approaches such as 
assigning enhancers to the closest, most strongly corre-
lated target promoter or the random pairs (Fig.  2d and 
“Methods”). Using the same approach as for pcHi-C data, 
we also assessed our reconstructed EPIs in 37 matching 
and related tissues for which cis-eQTL data were avail-
able from GTEx [34] (Additional file 1: Fig. S7, Additional 
file  2: Table  S3, Table  S4 and Methods). Overall, about 
one-fourth of the EPIs were supported by a cis-eQTL var-
iant, which is slightly better than the results from alter-
native approaches. Collectively, these results indicated 
that the reconstructed EPIs could reliably represent the 
physical interactions between enhancers and their target 
promoters in the specific samples.

Next, we asked whether the activity level from the 
CAGE activity data could support the reliability of the 
reconstructed EPIs. We found that the promoters with 
linked enhancers exhibited significantly elevated activ-
ity than those without linked enhancers (P < 2.22e − 16, 
Wilcoxon test) (Fig.  2e). We further observed that the 
promoters with more linked enhancers showed stronger 
activity level than those with fewer linked enhancers 
(Fig.  2f ), which is consistent with previous studies [21]. 
Likewise, the promoters with more linked enhancers 
exhibited elevated activity specificity than those with 
fewer linked enhancers (Fig. 2e, f ), indicating the strong 
lineage specificity of enhancers in EPIs [37, 76–78].

Lineage specificity of the reconstructed EPIs
We then compared the reconstructed EPIs across the 439 
cell and tissue types (Fig. 3a and “Methods”). To this end, 
we hierarchically clustered the reconstructed EPIs based 
on the overlap of their linkages (i.e., edges in the net-
works) between each sample. As expected, functionally 
related and/or biologically similar lineages were consist-
ently grouped together at both the bulk tissue and the cel-
lular level (Additional file 1: Fig. S8 and S9). For instance, 
the neural cell and tissue types, particularly those from 
the developmentally similar stages (i.e., fetal, newborn 
and adult stages), could be generally grouped together 
(Fig. 3b). By contrast, the clustering of the cell and tissue 
types based on the promoter activity revealed a higher 
degree of noise, suggesting that the reconstructed EPIs 
can better represent the lineage specificity than the pro-
moter activity (Additional file 1: Fig. S10). Furthermore, 
we identified enhancers and their target promoters that 
are specifically active in a single group of related samples. 
We found that the reconstructed interactions between 
enhancers and promoters exhibited a high degree of 
specificity within the groups consisting of related samples 
(Fig. 3c). For instance, the EPIs in the brain were distinct 
from those in immune cells. Taken together, these results 
suggested that the reconstructed EPIs are biologically 
meaningful and could represent their intrinsic regulatory 
components in specific samples.

Fig. 2 Reliability of the reconstructed EPIs. a Histogram showing the number of genes that were predicted as linked with a range number 
of enhancers. b Histogram showing the distribution of distance between the enhancers to their target promoters for the reconstructed EPIs. c 
Odds ratio enrichment of cis‑eQTL and cis‑sQTL variants [34] in the promoter‑linked enhancers and enhancer‑linked promoters, respectively. *** 
P < 0.001; Wilcoxon test. d The accuracy of different EPI prediction approaches. We estimated the accuracy of the reconstructed EPIs using Area 
Under the Precision‑Recall (AUPR) based on the pcHi‑C data from 24 matching and related cell and tissues from the FANTOM5 project (Table S3). 
e Boxplots showing the CAGE activity and specificity of the promoters linked or not linked to enhancers. f Boxplots showing the CAGE activity 
and specificity of the promoters linked to a range number of enhancers. *** P < 0.001; Wilcoxon test in e and f 
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CRE activity captures cell/tissue‑type‑specific enhancer 
function in human brain
Given that the FANTOM5 samples cover a large num-
ber of cell and tissue types from human brain as well as 
a wide range of whole-body lineages, the data analyzed 
here have made it possible to systematically compare the 
brain enrichment of CREs and their interactions with 
the whole-body tissue specificity (Methods). In total, 54 
different neural cell and tissue types (6 neural cell types 
and 48 brain tissue types) were included, most of which 
are from specific brain regions. Notably, we have sam-
ples from diverse brain regions in different developmen-
tal stages, i.e., fetal (n = 4), newborn (n = 14), and adult 

(n = 30) brains. We partitioned the enhancers and pro-
moters into different categories based on their relative 
activity between brain and non-brain cell/tissue types, as 
well as different developmental stages (i.e., comparison 
across fetal, newborn and adult from the brain) (Addi-
tional file 2: Table S5 and Table S6).

We found that there are more promoters than enhanc-
ers with elevated activity in the brain samples, and brain-
specific enhancers exhibit higher activity compared to 
other tissues (Additional file 1: Fig. S11 and S12). While 
for the stage specificity, there are much more enhancers 
and promoters with elevated activity in the fetal and new-
born brain than in the adult brain, highlighting actively 

Fig. 3 Specificity and functions of CREs and reconstructed EPIs in human brain. Clustering of the 439 cell and tissue types (a) and the 54 neural 
cell and tissue types (b) based on the similarities of their reconstructed EPIs. We used Jaccard index to quantify the overlap of the reconstructed 
EPIs bwteen each pair of cell and tissue types. c Visualization of the EPIs that were active in only one single group of cell and tissue types. Here we 
only presented the subnetworks on Chromosome1. d Evolutionary conservation of the enhancers with distinct tissue‑ (left) and stage‑specific 
(right) activity patterns. *** P < 0.001; ** P < 0.01; * P < 0.05; Wilcoxon test. e The enrichment of TF binding in the enhancers with distinct tissue‑ (up) 
and stage‑specific activity patterns (bottom). We showed the most enriched 15 TFs for each group of enhancers. f The most enriched biological 
processes for the genes with distinct tissue‑ (left) and stage‑specific activity patterns (middle and right)
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gene expression regulation in the early stage of brain 
development, which is consistent with the regulatory peak 
in perinatal stage that involved in morphine addiction, 
cell proliferation, growth, and migration pathways [79].

We then investigated whether the enhancers with 
distinct tissue and stage specificity were likely to be 
of functional significance using measure of conser-
vation (Fig.  3d). We observed that both the sets of 
enhancers with elevated activity in the brain samples 
(P < 2.22e − 16, Wilcoxon test) and broad activity in the 
samples (P < 2.22e − 16, Wilcoxon test) are more con-
served than those with elevated activity in non-brain 
samples, suggesting that these enhancers might play 
key roles in the functionality across the whole body, 
particularly in human brain. In addition, the enhanc-
ers with elevated activity in the fetal brain show higher 
degree of conservation than those with elevated activity 
in the adult (P = 0.04, Wilcoxon test) and newborn brain 
(P = 4.40e − 7, Wilcoxon test), which is in line with our 
previous finding showing that active enhancer regulation 
is particularly important in the early developmental stage 
of human brain.

To identify the transcription factors (TFs) that poten-
tially mediate tissue- and stage-specific gene regulation, 
we calculated the overlap of footprinted transcription 
factor binding sites with the enhancers of distinct tis-
sue- and stage-specific activity patterns. It should be 
noted that there is extensive sharing of binding prefer-
ence between the TFs within TF families [80], so it is 
often not possible to determine which TF(s) from a TF 
family binds to a given region. Still, we found that many 
TFs exhibited distinct enrichment patterns for different 
sets of enhancers. The enhancers with elevated activity in 
newborn brains contain the most bound TFs (213 TFs) 
compared to those in fetal (128 TFs) and adult (46 TFs) 
brains (Additional file 1: Fig. S13). Here, we highlighted 
some TF genes with top binding potential on the enhanc-
ers with different tissue and stage specificity (Fig.  3e). 
There is previous evidence to support some of the pre-
dicted TF associations to brain development. In particu-
lar, we noted that TFs RFX1, RFX2, RFX5, and CTCF that 
function in brain development [81, 82] show significant 
enrichment in fetal and newborn specific enhancers; 
TF EGR1 is a major mediator and regulator of synaptic 
plasticity and neuronal activity [83]; SOX gene family 
(e.g., SOX2, SOX3, SOX4, SOX6, SOX15, and SOX17) 
is involved in the regulation of embryonic development, 
especially in the developing nerve cells of CNS and the 
transition of cerebellar epithelial granule cells to a migra-
tory state [84, 85]; TFs FRA1, FOSL2, and ATF3 which 
are key regulators for inflammatory and immune path-
ways [81], exhibiting a significant enrichment in enhanc-
ers of whole stages.

Finally, we implemented the gene function enrich-
ment analysis to examine the overlap of their promoters 
in different tissue- and stage-specific activity patterns 
with previously annotated genes involved in biological 
processes (Fig.  3f ). We found that the genes with spe-
cific brain-associated activity or regulatory patterns are 
significantly enriched in relevant biological functions. 
For example, the genes that are specifically elevated 
and regulated in brain instead of in non-brain are sig-
nificantly enriched in axon development, axongene-
sis, and neurotransmitter secretion; the target genes of 
enhancers elevated in fetal brain are enriched in mito-
chondrial translation and expression, while the elevated 
genes in fetal brain are enriched in cellular response to 
chemokine; the genes elevated in newborn brain are 
enriched in protein localization to endoplasmic reticu-
lum; the genes elevated in adult brain are enriched in 
ensheathment of axon and neurons. Associating cell types 
and developmental stages to brain disorders using herit-
ability enrichment of CREs.

