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ABSTRACT

Transcriptome-wide association studies (TWASs), as
a practical and prevalent approach for detecting the
associations between genetically regulated genes
and traits, are now leading to a better understand-
ing of the complex mechanisms of genetic variants
in regulating various diseases and traits. Despite
the ever-increasing TWAS outputs, there is still a
lack of databases curating massive public TWAS in-
formation and knowledge. To fill this gap, here we
present TWAS Atlas (https://ngdc.cncb.ac.cn/twas/),
an integrated knowledgebase of TWAS findings man-
ually curated from extensive literature. In the current
implementation, TWAS Atlas collects 401,266 high-
quality human gene–trait associations from 200 pub-
lications, covering 22,247 genes and 257 traits across
135 tissue types. In particular, an interactive knowl-
edge graph of the collected gene–trait associations
is constructed together with single nucleotide poly-
morphism (SNP)–gene associations to build up com-
prehensive regulatory networks at multi-omics lev-
els. In addition, TWAS Atlas, as a user-friendly web
interface, efficiently enables users to browse, search
and download all association information, relevant
research metadata and annotation information of in-

terest. Taken together, TWAS Atlas is of great value
for promoting the utility and availability of TWAS re-
sults in explaining the complex genetic basis as well
as providing new insights for human health and dis-
ease research.

INTRODUCTION

Transcriptome-wide association studies (TWASs), by in-
tegrating genome-wide association studies (GWASs) and
data from expression quantitative trait locus (eQTL) stud-
ies, have become an effective approach for identifying trait-
related genes (1). Although more and more GWASs have
uncovered thousands of genomic loci associated with com-
plex traits, the majority of trait-related variants are located
in non-coding regions that are difficult to interpret (2,3).
Plus, the detection of variants with small or moderate effects
requires a fairly large sample size to achieve reliable statisti-
cal capability (4,5). TWAS can overcome these issues by ag-
gregating regulatory effects of multiple eQTLs on genes and
directly performing transcriptome-level testing to establish
more explainable associations between genes and complex
traits/diseases (6,7). A variety of public GWAS resources
[i.e. GWAS Catalog (8), dbGAP (9) and GWAS ATLAS
(10)] and eQTL resources [i.e. GTEx (11), BLUEPRINT
(12) and eQTLGen (13)] provide a wealth of opportunities
for TWAS implementation. As the first implementation of
TWASs, PrediXcan identified 41 genes associated with five
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complex diseases. It not only recapitulated several known
loci, but also identified many novel genome-wide signifi-
cant genes (14). Subsequently, in recent years, hundreds of
TWASs have successfully been carried out and have iden-
tified numerous important genes associated with different
types of cancers, complex diseases of diverse body systems
as well as physiological measurements (15–21). TWASs, un-
doubtedly, are leading us to better understand the complex
mechanisms of genetic variants in regulating various dis-
eases and traits.

The information and knowledge provided by TWASs has
proven to be of great reference value to researchers investi-
gating complex traits and diseases (1,5); however, a compre-
hensive source of TWAS publications is still out of sight. To
the best of our knowledge, two available databases, TWAS-
hub (http://twas-hub.org/) and webTWAS, have been set up
to integrate TWAS-related datasets (22). In short, TWAS-
hub is the first database for TWAS findings released in
2018, storing 75,951 gene–trait associations covering 342
disease/non-disease traits. These associations were iden-
tified by TWAS-FUSION with expression reference pan-
els mainly from GTEx and TCGA databases (11,23). The
webTWAS is a comprehensive resource of TWAS associa-
tions for human diseases, containing 235,064 gene–trait as-
sociations across 887 diseases from 1,298 curated GWAS
datasets. It implemented three TWAS tools (PrediXcan/S-
PrediXcan, TWAS-FUSION and UTMOST) with eQTL
panels from the GTEx database (22). These two databases
have provided very useful resources for TWAS by optimiz-
ing and profiling public datasets; however, they still have a
few limitations. Both databases are data-oriented resources
because they exclusively collect limited GWAS/expression
datasets and just calculate TWAS results using specified
methods. They only demonstrate the associations between
genes and traits, and lack the integration of other data re-
sources, such as gene expression and gene regulation net-
works. Moreover, the calculation results of gene–trait asso-
ciations in both databases are only in the format of listings,
instead of in intuitive visualizations of knowledge graphs.
Given the fact that the number of TWASs is ever increas-
ing, there is still a lack of cutting-edge databases for TWAS
information and knowledge curation, in collecting an ex-
tensive range of current data resources, in improving new
methodologies applicable to corresponding datasets and,
last but not least, in integrating the association visualiza-
tions across single nucleotide polymorphisms (SNPs), genes
and traits.

