
PsychENCODE Data Analysis and Coordination Center
A collaborative team of investigators from four institutions (Zhiping Weng from UMass Chan Medical

School, Mark Gerstein from Yale University, Mette Peters from Sage, and Daifeng Wang from University of
Wisconsin-Madison) played essential roles in the data coordination, analysis, and integration of the
PsychENCODE Consortium in the past seven years. An NIMH U01 grant has funded our joint effort since 2018
(MH116492, currently on a no-cost extension; MPIs: Weng and Gerstein; co-Is: Peters and Wang). Dr. Anna
Greenwood became the Co-I from Sage when Dr. Peters retired several months ago. The results of our joint
efforts have formed the foundation of this grant proposal. We (led by the Sage team) coordinated the data
submission by all PsychENCODE members to Synapse and built a knowledge portal on the PsychENCODE
Project [12]. We (led by the Gerstein and Weng labs) built standardized RNA sequencing (RNA-seq),
chromatin immunoprecipitation with sequencing (ChIP-seq), transposase-accessible chromatin with
sequencing (ATAC-seq), and genotyping pipelines to uniformly process all PsychENCODE data, and
performed integrative data analyses. We (led by the Weng lab) also built PsychSCREEN [13], a web-based
platform for data search and visualization at the level of individual genes, cis-regulatory elements (CREs),
single-nucleotide polymorphisms (SNPs), and QTLs.

In Phase I of the PsychENCODE Project, we (led by the Yale team) built the PsychENCODE Capstone
Collection [5], an effort combining extensive brain sequencing data from individual PsychENCODE studies.
The Capstone Collection datasets offer insights into various functional genomic elements, including genes
expressed in the human brain, coexpression modules, single-cell expression profiles for major cell types, and
brain-active enhancers identified through open chromatin regions enriched in H3K27ac, transcription factors
(TFs), and topologically associating domains. These datasets were then used to compute QTLs associated
with expression, chromatin activity, splicing-isoform levels, and cell-type proportions. The integrative analyses
produced by the Capstone Project underscore the effectiveness of functional genomic data in elucidating the
underlying molecular mechanisms of neuropsychiatric diseases. We uniformly processed all datasets, making
them publicly available as a comprehensive resource. Our study [5] also presents integrative functional
genomics models, including a gene regulatory network (GRN) that connects enhancers, TFs, and target genes.
This network aids in linking potential neuropsychiatric disease-related genes with risk variants identified
through genome-wide association studies (GWAS) and QTLs. To enhance disease risk prediction beyond
conventional approaches, the GRN is embedded within a deep-learning model that predicts psychiatric
phenotypes using genotype and expression data. Integration of additional data layers, such as functional
genomic elements, QTLs, and GRNs, significantly enhances disease risk prediction accuracy.

In the current PsychENCODE Phase II, we (Yale, Wisconsin, and UMass Chan) integrated
single-nucleus multiomic datasets of PsychENCODE to create a uniformly processed resource comprising
>3.2M nuclei across 388 individuals, enabling the assessment of expression variation in 28 rigorously defined
cell types in the human prefrontal cortex [14]. Overall, we identified >450K cell-type-specific CREs and >1.4 M
single-cell expression QTLs (eQTLs), with which we built cell-type-specific GRNs and cell-to-cell
communication networks. These networks provide a comprehensive view of cell-type-level gene expression
and regulation changes in aging and neuropsychiatric disorders. Finally, we constructed an integrative model
that accurately imputes cell-type-specific gene expression and prioritizes disease-risk genes.



Aim 1. Data Coordination
Aim 1.2 Building a PsychENCODE Consortium portal for processed data to facilitate data
retrieval and visualization at the level of individual genes and regulatory elements.
Currently, we (led by the Sage team, Co-I Greenwood, see letter of support from Dr. Anna Greenwood) are
actively engaged in the process of migrating all PsychENCODE data from Synapse to the NIMH Data Archive
(NDA) [15]. As stipulated by the funding opportunity notice (PAR-23-234), we are committed to submitting all
forthcoming PsychENCODE data to the NDA. In alignment with the objectives of the upcoming phase of the
PsychENCODE Project, the collaborative efforts of the remaining three institutions (UMass Chan, Yale, and
Wisconsin) will meet the DACC’s responsibilities as described in this proposal.