Given that most disorder- and behavior/cognition-
associated common genetic variants affect the gene reg-
ulation of gene expression rather than protein–protein 
interaction and/or protein structure [1, 37, 86], we then 
used an LD score partitioned heritability approach [35] 
to explore the overlap of active CREs from the diverse 
brain cell types and regions with genetic variants asso-
ciated with traits, while correcting for the genomic 
background (Methods). In total, we included 17 brain 
disorders and behavioral-cognitive phenotypes, consist-
ing of 5 neurological disorders (including Alzheimer’s 
disease (AD), amyotrophic lateral sclerosis (ALS), epi-
lepsy, multiple sclerosis (MS), and Parkinson’s disease 
(PD)), 8 psychiatric disorders (including attention deficit 
hyperactivity disorder (ADHD), anxiety, autism spectrum 
disorder (ASD), alcohol use disorder (AUD), bipolar 
disorder (BIP), obsessive–compulsive disorder (OCD), 
schizophrenia (SCZ), and Tourette’s syndrome (TS)), and 
4 behavioral-cognitive phenotypes (including insomnia, 
intelligence, neuroticism, and risk behavior) (Additional 
file 2: Table S7).

First, we analyzed the partitioned heritability enrich-
ment of CREs in six different neural cell types (Fig.  4a 
and Additional file  2: Table  S8). Notably, FANTOM5 
dataset had limited representation of important neural 
cell types such as microglia, oligodendrocytes, and radial 
glia, which may hinder the interpretation of the results. 
Despite the well-established roles of glia in AD pathogen-
esis, we were unable to show these enrichment patterns 
in our results due to the absence of glia in the dataset 
[87–89]. Interestingly, our findings suggested that AD 
exhibits strong enrichment in neural stem cells, which 
give rise to various neuronal and glial cell types in the 
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brain. This enrichment could be attributed to the line-
age and functional connections between neural stem cells 
and glia [90]. In addition to AD, we found that ALS and 
epilepsy exhibited enrichment in the neural stem cells 
and astrocytes [91, 92], indicating that, likewise, glia cells 
such as astrocytes and their progenitor lineage, neural 
stem cells, might be critical for the pathogenesis of these 
two neurological disorders. We also found that PD exhib-
ited strongest enrichment in the neurons, consistent with 
the pathogenesis of dopamine-producing neurons in PD 
[93, 94].

For most psychiatric disorders and behavioral-cogni-
tive phenotypes, as expected, we observed significant 
enrichment in neurons, while we also found pervasive 

enrichment in astrocytes, highlighting the potential func-
tionality of astrocytes in the regulation of behavior and 
cognitive ability [95–97]. For example, insomnia could 
be influenced by the dysregulation of  Ca2+ level in astro-
cytes, and insomnia-related genetic variants are signifi-
cantly enriched in the claustrophobic neurons [55, 98]. 
Interestingly, our results also suggested that meningeal 
cells may have crucial roles in the pathogenesis of anxiety 
and OCD. However, we have very limited knowledge on 
the functions of meningeal cells in human brain, thus the 
underlying mechanism of meningeal cells in these spe-
cific types of anxiety disorders is still unclear.

We then investigated the heritability enrichment of 
CREs from diverse newborn and adult brain regions 

Fig. 4 Partitioned heritability enrichment of CREs from different brain cell and tissue types across diverse brain disorders and behavioral‑cognitive 
phenotypes. a Heatmap showing the partitioned heritability enrichment of genetic variants overlapping CREs from brain cell types across different 
brain disorders and behavioral‑cognitive phenotypes. The normalized partitioned heritability enrichment scores under the significance level of 5% 
were labeled with “ × ”. b Histogram showing the partitioned heritability enrichment of genetic variants overlapping CREs from adult and newborn 
brain tissues across different brain disorders and behavioral‑cognitive phenotypes. The red dashes line indicates the FDR at the significance 
level of 5%. AD, Alzheimer’s disease; ADHD, attention deficit hyperactivity disorder; ALS, amyotrophic lateral sclerosis; ASD, autism spectrum 
disorder; AUD, alcohol use disorder; BIP, bipolar disorder; MS, multiple sclerosis; OCD, obsessive–compulsive disorder; PD, Parkinson’s disease; SCZ, 
Schizophrenia; TS, Tourette’s syndrome
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across the brain disorders and behavioral-cognitive phe-
notypes (Fig. 4b, Additional file 1: Fig. S14 and Additional 
file 2: Table S8). Psychiatric disorders (e.g., ADHD, anxi-
ety, ASD, AUD, BIP, and SCZ) showed higher heritability 
enrichment in the newborn brain compared to the adult 
brain; while for most neurological disorders (e.g., AD, 
epilepsy and PD), we did not observe these patterns. This 
is consistent with previous studies showing that psychi-
atric disorders exhibit epigenomic and transcriptomic 
dysregulations in the early developmental stages, regions, 
and cell types and thus have been considered as a group 
of neurodevelopmental disorders [99, 100]. Interest-
ingly, as what we observed for psychiatric disorders, the 
behavioral-cognitive phenotypes (e.g., insomnia, neu-
roticism and risk behavior) also exhibit higher heritabil-
ity enrichment in the newborn brain, suggesting putative 
significant genetic risk correlation between psychiatric 
disorders and behavioral-cognitive phenotypes [101].

Jointly, these results highlight the importance of study-
ing the cell-type- and stage-specific gene regulation to 
properly dissect the genetic architecture of brain disor-
ders and behavioral-cognitive phenotypes. More impor-
tantly, our results reveal novel heritability enrichment 
patterns for some cell types (e.g., meningeal cells) and 
developmental stages (e.g., newborn) that have not been 
well characterized before.

Prioritizing genes associated with brain disorders 
and behavioral‑cognitive phenotypes in diverse cell types 
and regions based on EPIs
Next, we aim to prioritize the genes associated with 
brain disorders and behavioral-cognitive phenotypes 
by using the reconstructed EPIs in the diverse brain cell 
types and regions. To this end, we applied our nMAGMA 
algorithm [62] that can better infer risk genes by assign-
ing the distal noncoding SNPs [6] to their target genes 
based on the predicted EPIs (Methods); thus, we prior-
itized the genes associated with the brain disorders and 
behavioral-cognitive phenotypes for each cell and tissue 
type from human brain (provided on our supplemen-
tary website; URL: https:// souln ature. github. io/ brain 
epl). Here, we highlighted that the associated genes pre-
dicted by our approach exhibit significant overlap with 
the previously known risk genes for SCZ (P = 5.30e − 3, 
Fisher’s exact test), BIP (P = 9.53e − 3, Fisher’s exact test), 
and AD (P = 1.69e − 10, Fisher’s exact test) (Fig.  5a and 
Additional file 2: Table S9), confirming the utility of our 
reconstructed EPIs. Also, a large proportion of previously 
known risk genes cannot be rediscovered by our analysis, 
partially due to that here we only considered the cis-reg-
ulatory mechanism in prioritizing the risk genes; how-
ever, the pathogenesis of these complex brain disorders 
are involved in multiple layers of gene regulation such 

as post-transcriptional regulation and post-translational 
regulation [102–105].

We then systematically predicted the associated genes 
for all the 17 brain disorders and behavioral-cognitive 
phenotypes, among which intelligence (2466 genes) and 
SCZ (1908 genes) show the most associated genes, which 
is in line with their high heritability [106]. Some previ-
ously known risk genes of brain disorders could be suc-
cessfully prioritized by nMAGMA [62], such as NKAPL 
and PBX2 for SCZ [107, 108], and MAPT for PD [109]. 
Notably, among the 17 different brain disorders and 
behavioral-cognitive phenotypes assessed here, we did 
not find any significant associated genes for three disor-
ders including anxiety, OCD, and TS, which might result 
from a lack of power in the current GWAS data, or the 
limited number of EPIs in the brain cell and tissue types 
for disorders.

Widespread pleiotropy of the associated genes 
between psychiatric disorders and behavioral‑cognitive 
phenotypes
Given shared heritability across different brain disorders 
and behavioral-cognitive phenotypes [101], we examined 
shared associated genes of different brain disorders and/
or behavioral-cognitive phenotypes to identify their com-
mon molecular mechanisms. In total, we found 50, 259, 
and 770 associated genes that are shared by at least two 
traits within each category of neurological disorders, psy-
chiatric disorders, and behavioral-cognitive phenotypes, 
respectively (Fig.  5b and Additional file  2: Table  S10). 
Furthermore, we found that these shared associated 
genes exhibit significant overlap between different cat-
egories of brain disorders and behavioral-cognitive phe-
notypes, indicating strong pleiotropy of these associated 
genes and their putative common mechanisms (Fig. 5b). 
Interestingly, FOXP2, a crucial gene for speech evolu-
tion and language disorders [110, 111], was identified as a 
pleiotropic gene of psychiatric disorders and behavioral-
cognitive phenotypes including ADHD, insomnia, intel-
ligence, neuroticism, and risk behavior.