To address these issues, here we present TWAS Atlas, a
curated resource of transcriptome-wide association studies.
First, TWAS Atlas manually collected high-quality gene–
trait associations from a large number of publications anno-
tated with relevant research metadata. Second, TWAS Atlas
also established an ontology mapping and classification sys-
tem for traits to unify trait name, definition and category.
Further, it constructed a knowledge graph of all collected
gene–trait associations with significant genomic regulatory
information from GTEx; thus, it can integrate and visual-
ize the SNP–gene–trait associations at multi-omics levels.
To sum up, TWAS Atlas is equipped with multiple func-
tions, the latest updated resources and interpretation tools
for gene–trait association research. Therefore, we believe

that TWAS Atlas will facilitate the application and advance-
ment of TWASs in clinical and human health studies.

DATA CURATION AND DATABASE DEVELOPMENT

Data curation and integration

First, we conducted a literature search in NCBI PubMed
using pre-defined keywords including ‘transcriptome-wide
association study’, ‘(GWAS) AND (eQTL)’ and ‘(GWAS)
AND (transcriptome)’. Second, we manually reviewed the
retrieved results thoroughly to remove irrelevant pub-
lications. Then we curated the study information for
each qualified publication, including reported trait, ap-
plied software/method, ancestry of population, tissue type
and expression data links. The computational methods in
TWAS Atlas for screening these 200 publications not only
included the three aforementioned procedures, but also in-
volved many other TWAS-related approaches, such as Sum-
mary data-based Mendelian Randomization (SMR) (17),
transcriptome-wide summary statistics-based Mendelian
Randomization (TWMR) (24), Kernel-based TWAS (kT-
WAS) (25), Multi-Omic Strategies TWAS (MOSTWAS)
(26) and Joint-Tissue Imputation (JTI) (27). Further, we
carefully extracted information of eligible gene–trait asso-
ciations (those at a significant level reported in the publi-
cation or with a P-value <1.0E-4 or an adjusted P-value
<0.05), including the P-value and effect size of the associa-
tion with tissue information. An overview of the data struc-
ture in TWAS Atlas is shown in Supplementary Figure S1.

To construct genome-level regulatory relationships of
genes in TWASs, we integrated eQTLs of genes in 49 hu-
man tissues from GTEx version 8. We excluded regulatory
loci in high linkage disequilibrium (LD) in order to pro-
vide reliable and pruned eQTLs for genes. Specifically, for
each gene in each tissue, we clumped all regulatory vari-
ants of the gene based on the LD-clump strategy using
Swiss (https://github.com/statgen/swiss, parameter –clump-
p 1.0E-5 –clump-r2 0.1) with only the best variants by P-
value kept first and the remaining variants in LD regions
dropped. In addition, detailed gene information was anno-
tated based on GENCODE version 26 (GRCh38) and in-
formation of variants was mapped to dbSNP (GRCh38) to
be consistent.