The NDA primarily serves as an archive for data storage and retrieval rather than interactive query and
visualization. NDA operates on study participant units, emphasizing the necessity for each participant to
possess a GUID. Users must download data from NDA and perform subsequent analyses using in-house
computational tools. This limitation curtails the potential impact of PsychENCODE data, especially for
researchers interested in a particular gene, genetic variant, or regulatory element. To complement NDA, we
developed PsychSCREEN, a web-based platform for interactive data search and visualization [13]. The data
units for PsychSCREEN are individual genes, variants, and cis-regulatory elements (CREs). PsychSCREEN
comprises four portals that offer interactive visualization of PsychENCODE annotations from diverse biological
perspectives, supported by raw PsychENCODE and public datasets contributing to these annotations.
PsychSCREEN employs the ReactJS framework for interactive visualization, adopting a minimalistic design
with clear portal illustrations for intuitive navigation. A novel embedded genome browser supports
visualizations in scalable vector graphics, which are exportable for generating figures and sharing insights. The
architectural details of PsychSCREEN are expounded in a manuscript in the PsychENCODE Phase II paper
package in review at Science Advances [18].

PsychSCREEN’s Disease and Trait portal allows users to explore GWAS analyses for brain-specific
traits. Users input diseases or traits of interest, like schizophrenia or neuroticism. The portal employs trait
summary statistics to locate risk loci, plotting them on chromosome cytoband views. Clicking on highlighted loci
redirects users to interactive genome browser views, displaying significant SNPs in a Manhattan-style plot
alongside annotations. These annotations include a combined set of adult and fetal brain-specific CREs
(bCREs), importance scores computed by a deep-learning algorithm ChromBPNet [19,20], and pseudo-bulk
tracks from single-cell types (Fig. 1A). A related SNP/QTL portal showcases PsychENCODE annotations,
encompassing eQTLs, bCREs, TF binding sites, and trait associations for a queried SNP. The portal enables
visualization of these annotations in the SNP’s vicinity through an embedded genome browser view.
PsychSCREEN’s Gene portal delivers gene regulatory annotations for individual genes of interest (Fig. 1B).
Users input a gene's name, leading to a genome browser view that displays the genomic surroundings of the
gene. Overlays reveal nearby bCREs, importance scores from ChromBPNet models [20], and TF binding sites.
Tracks from single-cell and bulk ATAC-seq datasets from PsychENCODE can also be toggled. The Genes
portal presents gene expression tabs, showing gene expression across adult and fetal time points in the brain
based on PsychENCODE data. An eQTL and bCRE tab showcases SNPs correlated with gene expression
based on PsychENCODE annotations. The single-cell expression tab illustrates gene expression patterns in
individual brain cell types using single-cell RNA-seq data from the adult dorsolateral prefrontal cortex by
PsychENCODE. Lastly, the Single Cell portal facilitates interactive exploration of PsychENCODE single-cell
RNA-seq datasets, encompassing single-cell ATAC-seq peaks, single-cell QTLs (SNPs and associated genes),
and cell type-specific GRNs, including enhancer-promoter links (Fig. 1C).



Aim 2. Data Analysis
Aim 2.1 Uniformly processing PsychENCODE datasets, performing data integration, and
generating integrated joint datasets for distribution to PsychENCODE Consortium members
and the broader research community.
Recent advancements in high-throughput technologies have led to the rapid accumulation of genomic data
extracted from brain tissue samples. The integration and analyses of these extensive datasets pose multiple
challenges, from initial data preprocessing to assurance of data consistency and reproducibility. The task of
harmonizing divergent datasets from various sources into a coherent and unified resource becomes
particularly intricate when applied to brain tissue and cells, given the inherent data variability. This complexity is
further compounded by considerations such as cell classification, dataset clustering, and the alignment of
diverse assays within the expansive sample pool of the PsychENCODE Project. A major goal of the DACC is
to achieve uniform processing of all PsychENCODE data, culminating in their integration into a comprehensive
genomic resource for each distinct neuropsychiatric disorder.

Our efforts have been pivotal in numerous human genome projects, including ENCODE [3], model
organism ENCODE (modENCODE) [22], GENCODE [23], IGVF, and Zoonomia [24]. Dr. Gerstein's lab has
been at the forefront of integrating diverse genomic datasets to construct intricate GRNs encompassing
regulatory elements like TFs, micro-RNAs, and their target genes [22,25–28]. Dr. Gerstein has significant
involvement in GENCODE, primarily focusing on genome annotation [23]. As part of the IGVF consortium’s
Data Analysis Coordination Center, the Gerstein team's contributions have resulted in a comprehensive
catalog of human genetic variants for the biomedical community. In a parallel endeavor, Dr. Weng's laboratory
played a significant role in the ENCODE Phase III consortium paper published in Nature, where they defined a
registry of human candidate CREs [3]. Dr. Weng’s group further extended this impactful work by publishing a
study in Science's Zoonomia package, which characterized the evolutionary dynamics of the registry of CREs
in the mammalian lineage and illuminated that elements under evolutionary constraint significantly contribute to
human traits [24].