The shared associated genes of different categories of 
brain disorders and behavioral-cognitive phenotypes 
exhibit distinct enriched biological functions (Additional 
file  2: Table  S11). The shared associated genes of neu-
rological disorders are involved in immune-associated 
functions (Fig. 5c), such as antigen processing and pres-
entation of endogenous antigen, supporting the hypoth-
esis that neuroinflammation could be crucial for the 
pathophysiology of multiple neurological disorders [112, 
113]. While those shared associated genes of psychiat-
ric disorders and behavioral-cognitive phenotypes show 
enriched biological functions of gene regulation, synaptic 

https://soulnature.github.io/brainepl
https://soulnature.github.io/brainepl


Page 13 of 20Zhao et al. Genome Medicine           (2023) 15:56  

function, neuronal development (Fig. 5c), which is in line 
with the biological functions of synapses in the regulation 
of memory, perception, attention, and learning [114–117] 
and their established associations with complex psychiat-
ric disorders [118, 119]. Furthermore, we confirmed that 
the psychiatric disorders and behavioral-cognitive phe-
notypes showed more enrichment in synapse-associated 
processes than neurological disorders by using the SynGO 
annotations [120] (Additional file 1: Fig. S15).

Expression signatures of the genes associated with brain 
disorders and behavioral‑cognitive phenotypes
To systematically evaluate the spatiotemporal expres-
sion patterns of the genes that associate with brain disor-
ders and behavioral-cognitive phenotypes, we leveraged 
large brain transcriptomic datasets to assess in which 
brain regions or cell types and developmental stages, 
these associated genes show higher expression level. 
First, we examined the CAGE activity level of the associ-
ated genes at different developmental stages. Consistent 
with our previous results from the heritability enrich-
ment, we found that the genes associated with neurologi-
cal disorders generally exhibited higher activity in adult 
brain than in newborn brain, while the associated genes 
of psychiatric disorders and behavioral-cognitive phe-
notypes exhibited higher activity in newborn brain. For 
instance, the genes associated with AD exhibited signifi-
cantly higher activity in the adult brain regions such as 
hippocampus (P = 4.30e − 5, Wilcoxon test) and medial 

temporal gyrus (P = 1.70e − 3, Wilcoxon test), which have 
been well characterized in the pathogenesis of AD [121–
123] (Fig.  6a). Similarly, for PD, the associated genes 
exhibited significantly higher activity in the adult brain 
regions such as globus pallidus (P = 3.23e − 3, Wilcoxon 
test) and medial temporal gyrus (P = 0.02, Wilcoxon 
test) (Additional file  1: Fig. S16). In the case of ADHD, 
the associated genes showed higher activity in the fetal 
locus coeruleus (Additional file 1: Fig. S17). Although it 
has been clear that locus coeruleus is the primary source 
of norepinephrine, for which the dysfunction has been 
implicated in the development of ADHD [124, 125], our 
results suggest that the fetal stage of locus coeruleus may 
be more critical than the adult stage in the pathogen-
esis of ADHD. Additionally, we noticed that for SCZ and 
BIP, their associated genes showed higher activity in the 
adult stage of occipital cortex compared to the fetal stage. 
Notably, we did not observe higher activity of the associ-
ated genes in substantia nigra in adult brain, possibly due 
to the limited sample size of substantia nigra from the 
FANTOM5 dataset. Taken together, our results not only 
confirmed the well-established developmental stages 
and brain regions most specifically affected by the brain 
disorders, but also highlight the putative associations 
between these brain disorders and some brain regions 
that have not been well characterized (e.g., globus palli-
dus and medial temporal gyrus).

In addition to the disorder-centric analysis, we also per-
formed analysis in region-centric manner to determine 

Fig. 5 Prioritized genes associated with brain disorders and behavioral‑cognitive phenotypes. a Overlap between the prioritized 
disorder‑associated genes based on EPIs and known risk genes for three brain disorders. The P‑values were estimated using Fisher’s exact test. 
AD, Alzheimer’s disease; BIP, bipolar disorder; SCZ, schizophrenia. b Bar plot showing the number of associated genes that are shared within each 
category of brain disorders and behavioral‑cognitive phenotypes (left), as well as the number of shared associated genes between different 
categories (right). The P‑values were estimated using Fisher’s exact test. c The most enriched biological processes (top five) of the shared associated 
genes for each category of brain disorders and behavioral‑cognitive phenotypes
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their most relevant brain disorders and/or behavioral-
cognitive phenotypes, as well as developmental stages, 
in which the associated genes have higher expression 
levels. We showed the results from four different brain 
regions including cerebral cortex, hippocampus, occipital 
lobe, and temporal lobe (Additional file  1: Fig. S18). As 
expected, for psychiatric disorders and behavioral-cogni-
tive phenotypes, their associated genes generally exhibit 
higher expression levels in the fetal brain than in the 
newborn and adult brain, which is consistent with pre-
vious studies showing that altered gene regulation in the 
early prenatal brain could be more susceptible to various 
psychiatric disorders [65, 126, 127].

Furthermore, we explored the expression of the asso-
ciated genes in astrocytes, neurons, and oligodendrocyte 
progenitor cells (OPCs) from prenatal (period 6, i.e., 19 
PCW-22 PCW) and adult (period 14, i.e., 40–60  years) 
stage using single-cell transcriptomic data from our 
STAB database [70]. The associated genes show distinct 

expression patterns in different cell types and develop-
mental stages (Fig.  6b, c). Notably, the associated genes 
generally show higher expression in neurons than in 
astrocytes in adult stage instead of in fetal stage. We 
also investigated the expression of the associated gene 
in three cell types during lifespan, and found that most 
brain disorders and behavioral-cognitive phenotypes 
have similar patterns of developmental trajectories in 
OPCs and astrocytes, with an activity peak in the mid-
infancy (Additional file 1: Fig. S19).

Finally, we analyzed the expression trajectories of the 
associated genes of psychiatric disorders and behavioral-
cognitive phenotypes across the whole lifespan (Fig.  6d 
and Additional file  2: Table  S12). We found that genes 
associated with SCZ and BIP show similar expression 
dynamic pattern, with a gradual increase during the pre-
natal period and a relative stable trend after birth, con-
sistent with previous studies showing the shared genetic 
basis of these two complex brain disorders [101, 128, 

Fig. 6 Expression dynamics of the associated genes of brain disorders and behavioral‑cognitive phenotypes. a The CAGE activity profiles 
of the AD‑associated genes in diverse brain regions. For each brain region, we showed the expression levels of the associated genes at the newborn 
and adult tissues, respectively. *** P < 0.001; ** P < 0.01; * P < 0.05; Wilcoxon test. AD, Alzheimer’s disease. b,c Expression profiles of the genes 
associated with diverse disorders and behavioral‑cognitive phenotypes from different brain single‑cell types at the fetal (b) and adult (c) stage. The 
gene expression data of brain single cells were collected from STAB database [70]. We used single‑cell datasets from 19–26 PCW and 40–60 years 
in the analysis at the fetal and adult stage, respectively. *** P < 0.001; ** P < 0.01; * P < 0.05; ANOVA test. PCW, postconceptional weeks. OPC, 
oligodendrocyte progenitor cell. d Developmental expression trajectories of the genes associated with disorders and behavioral‑cognitive 
phenotypes. The gene expression data were collected from Zhu et. al [8]. The LOESS plots show smooth curves with 95% confidence bands. 
P2, 8 ≤ Age < 10 PCW; P3, 10 PCW ≤ Age < 13 PCW; P4, 13 PCW ≤ Age < 16 PCW; P5, 16 PCW ≤ Age < 19 PCW; P6, 19 PCW ≤ Age < 24 PCW; P7, 24 
PCW ≤ Age < Birth; P8, Birth ≤ Age < 6 months; P9, 6 months ≤ Age < 1 year; P10, 1 ≤ Age < 6 years; P11, 6 ≤ Age < 12 years; P12, 12 ≤ Age < 20 years; 
P13, 20 ≤ Age < 60 years. PCW, postconceptional weeks
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129]. While the genes associated with neuroticism, intel-
ligence, and risk behavior share the same pattern, which 
exhibits two peaks at period 6 (i.e., 19 PCW-22 PCW) 
and period 11 (i.e., 8–11 years). Previous studies suggest 
that both periods are important for brain reconstitution 
and fast development: period 6 (in mid-gestation stage) 
is important for axonogenesis and dendritic arboriza-
tion [71], and period 11 (in adolescence stage) represents 
a key stage for the rapid development of brain corti-
cal regions that are responsible for higher cognitive and 
emotional functions [130]. Overall, we systematically 
characterized the spatiotemporal expression dynamics of 
the associated genes, and highlighted the putative crucial 
brain regions and developmental stages for the diverse 
brain disorders and behavioral-cognitive phenotypes.

Discussion
In this study, we used large-scale enhancer and promoter 
activity (CAGE) data to reconstruct EPIs in a wide range 
of cell and tissue types, and systematically examined the 
activity and architecture in diverse neural cell and tissue 
types. By using the active CREs and their EPIs in each 
neural cell and tissue type, we explored the heritability 
enrichment of different brain disorders and behavioral-
cognitive phenotypes, expanding the neural cell types, 
brain regions, and developmental stages assessed. We 
found that psychiatric disorders and neurological dis-
orders generally show enriched heritability in fetal and 
adult brains, respectively. For each brain disorder and 
behavioral-cognitive phenotype, a set of associated genes 
were prioritized based on the EPIs from neural cell and 
tissue types. We show that the pleiotropic associated 
genes of psychiatric disorders and behavioral-cognitive 
phenotypes are enriched in synapse-associated functions, 
while the pleiotropic associated genes of neurological 
disorders are enriched in immune-related functions. A 
key benefit of our analysis is its ability to utilize the power 
from the distal SNPs with weak GWAS significance. This 
allows researchers to predict the associated genes in a cell 
and tissue-specific manner and gain novel insights into 
the genetic risk factors of these complex disorders.