Trait ontology mapping and classification

To unify trait name, definition and category, we mapped
trait ontology and established a classification system. First,
we integrated and normalized the collected traits by manu-
ally conducting entity alignment and combining those traits
that could be expressed by the same entity. Second, we
mapped and classified the normalized traits by reusing on-
tologies and classification hierarchies of existing and well-
known biomedical resources. In brief, we mainly referred to
the Experimental Factor Ontology (EFO) (28) and other
resources such as MeSH (https://www.ncbi.nlm.nih.gov/
mesh), NCIt (29), UMLS (30), HPO (31) and SNOMED
CT (https://www.snomed.org/) to define annotation prop-
erties for every trait including trait label, ontology ID, de-
scription, synonyms and mapped term(s) ID. According to
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these ontological levels, traits were divided into four subcat-
egories: disease, measurement, phenotypic abnormality and
others. We also listed the third-level subcategory in Supple-
mentary Figure S2. These categories can be added later con-
tinuously with increasingly collected features, aiding users
to better locate and comprehend the traits of interest.

Knowledge graph construction

A knowledge graph was freshly constructed to enhance
the visualization and interpretation of the TWAS associa-
tions. Initially, we defined three main entities (trait, gene
and eQTL) by TWAS research contents, i.e. by trait enti-
ties displayed as four main categories or by gene entities
divided into non-/protein-coding genes. Subsequently, we
characterized semantic relationships and property relation-
ships among these entities. There are two aspects of rela-
tionships, namely the relationship between trait entities and
gene entities, and the relationship between gene entities and
eQTL entities (Supplementary Figure S2). Given that tis-
sue specificity prevails in these associations, we defined the
second-order relational classes according to different tissue
types. In addition, we also defined another two attributes
for the relationship, i.e.P-value and effect size of the associ-
ation.

Database implementation

TWAS Atlas was constructed based on MVC architec-
ture, and standard database development technologies
Thymeleaf (a Java template engine), Vue (front-end frame-
work), HTML5, CSS, AJAX, JQuery and Bootstrap were
used for rendering and interactive operations of front-end
pages. Spring Boot and Django were used as the basic ar-
chitecture of the back-end system. MySQL, MariaDB and
Neo4J served as a container for data storage, and My-
batis as an accessor to the container. Echarts.js, D3.JS and
plotly.js were adopted for building interactive graphs. Boot-
strap Table and Element-ui were used to construct data ta-
bles. To be more compatible with the TWAS Atlas infras-
tructure, we advise using the following browsers: Google
Chrome (v56.0 and up), Opera (v53.0 and up), Safari (v11.1
and up) or Firefox (v64.0 and up).

DATABASE CONTENTS AND USAGE

Comprehensive association knowledge for diverse traits and
genes

A huge amount of effort has been devoted to the identifi-
cation of trait-associated genes to understand the genetic
architecture of complex diseases and traits by implemen-
tation of TWASs in the last few years (4,17). Candidate
markers of multiple TWAS for the same trait/disease are
complementary and verifiable with each other. In addition,
comprehensive and integrated knowledge resources could
add weights for TWAS research. Therefore, TWAS Atlas
gathered and curated massive cutting-edge TWAS publi-
cations with remarkable gene–trait associations and rele-
vant research metadata in a standardized manner, forming
an information-intensive knowledge relationship for traits

and genes. An overview of TWAS Atlas is shown in Fig-
ure 1. In the current version, we manually collected a total of
401,266 high-quality gene–trait association terms of human
from 200 qualifying publications, encompassing 257 unique
mapped ontological terms involving four main categories
and 41 subcategories: diseases (e.g. cancer, immune system
diseases and nervous system diseases); phenotypic abnor-
malities (e.g. abnormality of eyes, head and neck); measure-
ments (e.g. height, body weight and metabolite measure-
ments); and others (Figure 2A). The number of curated ele-
ments for each trait category is listed in Supplementary Ta-
ble S1. Most traits collected in our knowledgebase interact
with multiple genes, with a median of 54 associated genes
per trait. Remarkably, Alzheimer’s disease happened to be
the most popular trait, being annotated with 2,140 asso-
ciation terms with 585 genes from 24 publications. Previ-
ous studies suggested that Alzheimer’s disease was the most
common cause of dementia with high genetic heritability
of 79%, and many essential genetic biomarkers are asso-
ciated with the pathology of Alzheimer’s disease, such as
APOE, CD33, MS4A4E, CLU, CR1, CD2AP, MS4A6A
and EPHA1 (32–35). All these biomarkers are inclusively
covered by TWAS Atlas.