Notably, Drs. Gerstein and Wang led the data analysis efforts for the PsychENCODE Phase I Capstone
Project, employing an innovative approach that utilizes regulatory networks derived from Hi-C, QTLs, and
activity relationships. This methodology has facilitated linking non-coding GWAS loci to potential genes
associated with psychiatric diseases such as schizophrenia, ASD, bipolar disorder, and Alzheimer's disease
[5]. Dr. Gerstein's team has developed integrative tools within the various Consortium frameworks. Notably,
they harnessed topic modeling to harmonize various data sources, including gene expression data, to identify
groups of genes exhibiting significant co-expression patterns and shared functionalities [29]. Additionally, the
team collated data from diverse biological networks such as protein-protein interactions, phosphorylation,
signaling, metabolism, genetics, and regulation to engineer a Multinet [30]. This approach facilitated the
analysis of gene roles across individual and combined networks and led to the accurate assignment of
functional indispensability scores to genes. Their contributions extended to devising methodologies for
delineating network hierarchies, exemplified by the HirNet framework [31].



The leadership of Dr. Gerstein’s lab (with contributions from Drs. Weng’s and Wang’s labs) was once
again instrumental in the PsychENCODE Phase II Capstone Project in orchestrating the construction of an
integrated cohort comprising PsychENCODE data and external data sources such as Accelerating Medicines
Partnership for Alzheimer’s Disease (AMP-AD) [32]. Our endeavor focused on carefully compiling and
comprehensively analyzing single-cell multiomic data from the adult human prefrontal cortex of 388 individuals
of diverse composition, encompassing variations in gender, ancestry, and age (Fig. 2) [14]. Within this
framework, we incorporated 182 healthy control individuals alongside those afflicted with psychiatric or
neurodegenerative conditions, including schizophrenia, ASD, bipolar disorder, and Alzheimer's disease.

To construct this resource, we undertook comprehensive and uniform processing of over 447
single-nucleus (sn)RNA-seq, snATAC-seq, and snMultiome (joint ATAC-seq and RNA-seq performed on the
same single nuclei) datasets, encompassing more than 3.2M nuclei. These datasets were accompanied by
corresponding genotypes and validation experiments from individual studies within the PsychENCODE
Consortium and external sources. The intricacies of this processing encompassed the harmonization of
datasets stemming from varying technologies and modalities. Notably, we worked towards achieving consistent
genotypes across multiple data sources, including whole-genome sequencing, SNP arrays, and RNA-seq data.
This harmonization extended to encompass rare single nucleotide variants (SNVs) and structural variants for
specific samples. Moreover, we tailored custom datasets to bridge the gaps between various studies, with a
particular emphasis on performing snMultiome sequencing for control samples. We devised a comprehensive
cell-type annotation framework that effectively harmonizes the BRAIN Initiative Cell Census Network (BICCN)
reference atlas [33] with prior analyses uniquely tailored to the prefrontal cortex [34]. This harmonization effort
resulted in 28 distinct cell types, most exhibiting robust expression across all studied cohorts. We grouped
excitatory and inhibitory subtypes into broader "excitatory" and "inhibitory" categories to facilitate more
powerful downstream analyses, leading to seven major cell groupings. Our assessment encompassed
2,728,915 meticulously annotated nuclei of high-quality snRNA-seq data. This annotation scheme was
rigorously validated by examining the expression of key marker genes.

In addition to our analyses of snRNA-seq data, our resource included 59 samples with snATAC-seq
data, among which 40 were equipped with snMultiome data. Through rigorous QC measures, we extracted
202,510 nuclei with deep sequencing data from the snMultiome datasets. We harnessed transcriptomic and
epigenetic information simultaneously to derive robust cell embeddings. This endeavor culminated in the
recovery of 28 distinct cell types, aligning closely with the snRNA-seq annotation. These cell types were
corroborated by assessing chromatin accessibility associated with marker genes. Furthermore, our uniform
processing of snATAC-seq data identified a cumulative total of 449,941 open-chromatin regions across all
datasets, a notably larger number than prior brain studies. In line with the established ENCODE convention,
we termed these elements single-cell candidate CREs (scCREs). Approximately half of these scCREs
displayed cell-type specificity and were distal to genes.