In contrast to actively expressed genes, CREs are more 
numerous and exhibit activity in specific cell and tissue 
type, and their sequences can provide clues about the 
regulatory programs that drive cell state specification 
[131, 132]. By combining the activity information of the 
enhancers with the activity measurements of the promot-
ers based on CAGE technology, we are able to systemati-
cally reconstruct EPIs for a wide range of cell and tissue 
types, including numerous ones from human brain. We 
anticipate that future studies could leverage our data 
to experimentally demonstrate the detailed regulatory 
mechanisms that govern the development of human 

brain, the specification of neurons and glial cells, and 
pathogenesis of brain disorders. Notably, in our analy-
sis, we cannot separate the active enhancers and poised 
enhancers [133, 134] by using only the CAGE data from 
FANTOM5 project. Thus, our current results failed to 
reveal the state transition of enhancers during brain 
development and its impact on the expression of their 
target promoters.

Most existing efforts to link brain disorder risk to tran-
scriptomic or epigenomic dysregulation have primarily 
used dissected brain tissues (e.g., cerebral cortex and hip-
pocampus) or isolated cells (e.g., neurons and astrocytes) 
restricted in specific developmental stages (e.g., early 
fetal or adult period), providing insufficient insights into 
gene regulation at a cell-type-specific and spatiotemporal 
resolution. Broader insights into cis-regulatory mecha-
nisms in the human brain could be gained by studying 
more brain regions and different developmental stages. 
By reusing the public FANTOM5 data [27], we have ena-
bled comprehensive identification of the genes associated 
with brain disorders and behavioral-cognitive pheno-
types in diverse brain regions, as well as across the fetal, 
newborn, and adult stages. Moreover, we show that the 
associated genes identified using our approach show sig-
nificant overlap with known risk genes of brain disorders. 
With single-cell epigenomic and transcriptomic data 
recently become tractable and scalable, it will be espe-
cially suited to expand the cell landscape in our study to 
achieve higher cellular and regional resolution when dis-
secting the genetic architecture of brain disorders and 
behavioral-cognitive phenotypes.

The clinical phenomena, such as behavioral change, 
alterations of consciousness, or loss of motor func-
tion, lead to great complications about the classification 
of brain disorders. One such example includes ASD, 
which is a highly heterogeneous disorder; its clinical 
presentations can vary in multiple axes of severity, cre-
ating a wide spectrum of symptoms [135]. Understand-
ing the genetic underpinnings for a particular subset 
of ASD and related phenotypes may inform the search 
for their biological mechanisms and clinically relevant 
genetic therapies. Elucidating the extent of heterogene-
ity for the brain disorders allows for a better-informed 
picture of functional consequences associated with 
genetic influences. In such cases, characterizing the 
specific brain regions and/or developmental stages that 
exhibit high risk for a particular subtype of the disor-
ders may help identify targets for diagnostics and ther-
apeutics. Expanding the brain regions, developmental 
stages, and cell types examined in the analysis is critical 
for the achievement of this aim.

Although we have taken advantage of the rich FAN-
TOM5 and GWAS data, these datasets have their own 
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limitations, which will impart some restrictions on our 
predictions. For example, the FANTOM5 data are in 
some instances limited to a few replicates for cell and 
tissue types and there is possible heterogeneity in some 
samples. The enhancers identified by the FANTOM5 
data show limited overlap with those identified by using 
large-scale ChIP-seq and ATAC-seq datasets [24]. For 
the partitioned heritability approach, the GWAS data-
sets analyzed must have a very large sample size and large 
SNP heritability, and the brain disorders and traits ana-
lyzed must be polygenic. It should be also noted that we 
did not consider other players such as noncoding RNAs, 
alternative splicing, and protein interactions, which have 
been shown to have a role in the pathogenesis of brain 
disorders [9, 136–139]. These limitations may result in 
less faithful predictions on the genes associated with the 
brain disorders and behavioral-cognitive phenotypes.

Conclusions
In conclusion, we leverage the reconstructed EPIs in 
diverse neural cell and tissue types to prioritize the genes 
associated with different brain disorders and behavioral-
cognitive phenotypes. We highlight the cell and tissue 
specificity of the EPIs in human brain, and their power 
in furthering our understanding of genetic heritability of 
the brain disorders in different brain cell types, regions, 
and developmental stages. We analyze the pleiotropy 
of the associated genes by comparing the sets of prior-
itized genes for different categories of brain disorders 
and behavioral-cognitive phenotypes. We additionally 
show the spatiotemporal activity of the associated genes 
by integrating with large-scale bulk and single-cell tran-
scriptomic datasets from human brain.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13073‑ 023‑ 01210‑6.

Additional file 1: Figure S1. Clustering of 958 samples based on the 
activity of the CREs revealed corresponding groups of cell and tissue 
types. Figure S2. Enrichment of CAGE‑derived enhancers from FANTOM5 
project and active enhancers defined by histone modification ChIP‑
seq datasets. Figure S3. Enrichment of CAGE‑derived enhancers from 
FANTOM5 project and active enhancers defined by ATAC‑seq/scATAC‑seq 
datasets. Figure S4. Number of promoters that have a range number of 
linked enhancers during EPI reconstruction. Figure S5. Enrichment of 
total cis‑eQTLs and fine‑mapped cis‑eQTLs in the CREs from reconstructed 
EPIs. Figure S6. Strength of the active EPIs and the remaining inactive EPIs 
reconstructed in each sample. Figure S7. The accuracy of different EPI 
prediction approaches. Figure S8. Clustering of 142 tissue types based 
on the similarities of their reconstructed EPIs. Figure S9. Clustering of 158 
primary cell types based on the similarities of their reconstructed EPIs. 
Figure S10. Clustering of 439 tissue types and brain samples based on 
the similarities of their promoter activity. Figure S11. Proportion of tissue‑
specific promoters that are linked to tissue‑specific enhancers. Figure 
S12. Overlap between groups of enhancers and promoters with distinct 
tissue and stage specificity in human brain. Figure S13. The enrichment 
of TF binding in the enhancers with distinct tissue‑ (up) and stage‑specific 

activity patterns (bottom). Figure S14. Heatmap showing the parti‑
tioned heritability enrichment of genetic variants overlapping CREs from 
brain regions across different brain disorders and behavioral‑cognitive 
phenotypes. Figure S15. The most enriched synapse‑associated functions 
of the shared associated genes for each category of brain disorders and 
behavioral‑cognitive phenotypes. Figure S16. CAGE activity profiles of the 
promoters associated with PD in diverse brain regions. Figure S17. CAGE 
activity profiles of the promoters associated with psychiatric disorders in 
diverse brain regions. Figure S18. CAGE activity profiles of the associated 
genes of diverse brain disorders and behavioral‑cognitive phenotypes in 
specific brain regions. Figure S19. Developmental expression trajectories 
of the associated genes in neural cell types.

Additional file 2: Table S1. Source and information of the CAGE datasets 
and samples from FANTOM5 project. Table S2. Number of enhancers, 
promoters and reconstructed EPI in each cell and tissue type. Table S3. 
Tissue match between the FANTOM5 samples and the cell or tissue types 
from pcHi‑C datasets and GTEx project. Table S4. AUPR scores of the 
reconstructed EPIs. Table S5. Enhancers with tissue‑ and stage‑specific 
activity patterns. Table S6. Promoters with tissue‑ and stage‑specific activ‑
ity patterns. Table S7. Source and information of the GWAS summary sta‑
tistics used in this study. Table S8. Partitioned LDSC in the CREs of neural 
cell and tissue types for different brain disorders and behavioral‑cognitive 
phenotypes. Table S9. Collection of known risk genes of 7 different brain 
disorders. Table S10. Associated genes that were shared between differ‑
ent categories of brain disorders and behavioral‑cognitive phenotypes. 
Table S11. Enriched biological functions of shared associated genes 
between different categories of brain disorders and behavioral‑cognitive 
phenotypes. Table S12. Spatiotemporal transcriptomic datasets of the 
human and macaque brains used in this analysis.

Acknowledgements
The authors would like to thank the Institute of Science and Technology for 
Brain‑Inspired Intelligence at Fudan University for supporting high‑perfor‑
mance computing. The authors also want to thank FANTOM5 Consortium and 
PGC Consortium for sharing the data sets.

Authors’ contributions
Project design by XMZ and YTY; Data curation by YTY and XZ; Data analysis by 
XZ, LS, YTY, AY, and ZZ; Writing—manuscript preparation by YTY, XZ, LS and AY; 
Writing—review and editing by YTY, XZ, and JZ; Project administration by YTY and 
XMZ. ZX, LS, AY, ZZ, JZ, YTY, and XMZ discussed the results and commented on the 
manuscript at all stages. All authors read and approved the final manuscript.

Funding
This work is supported by National Key R&D Program of China 
(2020YFA0712403, 2021YFF0703703), National Natural Science Foundation 
of China (T2225015, 61932008), Shanghai Municipal Science and Technol‑
ogy Major Project (2018SHZDZX01), Natural Science Foundation of Shanghai 
(21ZR1408100), and Greater Bay Area Institute of Precision Medicine (Guang‑
zhou) (Grant No. IPM21C008).