Meanwhile, there were 22,247 genes related to at least one
trait in the atlas. These genes consist of 67% protein-coding
genes and 33% non-coding genes (Figure 2B). Statistically,
on average, each gene is associated with 5.0 different traits.
Take gene ATF6B for instance; it is a transcription factor
in the unfolded protein response pathway during endoplas-
mic reticulum (ER) stress (36) and it has connections with
64 distinguished traits from 20 publications. It is worth not-
ing that TWASs focus on associations between genetically
regulated gene expression and traits, and it is necessary to
integrate eQTL data for complete regulatory relationships
among SNPs, genes and traits. In order to provide reliable
regulatory relationships, we excluded regulatory loci in high
LD, and consequently ∼65% of genes in the atlas are asso-
ciated with at least one SNP. Strikingly, ATF6B is closely
related to hundreds of flanking variants located in chromo-
some 6.

User-friendly browse, search and download modules

TWAS Atlas can navigate through the ‘Browse’ page where
the indexed publications, traits and genes are listed in three
browsable and interactive tables. Traits are the core ob-
jects described in the atlas with basic information (e.g. trait
name, mapped ontology and trait type) and brief summa-
rized statistics (e.g. number of publications and associa-
tions), as listed in the trait browse table (Figure 2C, upper
panel). All detailed information for one trait can be viewed
on each specified trait’s page, which records the trait infor-
mation and all association terms about this trait (Figure 2C,
bottom panel with an example of ovarian epithelial tumor).
Genes are another key object reported in TWAS Atlas. Ba-
sic gene information (e.g. gene symbol, Ensembl ID, gene lo-
cation and gene type) and brief summarized statistics (e.g.
associated traits and the most associated traits) are listed
in the gene browse table (Figure 2D, upper panel). Each
gene’s page exhibits not only all association terms, but also
the external expression level and eQTL information across
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Figure 1. An overview of TWAS Atlas. The main data contents and statistics including associations, traits and genes embraced in TWAS Atlas (above),
and three functional modules, i.e. multiple search channels, interactive knowledge graph and comprehensive information available for downloads (below).

different tissues (Figure 2D, bottom panel with an example
of MAPT). Additionally, TWAS Atlas provides users with
hyperlinks to the external databases dbSNP (37), Ensembl
(38), EMBL-EBI Expression Atlas (39), OMIM (40) and
GeneCards (41) for extra information requisition.

To efficiently query contents of interest, TWAS Atlas is
equipped with several search channels: (i) a quick search
box on the home page is provided for a real-time querying
service by trait label, trait ontology ID, gene label or En-
sembl ID; (ii) an advanced search function on the ‘Search’
page is available for directly accessing TWAS Atlas by terms
of interest, including certain trait label or ontology ID and
detailed gene information (e.g. gene symbol, Ensembl ID
or genomic location); and (iii) a search mode for an in-
tuitive graph by trait label and gene symbol is available
on the ‘Knowledge Graph’ page (Figure 2E, F). Moreover,
an auto-suggestion function is supported in TWAS Atlas,
providing candidate query terms for users even based on
short inputs. To facilitate the global usability of TWAS
findings, all data stored in TWAS Atlas are publicly ac-
cessible. All query results displayed on the webpage can
be downloaded. Meanwhile, a summarized list of curated
publications, traits and genes, and significant eQTL infor-
mation in the atlas are accessible on the ‘Download’ page
as well.