We then evaluated expression variation within individual cell types using snRNA-seq data to identify
single-cell cis-eQTLs (scQTLs). This process closely mirrored the approach developed by the GTEx
consortium [2], which included strict filtering at the cell-type level while generating pseudo-bulk data. Our
analysis yielded an average of approximately 85,000 scQTLs within each core cell type, corresponding to
around 690 significant eGenes—genes significantly associated with scQTLs (Fig. 3A). Aggregating across all
cell types culminated in approximately 1.4M scQTLs. Notably, many of these scQTLs demonstrated cell-type
specificity, with nearly 47% manifesting across more than one cell type (Fig. 3B). Interestingly, approximately
30% of scQTLs demonstrated overlap with bulk cis-eQTLs (Fig. 3C). Although the direction of effect remained
consistent between these two types, the magnitude of the scQTL effect size tended to be more pronounced
than the associated bulk eQTL. These scQTLs exhibited a strong enrichment near transcription start sites (Fig.
3D). We validated the functionality of a subset of these elements using targeted STARR-seq (Fig. 3E). aa



To gain insights into the regulatory landscape specific to individual cell types, we constructed GRNs
tailored to prefrontal cortex cell types (Fig. 4A). Our approach incorporated diverse data modalities, including
scQTLs, scCREs, TF binding sites, and gene co-expression. The integration of these diverse data types
allowed us to link TFs with potential target genes based on their co-expression relationships inferred from
snRNA-seq data. Moreover, we mapped eQTLs to promoters and enhancers in the GRNs. Our analyses
unveiled intricate patterns of network rewiring across various cell types (Fig. 4B). Interestingly, we found that
while most highly connected TFs, termed hubs, were largely shared across different cell types, key proteins
regulating information flow within the network, termed bottlenecks, demonstrated cell-type specificity (Fig. 4C).
Enrichment analysis of the targets of these bottleneck proteins revealed clear cell-type-specific functions,
including associations with processes such as myelination and axon ensheathment in oligodendrocytes.

Aim 2.2 Coordinating and conducting joint data analyses with PsychENCODE Consortium
members to study neuropsychiatric disorders.
The collaborative efforts of the DACC and fellow Consortium members have culminated in the creation of a
uniformly processed single-cell functional genomic resource, mostly targeting phenotypically normal human
brains at the population level [14]. This comprehensive resource encompasses 3.2M nuclei derived from 388
individuals, delineates 28 well-defined cell types, identifies 85,000 cis-eQTLs, and characterizes 450,000
CREs integrated within GRNs specific to particular cell types (Aim 2.1).

Aim 2.3 Leveraging complementary public resources (e.g., the BRAIN Initiative and dGTEx) to
expand the PsychENCODE resource in cell type, spatial, and temporal dimensions.
One key outcome of the PsychENCODE Project is integrating its findings within the broader scope of initiatives
like the BRAIN Initiative and the dGTEx project. The BRAIN Initiative was launched in 2014 to study brain cell
complexities, consisting of the Brain Initiative Cell Census Network (BICCN) from 2017-2022 [4], and the
ongoing Brain Initiative Cell Atlas Program (BICAN) as its new phase. We have incorporated BICCN's cell
census [33] in our PsychENCODE integrative study [14]. The dGTEx project, linked to GTEx, addresses
childhood developmental gene expression gaps. Dr. Gerstein is a member of dGTEx, aiming to understand
noncoding genomic variants' impact on gene expression during postnatal brain development. Below we
describe our approach to leveraging these initiatives and other public data to enhance the impact of
PsychENCODE data.