Availability of data and materials
The codes used in the analyses can be downloaded from GitHub (https:// 
github. com/ Souln ature/ brain epl/).
The original public datasets were downloaded as described in “Methods”. 
The reconstructed EPIs in 439 cell and tissue types and the prioritized genes 
associated with diverse brain disorders and behavioral‑cognitive phenotypes 
can be downloaded in our supplementary website (https:// souln ature. github. 
io/ brain epl).

Declarations

Ethics approval and consent to participate
All the utilized data in our study were previously published and publicly avail‑
able. The research conformed to the principles of the Helsinki Declaration.

Consent for publication
Not applicable.

https://doi.org/10.1186/s13073-023-01210-6
https://doi.org/10.1186/s13073-023-01210-6
https://github.com/Soulnature/brainepl/
https://github.com/Soulnature/brainepl/
https://soulnature.github.io/brainepl
https://soulnature.github.io/brainepl


Page 17 of 20Zhao et al. Genome Medicine           (2023) 15:56  

Competing interests
The authors declare that they have no competing interests.

Author details
1 Institute of Science and Technology for Brain‑Inspired Intelligence, 
and Department of Neurology of Zhongshan Hospital, Fudan University, 220 
Handan Road, Shanghai 200433, China. 2 MOE Key Laboratory of Computa‑
tional Neuroscience and Brain‑Inspired Intelligence, and MOE Frontiers Center 
for Brain Science, Fudan University, Shanghai 200433, China. 3 State Key Labo‑
ratory of Medical Neurobiology, Institutes of Brain Science, Fudan University, 
Shanghai 200032, China. 4 Internatioal Human Phenome Institutes (Shanghai), 
Shanghai 200433, China. 

Received: 7 February 2023   Accepted: 10 July 2023

References
 1. Gusev A, Lee SH, Trynka G, Finucane H, Vilhjálmsson BJ, Xu H, et al. Par‑

titioning heritability of regulatory and cell‑type‑specific variants across 
11 common diseases. Am J Hum Genet. 2014;95:535–52.

 2. Nott A, Holtman IR, Coufal NG, Schlachetzki JCM, Yu M, Hu R, et al. Brain 
cell type‑specific enhancer‑promoter interactome maps and disease‑
risk association. Science. 2019;366:1134–9.

 3. Sey NYA, Hu B, Mah W, Fauni H, McAfee JC, Rajarajan P, et al. A com‑
putational tool (H‑MAGMA) for improved prediction of brain‑disorder 
risk genes by incorporating brain chromatin interaction profiles. Nat 
Neurosci. 2020;23:583–93.

 4. Mathys H, Davila‑Velderrain J, Peng Z, Gao F, Mohammadi S, Young JZ, 
et al. Single‑cell transcriptomic analysis of Alzheimer’s disease. Nature. 
2019;570:332–7.

 5. Velmeshev D, Schirmer L, Jung D, Haeussler M, Perez Y, Mayer S, et al. 
Single‑cell genomics identifies cell type‑specific molecular changes in 
autism. Science. 2019;364:685–9.

 6. Wang D, Liu S, Warrell J, Won H, Shi X, Navarro FCP, et al. Comprehensive 
functional genomic resource and integrative model for the human 
brain. Science. 2018;362:eaat8464.

 7. Li M, Santpere G, Imamura Kawasawa Y, Evgrafov OV, Gulden FO, 
Pochareddy S, et al. Integrative functional genomic analysis of 
human brain development and neuropsychiatric risks. Science. 
2018;362:eaat7615.

 8. Zhu Y, Sousa AMM, Gao T, Skarica M, Li M, Santpere G, et al. Spatiotem‑
poral transcriptomic divergence across human and macaque brain 
development. Science. 2018;362:eaat8077.

 9. Gandal MJ, Zhang P, Hadjimichael E, Walker RL, Chen C, Liu S, et al. 
Transcriptome‑wide isoform‑level dysregulation in ASD, schizophrenia, 
and bipolar disorder. Science. 2018;362:eaat8127.

 10. Amiri A, Coppola G, Scuderi S, Wu F, Roychowdhury T, Liu F, et al. Tran‑
scriptome and epigenome landscape of human cortical development 
modeled in organoids. Science. 2018;362:eaat6720.

 11. de la Torre‑Ubieta L, Stein JL, Won H, Opland CK, Liang D, Lu D, et al. 
The dynamic landscape of open chromatin during human cortical 
neurogenesis. Cell. 2018;172:289‑304.e18.

 12. Won H, de la Torre‑Ubieta L, Stein JL, Parikshak NN, Huang J, Opland CK, 
et al. Chromosome conformation elucidates regulatory relationships in 
developing human brain. Nature. 2016;538:523–7.

 13. Parikshak NN, Luo R, Zhang A, Won H, Lowe JK, Chandran V, et al. 
Integrative functional genomic analyses implicate specific molecular 
pathways and circuits in autism. Cell. 2013;155:1008–21.

 14. Willsey AJ, Sanders SJ, Li M, Dong S, Tebbenkamp AT, Muhle RA, et al. 
Coexpression networks implicate human midfetal deep cortical projec‑
tion neurons in the pathogenesis of autism. Cell. 2013;155:997–1007.

 15. Thurman RE, Rynes E, Humbert R, Vierstra J, Maurano MT, Haugen 
E, et al. The accessible chromatin landscape of the human genome. 
Nature. 2012;489:75–82.

 16. Sheffield NC, Thurman RE, Song L, Safi A, Stamatoyannopoulos JA, 
Lenhard B, et al. Patterns of regulatory activity across diverse human 
cell types predict tissue identity, transcription factor binding, and long‑
range interactions. Genome Res. 2013;23:777–88.

 17 Fishilevich S, Nudel R, Rappaport N, Hadar R, Plaschkes I, Iny Stein 
T, et al. GeneHancer: genome‑wide integration of enhancers and 
target genes in GeneCards. Database J Biol Databases Curation. 
2017;2017:bax028.

 18. Whalen S, Truty RM, Pollard KS. Enhancer‑promoter interactions are 
encoded by complex genomic signatures on looping chromatin. Nat 
Genet. 2016;48:488–96.

 19. Roy S, Siahpirani AF, Chasman D, Knaack S, Ay F, Stewart R, et al. A pre‑
dictive modeling approach for cell line‑specific long‑range regulatory 
interactions. Nucleic Acids Res. 2015;43:8694–712.

 20. Yang Y, Zhang R, Singh S, Ma J. Exploiting sequence‑based features 
for predicting enhancer‑promoter interactions. Bioinforma Oxf Engl. 
2017;33:i252–60.

 21. Cao Q, Anyansi C, Hu X, Xu L, Xiong L, Tang W, et al. Reconstruction of 
enhancer‑target networks in 935 samples of human primary cells, tis‑
sues and cell lines. Nat Genet. 2017;49:1428–36.

 22. Core LJ, Martins AL, Danko CG, Waters CT, Siepel A, Lis JT. Analysis of 
nascent RNA identifies a unified architecture of initiation regions at 
mammalian promoters and enhancers. Nat Genet. 2014;46:1311–20.

 23. Andersson R, Sandelin A, Danko CG. A unified architecture of transcrip‑
tional regulatory elements. Trends Genet TIG. 2015;31:426–33.

 24. Andersson R, Gebhard C, Miguel‑Escalada I, Hoof I, Bornholdt J, Boyd M, 
et al. An atlas of active enhancers across human cell types and tissues. 
Nature. 2014;507:455–61.

 25. Boyd M, Thodberg M, Vitezic M, Bornholdt J, Vitting‑Seerup K, Chen Y, et al. 
Characterization of the enhancer and promoter landscape of inflammatory 
bowel disease from human colon biopsies. Nat Commun. 2018;9:1661.

 26. Noguchi S, Arakawa T, Fukuda S, Furuno M, Hasegawa A, Hori F, et al. 
FANTOM5 CAGE profiles of human and mouse samples. Sci Data. 
2017;4: 170112.

 27. Lizio M, Abugessaisa I, Noguchi S, Kondo A, Hasegawa A, Hon CC, et al. 
Update of the FANTOM web resource: expansion to provide additional 
transcriptome atlases. Nucleic Acids Res. 2019;47:D752–8. URL: http:// 
fantom. gsc. riken. jp/. Accessed Dec 2021.

 28. Kent WJ, Sugnet CW, Furey TS, Roskin KM, Pringle TH, Zahler AM, et al. 
The human genome browser at UCSC. Genome Res. 2002;12:996–1006.

 29. Frankish A, Diekhans M, Jungreis I, Lagarde J, Loveland JE, Mudge JM, 
et al. GENCODE 2021. Nucleic Acids Res. 2021;49:D916–23.

 30. Fulco CP, Nasser J, Jones TR, Munson G, Bergman DT, Subramanian V, 
et al. Activity‑by‑contact model of enhancer‑promoter regulation from 
thousands of CRISPR perturbations. Nat Genet. 2019;51:1664–9.

 31. Boix CA, James BT, Park YP, Meuleman W, Kellis M. Regulatory genomic 
circuitry of human disease loci by integrative epigenomics. Nature. 
2021;590:300–7. URL: https:// epige nome. wustl. edu/ epimap/. Accessed 
Apr 2023.