Highly integrated knowledge graph with interactive visualiza-
tion

To better integrate and visualize knowledge embraced in
the atlas, we systematically combined gene–trait associ-
ations with SNP–gene associations to form comprehen-
sive and interactive knowledge graphs of regulatory rela-
tionships. Meanwhile, we were also making it possible to
find indirect links between traits, genes and variants. Over-
all, three types of entities are defined in the knowledge
graph, i.e. 257 mapped traits, 22,247 genes and 153,623
eQTLs. The knowledge graph mainly contains two aspects:
(i) 366,936 gene–trait associations noted with tissue type;
and (ii) 238,147 SNP–gene associations from 49 tissues (the
same associations in different tissues are considered as dif-
ferent associations). In addition to browsing information in
tables, users can directly search for the gene and trait of in-
terest on the ‘Knowledge Graph’ page to get an overview of
a specifically centralized knowledge graph. By default, only
the top 20 associations are displayed, sorted in ascending
order by adjustable P-value. To help users accurately and
quickly capture the content of interest, nodes on the graph
can be extended by double-clicking, and networks can be
filtered by gene type, effect direction and tissue type. In par-
ticular, all nodes and lines in the graph are editable, allowing
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Figure 2. Illustration of browse and search interfaces in TWAS Atlas. (A) The distribution of mapped traits involved in the four main categories and 41
subcategories. (B) The proportional distribution of biotypes of genes collected in the atlas. (C) Screenshot of the browse table of a trait with basic informa-
tion and statistics (above) and detailed trait information with ovarian epithelial tumor as a demonstration, including trait details and relevant publications
and associations (below). (D) Screenshot of the browse table of a gene with basic information and statistics (above) and detailed gene information with
MAPT as an example, including gene details, significant eQTLs and expression level from GTEx (below). (E, F) Three search channels for one specific
trait (E) or gene (F), respectively.
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Figure 3. An application case for using the knowledge graph in TWAS Atlas. (A) Knowledge graph centered on the specific trait, ovarian epithelial tumor,
with filtering selections for associations including eQTL, gene type, effect size and tissue category. (B) Knowledge graph centered on the specific gene,
MAPT, a gene associated with ovarian epithelial tumor. (C) Shared regulatory genes between ovarian epithelial tumor and Parkinson’s disease indicated
potential connections.
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the user to adjust the display, extend networks and export
in high resolution.

Case study: ovarian epithelial tumor as an example

The knowledge graph in TWAS Atlas not only provides di-
rect and comprehensive references for individual traits and
genes, but can also be used to explore indirect and exten-
sional relationships among them. Here we take ovarian ep-
ithelial tumor as an example to demonstrate how to use the
knowledge graph to explore traits or genes of interest.

Ovarian epithelial tumor is a heterogeneous disease with
a major heritable component, and GWAS has identified
∼40 loci associated with ovarian epithelial tumor in recent
years (42,43). To explore the mediators of mutations af-
fecting ovarian epithelial tumors by TWAS Atlas, initially,
we screened two TWASs on European populations, and
found 38 and 42 association terms for ovarian epithelial tu-
mor by implementing different methods (Figure 2C). Then,
we used the knowledge graph of ovarian epithelial tumor
to visualize and interpret the results. We found that both
protein-coding genes and non-coding genes regulated by
the genomic variation are related to ovarian epithelial tu-
mor, and mostly were detected in ovary tissue and other
hormone-related tissues (e.g. breast and prostate tissues)
(Figure 3A). For instance, the expression level of MAPT,
significantly regulated by the genetic variants rs2425557
and rs2532395, is positively related to the risk of ovar-
ian epithelial tumor (15,44). Furthermore, the overview of
MAPT in the knowledge graph indicated that it was asso-
ciated with various measurements and specifically associ-
ated with Parkinson’s disease in various brain tissues (Fig-
ure 3B). Intriguingly, the expanded graph revealed that
another five genes, namely WNT3, LRRC37A, CRHR1,
LRRC37A2 and KANSL1-AS1, were also involved in both
ovarian epithelial tumor and Parkinson’s disease (Figure
3C). Interestingly, all of these genes are located at chromo-
some 17q21.31 with a common inversion. The structural
variation was first known to be strongly associated with
neurodegenerative diseases, including progressive supranu-
clear palsy, corticobasal degeneration, Parkinson’s disease
and Alzheimer’s disease (45,46). It has also been reported as
a risk region for ovarian cancer in recent years (15,44,47).
Neurodegenerative disorders and cancer may appear to be
unrelated illnesses, however, there is emerging evidence for
an implication of the neurodegeneration-associated protein
TAU/MAPT in cancer (48,49).