Aim 2.3.1 Integrating with the BRAIN Initiative
A significant challenge we tackled while integrating single-cell data from various PsychENCODE labs was
assigning cell types while overcoming variations in assay timing, the absence of biological replicates, and
diverse experimental protocols [14]. Initially, we utilized the cell-type atlas developed by BICCN [33]. However,



we discovered that the atlas had incomplete coverage of glial cell types, despite its comprehensive
representation of neuronal cell types. Consequently, we integrated cell type annotations from Dr. Sestan's lab
within the PsychENCODE Consortium, focusing on the prefrontal cortex [34]. Our harmonization process
encompassed five steps: (1) aggregating samples from both studies using advanced demultiplexing
techniques, (2) selecting and jointly analyzing raw count matrices through the robust AnnData framework, (3)
linking Leiden clusters from the Sestan study [34] to the BICCN reference cell types via the infer-cell-types
function in the Pegasus tool [39], (4) preprocessing raw count matrices from both studies in preparation for
anchor transfer, and (5) scrutinizing cell type labels and reconciling discrepancies between the two annotation
schemes to create a unified and harmonized cell classification system. Our innovative approach strategically
leverages BICCN's extensive neuronal sampling and Sestan’s non-neuronal cell data, categorizing cell types
under a cohesive annotation scheme. Our systematic methodology ensures data quality by excluding cells with
inconsistent classifications, enhancing the reliability of final annotations. Our comprehensive effort results in a
collection of 28 distinct cell subclasses within the prefrontal cortex, encompassing excitatory and inhibitory
neurons, as well as diverse non-neuronal cells. Through rigorous analysis of over 2.7M annotated nuclei, we
validate our annotation scheme by evaluating key marker gene expression patterns and calculating cell type
fractions. Moving forward, we plan to incorporate spatial [40], phenotypic (morphological and
electrophysiological) [41], and circuit-wiring [42] data from the BICCN phase and human data from the BICAN
phase of the BRAIN Initiative with PsychENCODE data. An active PsychENCODE grant led by Dr. Keri
Martinowich generates spatial gene expression data in the human brain [43,44], and we are working with her
on integrative analysis and data visualization (see letter of support from Dr. Keri Martinowich).
Aim 2.3.2 Building a time-course multiomic brain resource from prenatal development to maturity
Multiple consortia (PsychENCODE [1], ENCODE [3], Roadmap [45], and dGTEx [2]) have generated multiomic
datasets (RNA-seq, ATAC-seq, DNase I hypersensitive sites sequencing [DNase-seq], and ChIP-seq) for the
human brain at distinct developmental stages. If effectively integrated, these datasets offer the opportunity to
construct a comprehensive resource for investigating molecular regulatory dynamics in brain development.
However, several challenges arise. Firstly, the disparate timing of assays during development complicates
cross-modality comparisons. Secondly, the scarcity of biological replicates for human samples impedes batch
effect assessment. Lastly, variations in experimental protocols among consortia introduce batch effects,
including variations in sampling techniques and sequencing platforms. Addressing these challenges, we
formulated an integrative resource that collates multiomic time-series brain developmental data from
PsychENCODE, ENCODE, and Roadmap [7]. A pivotal aspect of our approach involves grouping samples into
three-week time windows to maximize assay availability across the time course and enhance statistical power
by treating same-window samples as pseudoreplicates. We are developing a pipeline encompassing a
centered log-ratio transformation and batch correction to mitigate technical artifacts while preserving temporal
trajectory information. Our methodology extends to integrating different chromatin accessibility assays (e.g.,
ATAC-seq and DNase-seq) into the same time course. This compiled resource includes DNase-seq, H3K27ac
ChIP-seq, and RNA-seq data from brain organoids and fetal brains spanning 7 to 21 post-conception weeks.
Utilizing this framework, we intend to merge this resource with time-series data from pediatric brain samples
generated by the developmental GTEx project (dGTEx). This integration will encompass RNA-seq, ATAC-seq,
DNase-seq, and ChIP-seq data from postnatal samples ranging from infancy to 18 years, thereby expanding
the time-series scope from prenatal development to maturity. Concurrently, we will establish harmonized
standards and analysis pipelines for PsychENCODE and dGTEx.

Aim 3. Consortium Administration and Coordination
With a strong history of consortium administration and coordination, including experiences with ENCODE,
modENCODE, and PsychENCODE, we have a proven ability to foster collaboration both within and outside
consortia. We are dedicated to open science practices: our expertise extends to extracting insights from
multiomic datasets through coordinating integrative analysis working groups, complemented by our proactive
approach to knowledge dissemination through workshops, webinars, and online materials. We have also
demonstrated proficiency in developing and managing websites for data sharing and communication, as
showcased by our involvement in PsychENCODE and the Extracellular RNA Communication consortium. By
forming steering committees, establishing governance documents, and facilitating onboarding processes, we
are dedicated to supporting PsychENCODE science on technical and operational aspects, promoting
Consortium resources, enhancing inclusivity, and fostering education.
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