 32. Zhang K, Hocker JD, Miller M, Hou X, Chiou J, Poirion OB, et al. A 
single‑cell atlas of chromatin accessibility in the human genome. 
Cell. 2021;184:5985–6001.e19. URL: http:// catlas. org/ human enhan cer. 
Accessed Apr 2023.

 33. Markenscoff‑Papadimitriou E, Whalen S, Przytycki P, Thomas R, Binya‑
meen F, Nowakowski TJ, et al. A chromatin accessibility atlas of the 
developing human telencephalon. Cell. 2020;182:754‑769.e18.

 34. GTEx Consortium. The GTEx Consortium atlas of genetic regulatory 
effects across human tissues. Science. 2020;369:1318–30. URL: https:// 
gtexp ortal. org/ home/. Accessed Apr 2023.

 35. Finucane HK, Bulik‑Sullivan B, Gusev A, Trynka G, Reshef Y, Loh P‑R, et al. 
Partitioning heritability by functional annotation using genome‑wide 
association summary statistics. Nat Genet. 2015;47:1228–35.

 36. Jung I, Schmitt A, Diao Y, Lee AJ, Liu T, Yang D, et al. A compendium of 
promoter‑centered long‑range chromatin interactions in the human 
genome. Nat Genet. 2019;51:1442–9.

 37. Marbach D, Lamparter D, Quon G, Kellis M, Kutalik Z, Bergmann S. 
Tissue‑specific regulatory circuits reveal variable modular perturbations 
across complex diseases. Nat Methods. 2016;13:366–70.

 38. Love MI, Huber W, Anders S. Moderated estimation of fold change and 
dispersion for RNA‑seq data with DESeq2. Genome Biol. 2014;15:550.

 39. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al. 
Cytoscape: a software environment for integrated models of biomo‑
lecular interaction networks. Genome Res. 2003;13:2498–504. URL: 
https:// cytos cape. org/.

http://fantom.gsc.riken.jp/
http://fantom.gsc.riken.jp/
https://epigenome.wustl.edu/epimap/
http://catlas.org/humanenhancer
https://gtexportal.org/home/
https://gtexportal.org/home/
https://cytoscape.org/


Page 18 of 20Zhao et al. Genome Medicine           (2023) 15:56 

 40. Heinz S, Benner C, Spann N, Bertolino E, Lin YC, Laslo P, et al. Simple 
combinations of lineage‑determining transcription factors prime cis‑
regulatory elements required for macrophage and B cell identities. Mol 
Cell. 2010;38:576–89.

 41. Fornes O, Castro‑Mondragon JA, Khan A, van der Lee R, Zhang X, Rich‑
mond PA, et al. JASPAR 2020: update of the open‑access database of 
transcription factor binding profiles. Nucleic Acids Res. 2020;48:D87–92. 
URL: https:// jaspar. gener eg. net/, Accessed Jan 2022.

 42. Jansen IE, Savage JE, Watanabe K, Bryois J, Williams DM, Steinberg 
S, et al. Genome‑wide meta‑analysis identifies new loci and func‑
tional pathways influencing Alzheimer’s disease risk. Nat Genet. 
2019;51:404–13.

 43. van Rheenen W, Shatunov A, Dekker AM, McLaughlin RL, Diekstra FP, 
Pulit SL, et al. Genome‑wide association analyses identify new risk vari‑
ants and the genetic architecture of amyotrophic lateral sclerosis. Nat 
Genet. 2016;48:1043–8.

 44. International League Against Epilepsy Consortium on Complex Epi‑
lepsies. Genome‑wide mega‑analysis identifies 16 loci and highlights 
diverse biological mechanisms in the common epilepsies. Nat Com‑
mun. 2018;9:5269.

 45. International Multiple Sclerosis Genetics Consortium. Multiple sclerosis 
genomic map implicates peripheral immune cells and microglia in 
susceptibility. Science. 2019;365:eaav7188.

 46. Nalls MA, Blauwendraat C, Vallerga CL, Heilbron K, Bandres‑Ciga S, 
Chang D, et al. Identification of novel risk loci, causal insights, and 
heritable risk for Parkinson’s disease: a meta‑analysis of genome‑wide 
association studies. Lancet Neurol. 2019;18:1091–102.

 47. Demontis D, Walters RK, Martin J, Mattheisen M, Als TD, Agerbo E, et al. 
Discovery of the first genome‑wide significant risk loci for attention 
deficit/hyperactivity disorder. Nat Genet. 2019;51:63–75.

 48. Otowa T, Hek K, Lee M, Byrne EM, Mirza SS, Nivard MG, et al. Meta‑
analysis of genome‑wide association studies of anxiety disorders. Mol 
Psychiatry. 2016;21:1391–9.

 49. Grove J, Ripke S, Als TD, Mattheisen M, Walters RK, Won H, et al. Identi‑
fication of common genetic risk variants for autism spectrum disorder. 
Nat Genet. 2019;51:431–44.

 50. Sanchez‑Roige S, Palmer AA, Fontanillas P, Elson SL, 23andMe Research 
Team, the Substance Use Disorder Working Group of the Psychiatric 
Genomics Consortium, Adams MJ, et al. Genome‑wide associa‑
tion study meta‑analysis of the alcohol use disorders identification 
test (AUDIT) in two population‑based cohorts. Am J Psychiatry. 
2019;176:107–18.

 51. Stahl EA, Breen G, Forstner AJ, McQuillin A, Ripke S, Trubetskoy V, et al. 
Genome‑wide association study identifies 30 loci associated with 
bipolar disorder. Nat Genet. 2019;51:793–803.

 52. International Obsessive Compulsive Disorder Foundation Genetics 
Collaborative (IOCDF‑GC) and OCD Collaborative Genetics Associa‑
tion Studies (OCGAS). Revealing the complex genetic architecture of 
obsessive‑compulsive disorder using meta‑analysis. Mol Psychiatry. 
2018;23:1181–8.

 53. Lam M, Chen C‑Y, Li Z, Martin AR, Bryois J, Ma X, et al. Comparative 
genetic architectures of schizophrenia in East Asian and European 
populations. Nat Genet. 2019;51:1670–8.

 54. Yu D, Sul JH, Tsetsos F, Nawaz MS, Huang AY, Zelaya I, et al. Interrogat‑
ing the genetic determinants of Tourette’s syndrome and other tic 
disorders through genome‑wide association studies. Am J Psychiatry. 
2019;176:217–27.

 55. Jansen PR, Watanabe K, Stringer S, Skene N, Bryois J, Hammerschlag AR, 
et al. Genome‑wide analysis of insomnia in 1,331,010 individuals identi‑
fies new risk loci and functional pathways. Nat Genet. 2019;51:394–403.

 56. Savage JE, Jansen PR, Stringer S, Watanabe K, Bryois J, de Leeuw CA, 
et al. Genome‑wide association meta‑analysis in 269,867 individuals 
identifies new genetic and functional links to intelligence. Nat Genet. 
2018;50:912–9.

 57. Nagel M, Jansen PR, Stringer S, Watanabe K, de Leeuw CA, Bryois J, et al. 
Meta‑analysis of genome‑wide association studies for neuroticism in 
449,484 individuals identifies novel genetic loci and pathways. Nat 
Genet. 2018;50:920–7.

 58. Karlsson Linnér R, Biroli P, Kong E, Meddens SFW, Wedow R, Fontana 
MA, et al. Genome‑wide association analyses of risk tolerance and risky 

behaviors in over 1 million individuals identify hundreds of loci and 
shared genetic influences. Nat Genet. 2019;51:245–57.

 59. Bulik‑Sullivan BK, Loh P‑R, Finucane HK, Ripke S, Yang J, Schizophrenia 
Working Group of the Psychiatric Genomics Consortium, et al. LD Score 
regression distinguishes confounding from polygenicity in genome‑
wide association studies. Nat Genet. 2015;47:291–5.

 60. 1000 Genomes Project Consortium, Auton A, Brooks LD, Durbin RM, 
Garrison EP, Kang HM, et al. A global reference for human genetic varia‑
tion. Nature. 2015;526:68–74.

 61. International HapMap 3 Consortium, Altshuler DM, Gibbs RA, Peltonen 
L, Altshuler DM, Gibbs RA, et al. Integrating common and rare genetic 
variation in diverse human populations. Nature. 2010;467:52–8.

 62. Yang A, Chen J, Zhao X‑M. nMAGMA: a network‑enhanced method for 
inferring risk genes from GWAS summary statistics and its application 
to schizophrenia. Brief Bioinform. 2021;22:bbaa298.

 63. Zhang L, Chang S, Li Z, Zhang K, Du Y, Ott J, et al. ADHDgene: a genetic 
database for attention deficit hyperactivity disorder. Nucleic Acids Res. 
2012;40:D1003–1009. URL: http:// adhd. psych. ac. cn. Accessed Dec. 
2021.

 64. Basu SN, Kollu R, Banerjee‑Basu S. AutDB: a gene reference resource 
for autism research. Nucleic Acids Res. 2009;37:D832–836. URL: http:// 
autism. minds pec. org/ autdb. Accessed Dec. 2021.

 65. Satterstrom FK, Kosmicki JA, Wang J, Breen MS, De Rubeis S, An J‑Y, 
et al. Large‑scale exome sequencing study implicates both develop‑
mental and functional changes in the neurobiology of autism. Cell. 
2020;180:568‑584.e23.