Taken together, despite the limited TWAS publications
reporting associations between genes and traits, with high
integrity and connectivity, the knowledge graph in TWAS
Atlas implies an inestimable amount of information and
will add application usefulness to provide reliable references
and insights for researchers on life and health.

DISCUSSION AND FUTURE DEVELOPMENTS

As an effective research mode based on large-scale and
multi-omics data, TWASs are increasingly being applied to
understand genetic mechanisms of diverse phenotypes and
complex diseases. Unfortunately, a large number of TWAS-
related results emerge without a platform to accommodate

them. Up to now, TWAS Atlas is the first available knowl-
edge resource that collects, curates and integrates the pub-
lished TWAS findings and presents them in the form of a vi-
sualized and interactive knowledge graph. Compared with
the exiting TWAS databases, TWAS-hub and webTWAS,
TWAS Atlas features the following: (i) manual curation of
high-quality gene–trait associations from extensive publi-
cations annotated with relevant research metadata, involv-
ing a wider range of data resources and improved TWAS
methodologies for corresponding datasets (not limited to
fixed data and methods); (ii) construction of a knowledge
graph, integrating and visualizing SNP–gene–trait associa-
tions at multi-omics levels for users to browse, adjust, down-
load and perform other subsequent usages, and a trait on-
tology classification system adopted to unify trait name,
definition and category, effectively improving the readabil-
ity and applicability of TWAS results; and (iii) integration of
various external data and hyperlinks, such as SNP–gene reg-
ulatory information, gene expression information and vari-
ant information, serving as a more centralized and compre-
hensive resource in the perspective of multiple omics.

By combining TWAS findings from studies worldwide,
TWAS Atlas forms an information-intensive and highly
connected knowledge graph for diverse traits, genes and
variants. As one of most important database resources
in the National Genomics Data Center (NGDC, https://
ngdc.cncb.ac.cn), TWAS Atlas will be continuously main-
tained and updated by collecting and integrating the lat-
est transcriptome-wide association findings. As TWASs are
further extended and more widely used, our knowledgebase,
beyond humans, will expand to more species. Moreover,
growing single-cell RNA sequencing (scRNA-seq) data and
analysis methods have provided a huge opportunity for
single-cell eQTL mapping, allowing the exploration of tran-
scriptome heterogeneity across cell types at a refined reso-
lution (50,51). At the same time, several large-scale projects
of mapping single-cell eQTLs across different cell types
have emerged recently (50,52–54), thus making it possible
to perform TWASs at the single-cell level in the near future,
which will be considered for integrating in our updated ver-
sion. Additionally, regulatory information between genes,
such as protein–protein interaction and mRNA–lncRNA
interaction from known databases, such as STRING (55)
and starBase (56), will be integrated into the knowledge
graph to establish multi-level regulatory networks. We be-
lieve that TWAS Atlas will be a valuable resource for facil-
itating TWAS in gene expression regulation and providing
comprehensive up to date knowledge for human health and
disease studies.
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transcriptome-wide association studies at https:
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