 66. Allen NC, Bagade S, McQueen MB, Ioannidis JPA, Kavvoura FK, Khoury 
MJ, et al. Systematic meta‑analyses and field synopsis of genetic 
association studies in schizophrenia: the SzGene database. Nat Genet. 
2008;40:827–34. URL: http:// www. szgene. org/. Accessed Dec. 2021.

 67. Piñero J, Ramírez‑Anguita JM, Saüch‑Pitarch J, Ronzano F, Centeno E, 
Sanz F, et al. The DisGeNET knowledge platform for disease genomics: 
2019 update. Nucleic Acids Res. 2020;48:D845–55.

 68. Bertram L, McQueen MB, Mullin K, Blacker D, Tanzi RE. Systematic meta‑
analyses of Alzheimer disease genetic association studies: the AlzGene 
database. Nat Genet. 2007;39:17–23. URL: http:// www. alzge ne. org. 
Accessed July 2021.

 69. Nalls MA, Pankratz N, Lill CM, Do CB, Hernandez DG, Saad M, et al. 
Large‑scale meta‑analysis of genome‑wide association data identifies 
six new risk loci for Parkinson’s disease. Nat Genet. 2014;46:989–93. URL: 
http:// www. pdgene. org/. Accessed Dec. 2021.

 70. Song L, Pan S, Zhang Z, Jia L, Chen W‑H, Zhao X‑M. STAB: a spatio‑tem‑
poral cell atlas of the human brain. Nucleic Acids Res. 2021;49:D1029–
37. URL: https:// mai. fudan. edu. cn/ stab/. Accessed July 2022.

 71. Kang HJ, Kawasawa YI, Cheng F, Zhu Y, Xu X, Li M, et al. Spatio‑temporal 
transcriptome of the human brain. Nature. 2011;478:483–9.

 72. Panigrahi A, O’Malley BW. Mechanisms of enhancer action: the known 
and the unknown. Genome Biol. 2021;22:108.

 73. Mifsud B, Tavares‑Cadete F, Young AN, Sugar R, Schoenfelder S, Ferreira 
L, et al. Mapping long‑range promoter contacts in human cells with 
high‑resolution capture Hi‑C. Nat Genet. 2015;47:598–606.

 74. Kosoy R, Fullard JF, Zeng B, Bendl J, Dong P, Rahman S, et al. Genetics of 
the human microglia regulome refines Alzheimer’s disease risk loci. Nat 
Genet. 2022;54:1145–54.

 75. Wang Y, Song F, Zhang B, Zhang L, Xu J, Kuang D, et al. The 3D Genome 
Browser: a web‑based browser for visualizing 3D genome organization 
and long‑range chromatin interactions. Genome Biol. 2018;19:151.

 76. ENCODE Project Consortium, Moore JE, Purcaro MJ, Pratt HE, Epstein 
CB, Shoresh N, et al. Expanded encyclopaedias of DNA elements in the 
human and mouse genomes. Nature. 2020;583:699–710.

 77. Hnisz D, Abraham BJ, Lee TI, Lau A, Saint‑André V, Sigova AA, et al. 
Super‑enhancers in the control of cell identity and disease. Cell. 
2013;155:934–47.

 78. Chen X, Zhou J, Zhang R, Wong AK, Park CY, Theesfeld CL, et al. Tissue‑
specific enhancer functional networks for associating distal regulatory 
regions to disease. Cell Syst. 2021;12:353‑362.e6.

 79. Wang W, Wang G‑Z. Twin‑peak temporal regulation during human 
neocortical development. Cell Discov. 2019;5:61.

 80. Lambert SA, Jolma A, Campitelli LF, Das PK, Yin Y, Albu M, et al. The 
human transcription factors. Cell. 2018;172:650–65.

https://jaspar.genereg.net/
http://adhd.psych.ac.cn
http://autism.mindspec.org/autdb
http://autism.mindspec.org/autdb
http://www.szgene.org/
http://www.alzgene.org
http://www.pdgene.org/
https://mai.fudan.edu.cn/stab/


Page 19 of 20Zhao et al. Genome Medicine           (2023) 15:56  

 81. Song M, Yang X, Ren X, Maliskova L, Li B, Jones IR, et al. Mapping cis‑
regulatory chromatin contacts in neural cells links neuropsychiatric 
disorder risk variants to target genes. Nat Genet. 2019;51:1252–62.

 82. Hirayama T, Tarusawa E, Yoshimura Y, Galjart N, Yagi T. CTCF is required 
for neural development and stochastic expression of clustered Pcdh 
genes in neurons. Cell Rep. 2012;2:345–57.

 83. Duclot F, Kabbaj M. The role of early growth response 1 (EGR1) in 
brain plasticity and neuropsychiatric disorders. Front Behav Neurosci. 
2017;11:35.

 84. de la Rocha AMA, Sampron N, Alonso MM, Matheu A. Role of SOX 
family of transcription factors in central nervous system tumors. Am J 
Cancer Res. 2014;4:312–24.

 85. Takahashi K, Yamanaka S. Induction of pluripotent stem cells from 
mouse embryonic and adult fibroblast cultures by defined factors. Cell. 
2006;126:663–76.

 86. Spiess K, Won H. Regulatory landscape in brain development and 
disease. Curr Opin Genet Dev. 2020;65:53–60.

 87. Habib N, McCabe C, Medina S, Varshavsky M, Kitsberg D, Dvir‑Szternfeld 
R, et al. Disease‑associated astrocytes in Alzheimer’s disease and aging. 
Nat Neurosci. 2020;23:701–6.

 88. Monterey MD, Wei H, Wu X, Wu JQ. The many faces of astrocytes in 
Alzheimer’s disease. Front Neurol. 2021;12: 619626.

 89. Hansen DV, Hanson JE, Sheng M. Microglia in Alzheimer’s disease. J Cell 
Biol. 2018;217:459–72.

 90. Doetsch F. The glial identity of neural stem cells. Nat Neurosci. 
2003;6:1127–34.

 91. Coulter DA, Steinhäuser C. Role of astrocytes in epilepsy. Cold Spring 
Harb Perspect Med. 2015;5: a022434.

 92. Yamanaka K, Komine O. The multi‑dimensional roles of astrocytes in 
ALS. Neurosci Res. 2018;126:31–8.

 93. Surmeier DJ. Determinants of dopaminergic neuron loss in Parkinson’s 
disease. FEBS J. 2018;285:3657–68.

 94. Kamath T, Abdulraouf A, Burris SJ, Langlieb J, Gazestani V, Nadaf NM, 
et al. Single‑cell genomic profiling of human dopamine neurons identi‑
fies a population that selectively degenerates in Parkinson’s disease. Nat 
Neurosci. 2022;25:588–95.

 95. Zhou X, Xiao Q, Xie L, Yang F, Wang L, Tu J. Astrocyte, a promising target 
for mood disorder interventions. Front Mol Neurosci. 2019;12:136.

 96. Brockett AT, Kane GA, Monari PK, Briones BA, Vigneron P‑A, Barber GA, 
et al. Evidence supporting a role for astrocytes in the regulation of 
cognitive flexibility and neuronal oscillations through the Ca2+ binding 
protein S100β. PLoS ONE. 2018;13: e0195726.

 97. Bryois J, Skene NG, Hansen TF, Kogelman LJA, Watson HJ, Liu Z, et al. 
Genetic identification of cell types underlying brain complex traits 
yields insights into the etiology of Parkinson’s disease. Nat Genet. 
2020;52:482–93.

 98. Bojarskaite L, Bjørnstad DM, Pettersen KH, Cunen C, Hermansen GH, 
Åbjørsbråten KS, et al. Astrocytic Ca2+ signaling is reduced during 
sleep and is involved in the regulation of slow wave sleep. Nat Com‑
mun. 2020;11:3240.

 99. Thapar A, Cooper M, Rutter M. Neurodevelopmental disorders. Lancet. 
Psychiatry. 2017;4:339–46.

 100. Cristino AS, Williams SM, Hawi Z, An J‑Y, Bellgrove MA, Schwartz CE, 
et al. Neurodevelopmental and neuropsychiatric disorders represent an 
interconnected molecular system. Mol Psychiatry. 2014;19:294–301.

 101. Brainstorm Consortium, Anttila V, Bulik‑Sullivan B, Finucane HK, Walters 
RK, Bras J, et al. Analysis of shared heritability in common disorders of 
the brain. Science. 2018;360:eaap8757.

 102. Park CY, Zhou J, Wong AK, Chen KM, Theesfeld CL, Darnell RB, et al. 
Genome‑wide landscape of RNA‑binding protein target site dysregula‑
tion reveals a major impact on psychiatric disorder risk. Nat Genet. 
2021;53:166–73.

 103. Brown A‑L, Wilkins OG, Keuss MJ, Hill SE, Zanovello M, Lee WC, et al. 
TDP‑43 loss and ALS‑risk SNPs drive mis‑splicing and depletion of 
UNC13A. Nature. 2022;603:131–7.

 104. Nussbacher JK, Tabet R, Yeo GW, Lagier‑Tourenne C. Disruption of RNA 
metabolism in neurological diseases and emerging therapeutic inter‑
ventions. Neuron. 2019;102:294–320.

 105. Walker LC, Jucker M. Neurodegenerative diseases: expanding the prion 
concept. Annu Rev Neurosci. 2015;38:87–103.

 106. Smeland OB, Bahrami S, Frei O, Shadrin A, O’Connell K, Savage J, et al. 
Genome‑wide analysis reveals extensive genetic overlap between 
schizophrenia, bipolar disorder, and intelligence. Mol Psychiatry. 
2020;25:844–53.

 107. Wang Z, Yang B, Liu Y, Shugart YY, Cheng Z, Jin C, et al. Further evidence 
supporting the association of NKAPL with schizophrenia. Neurosci Lett. 
2015;605:49–52.

 108. Waterwort DM, Bassett AS, Brzustowicz LM. Recent advances in the 
genetics of schizophrenia. Cell Mol Life Sci CMLS. 2002;59:331–48.

 109. Pascale E, Di Battista ME, Rubino A, Purcaro C, Valente M, Fattapposta 
F, et al. Genetic architecture of MAPT gene region in Parkinson disease 
subtypes. Front Cell Neurosci. 2016;10:96.

 110. Fisher SE, Vargha‑Khadem F, Watkins KE, Monaco AP, Pembrey ME. 
Localisation of a gene implicated in a severe speech and language 
disorder. Nat Genet. 1998;18:168–70.

 111. Enard W, Przeworski M, Fisher SE, Lai CSL, Wiebe V, Kitano T, et al. Molec‑
ular evolution of FOXP2, a gene involved in speech and language. 
Nature. 2002;418:869–72.

 112. Riedhammer C, Weissert R. Antigen presentation, autoantigens, and 
immune regulation in multiple sclerosis and other autoimmune dis‑
eases. Front Immunol. 2015;6:322.

 113. Kwon HS, Koh S‑H. Neuroinflammation in neurodegenerative disorders: 
the roles of microglia and astrocytes. Transl Neurodegener. 2020;9:42.

 114. Abdou K, Shehata M, Choko K, Nishizono H, Matsuo M, Muramatsu S‑I, 
et al. Synapse‑specific representation of the identity of overlapping 
memory engrams. Science. 2018;360:1227–31.

 115 Ripollés P, Ferreri L, Mas‑Herrero E, Alicart H, Gómez‑Andrés A, Marco‑
Pallares J, et al. Intrinsically regulated learning is modulated by synaptic 
dopamine signaling. eLife. 2018;7:e38113.

 116. Groschner LN, Chan WahHak L, Bogacz R, DasGupta S, Miesenböck 
G. Dendritic integration of sensory evidence in perceptual decision‑
making. Cell. 2018;173:894‑905.e13.

 117. Petersen CCH, Crochet S. Synaptic computation and sensory process‑
ing in neocortical layer 2/3. Neuron. 2013;78:28–48.

 118. Network and Pathway Analysis Subgroup of Psychiatric Genomics 
Consortium. Psychiatric genome‑wide association study analyses 
implicate neuronal, immune and histone pathways. Nat Neurosci. 
2015;18:199–209.

 119. Wang X, Christian KM, Song H, Ming G‑L. Synaptic dysfunction in com‑
plex psychiatric disorders: from genetics to mechanisms. Genome Med. 
2018;10:9.

 120. Koopmans F, van Nierop P, Andres‑Alonso M, Byrnes A, Cijsouw T, Coba 
MP, et al. SynGO: an evidence‑based, expert‑curated knowledge base 
for the synapse. Neuron. 2019;103:217‑234.e4.

 121. Knopman DS, Amieva H, Petersen RC, Chételat G, Holtzman DM, Hyman 
BT, et al. Alzheimer disease. Nat Rev Dis Primer. 2021;7:33.

 122. de Flores R, Das SR, Xie L, Wisse LEM, Lyu X, Shah P, et al. Medial tem‑
poral lobe networks in Alzheimer’s disease: structural and molecular 
vulnerabilities. J Neurosci Off J Soc Neurosci. 2022;42:2131–41.

 123. Burns JM, Galvin JE, Roe CM, Morris JC, McKeel DW. The pathology of 
the substantia nigra in Alzheimer disease with extrapyramidal signs. 
Neurology. 2005;64:1397–403.

 124. Breton‑Provencher V, Drummond GT, Sur M. Locus coeruleus norepi‑
nephrine in learned behavior: Anatomical modularity and spatiotem‑
poral integration in targets. Front Neural Circuits. 2021;15: 638007.

 125. Vanicek T, Spies M, Rami‑Mark C, Savli M, Höflich A, Kranz GS, et al. The 
norepinephrine transporter in attention‑deficit/hyperactivity disorder 
investigated with positron emission tomography. JAMA Psychiat. 
2014;71:1340–9.

 126. Ziffra RS, Kim CN, Ross JM, Wilfert A, Turner TN, Haeussler M, et al. 
Single‑cell epigenomics reveals mechanisms of human cortical devel‑
opment. Nature. 2021;598:205–13.

 127. Al‑Haddad BJS, Oler E, Armistead B, Elsayed NA, Weinberger DR, 
Bernier R, et al. The fetal origins of mental illness. Am J Obstet Gynecol. 
2019;221:549–62.

 128. Cross‑Disorder Group of the Psychiatric Genomics Consortium. Elec‑
tronic address: plee0@mgh.harvard.edu, Cross‑Disorder Group of the 
Psychiatric Genomics Consortium. Genomic relationships, novel loci, 
and pleiotropic mechanisms across eight psychiatric disorders. Cell. 
2019;4(179):1469‑1482.e11.



Page 20 of 20Zhao et al. Genome Medicine           (2023) 15:56 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 129. Palmer DS, Howrigan DP, Chapman SB, Adolfsson R, Bass N, Blackwood 
D, et al. Exome sequencing in bipolar disorder identifies AKAP11 as a 
risk gene shared with schizophrenia. Nat Genet. 2022;54:541–7.

 130. Fuhrmann D, Knoll LJ, Blakemore S‑J. Adolescence as a sensitive period 
of brain development. Trends Cogn Sci. 2015;19:558–66.

 131. Stergachis AB, Neph S, Reynolds A, Humbert R, Miller B, Paige SL, et al. 
Developmental fate and cellular maturity encoded in human regula‑
tory DNA landscapes. Cell. 2013;154:888–903.

 132. Whitaker JW, Chen Z, Wang W. Predicting the human epigenome from 
DNA motifs. Nat Methods. 2015;12:265–72 7 p following 272.

 133. Creyghton MP, Cheng AW, Welstead GG, Kooistra T, Carey BW, Steine EJ, 
et al. Histone H3K27ac separates active from poised enhancers and pre‑
dicts developmental state. Proc Natl Acad Sci U S A. 2010;107:21931–6.

 134. Calo E, Wysocka J. Modification of enhancer chromatin: what, how, and 
why? Mol Cell. 2013;49:825–37.

 135. Mottron L, Bzdok D. Autism spectrum heterogeneity: fact or artifact? 
Mol Psychiatry. 2020;25:3178–85.

 136 Meng Q, Wang K, Brunetti T, Xia Y, Jiao C, Dai R, et al. The DGCR5 long 
noncoding RNA may regulate expression of several schizophrenia‑
related genes. Sci Transl Med. 2018;10:eaat6912.

 137. Irimia M, Weatheritt RJ, Ellis JD, Parikshak NN, Gonatopoulos‑Pournatzis 
T, Babor M, et al. A highly conserved program of neuronal microexons is 
misregulated in autistic brains. Cell. 2014;159:1511–23.

 138. Corominas R, Yang X, Lin GN, Kang S, Shen Y, Ghamsari L, et al. Protein 
interaction network of alternatively spliced isoforms from brain links 
genetic risk factors for autism. Nat Commun. 2014;5:3650.

 139 Zhang D, Guelfi S, Garcia‑Ruiz S, Costa B, Reynolds RH, D’Sa K, et al. 
Incomplete annotation has a disproportionate impact on our under‑
standing of Mendelian and complex neurogenetic disorders. Sci Adv. 
2020;6:eaay8299.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Prioritizing genes associated with brain disorders by leveraging enhancer-promoter interactions in diverse neural cells and tissues
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Collection of CAGE datasets and categorization of samples
	Data processing and reconstruction of EPIs
	Validation of CAGE-derived enhancers as active enhancers
	cis-QTL enrichment analysis
	Evaluation of the reconstructed EPIs
	Hierarchical clustering of EPIs among cell and tissue types
	Estimation of expression specificity of genes
	Identification of CAGE activity elevated and specific CREs in human brain
	Visualization of tissue-specific EPIs
	TF motif enrichment analysis
	GWAS summary datasets of brain disorders and behavioral-cognitive phenotypes
	Heritability enrichment in the CREs in human brain
	Predicting the genes associated with brain disorders and behavioral-cognitive phenotypes based on EPIs
	Collection of risk genes of brain disorders
	Expression analysis of the associated genes

	Results
	Reconstruction of EPIs in diverse human cell and tissue types
	Global architecture and reliability of the reconstructed EPIs
	Lineage specificity of the reconstructed EPIs
	CRE activity captures celltissue-type-specific enhancer function in human brain
	Prioritizing genes associated with brain disorders and behavioral-cognitive phenotypes in diverse cell types and regions based on EPIs
	Widespread pleiotropy of the associated genes between psychiatric disorders and behavioral-cognitive phenotypes
	Expression signatures of the genes associated with brain disorders and behavioral-cognitive phenotypes

	Discussion
	Conclusions
	Anchor 34
	Acknowledgements
	References


