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ABSTRACT

Deciphering the fine-scale molecular mechanisms
that shape the genetic effects at disease-associated
loci from genome-wide association studies (GWAS)
remains challenging. The key avenue is to identify
the essential molecular phenotypes that mediate the
causal variant and disease under particular biologi-
cal conditions. Therefore, integrating GWAS signals
with context-specific quantitative trait loci (QTLs)
(such as different tissue/cell types, disease states,
and perturbations) from extensive molecular pheno-
types would present important strategies for full un-
derstanding of disease genetics. Via persistent cura-
tion and systematic data processing of large-scale
human molecular trait QTLs (xQTLs), we updated
our previous QTLbase database (now QTLbase2,
http://mulinlab.org/qtlbase) to comprehensively an-
alyze and visualize context-specific QTLs across 22
molecular phenotypes and over 95 tissue/cell types.
Overall, the resource features the following major
updates and novel functions: (i) 960 more genome-
wide QTL summary statistics from 146 independent
studies; (ii) new data for 10 previously uncompiled
QTL types; (iii) variant query scope expanded to fit
195 QTL datasets based on whole-genome sequenc-
ing; (iv) supports filtering and comparison of QTLs
for different biological conditions, such as stimula-
tion types and disease states; (v) a new linkage dis-
equilibrium viewer to facilitate variant prioritization
across tissue/cell types and QTL types.

INTRODUCTION

Exploring the molecular basis underlying genotype–
phenotype association is critical to fully understand disease
pathogenesis and trait evolution. Many large-scale quan-
titative trait locus (QTL) studies have been performed in
the past decade to interrogate the genetic effect on diverse
molecular phenotypes (1). To date, >20 fine-grained
molecular traits have been profiled at cohort level and
numerous molecular trait QTLs (xQTLs) were identified in
different tissue/cell types (2,3). These intensive efforts have
substantially facilitated the interpretation of disease/trait-
associated variants revealed by genome-wide association
studies (GWAS) and guided functional follow-ups for
dissecting the molecular mechanisms of disease/trait
development (4).

Despite the achievements in genome-wide human xQTL
profiling, there are several persistent challenges regarding
xQTL discovery and interpretation. First, most molecular
traits and their regulation are context-specific; therefore,
the transmission of genetic effects varies in different bio-
logical conditions. In recent years, researchers have applied
multiple biological models (such as specific disease sta-
tus, cell development process, drug treatment, or cytokine
stimulation) to investigate dynamic QTLs and their allele-
specific effects (5). However, no resource specifically inte-
grates such context-specific information. Second, both em-
pirical and experimental evidence demonstrated that mul-
tiple cis-QTLs or numerous genetic variants commonly
regulate gene expression (6,7), suggesting the great diffi-
culty of causal xQTL fine-mapping in high linkage dise-
quilibrium (LD). Incorporating whole-genome sequencing
(WGS)-based xQTL mapping and multi-dimensional func-
tional annotations would benefit causal variant identifica-
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tion. Third, emerging xQTL studies indicated that novel
omics traits can mediate the effect from QTL to conven-
tional traits, for example, gene expression QTLs (eQTLs)
have been frequently reported to exert their genetic effects
by first affecting chromatin accessibility (8), histone modifi-
cation (9), DNA methylation (10), alternative polyadenyla-
tion (11) or N6-methyladenosine (12,13). This emphasizes
the complexity of genetic effects on cooperative molecu-
lar phenotypes and the necessity of studying their genetic
pleiotropy. Altogether, there is an urgent need to develop
more comprehensive resources for in-depth xQTL charac-
terization, comparison, and interpretation.

The first version of QTLbase provided a unique re-
source for biologists and geneticists to search and visual-
ize tissue/cell type-specific xQTLs in a tissue-, phenome-
, and variant-specific manner. Researchers have leveraged
the database to investigate putative molecular connections
with many human complex traits, such as common disease
causality (14,15), COVID-19 severity (16) and trait evolu-
tion (17). Here, we present an updated QTLbase2 database
that incorporates more extensive QTL types and advanced
functions. QTLbase2 incorporates 1681 new genome-wide
QTL summary statistics from 377 independent studies
and 22 molecular phenotypes. It is also equipped with
many highly interactive web functions to ease xQTL filter-
ing, comparison, and visualization. The QTLbase2 is free
and open to all users without login requirement at http:
//mulinlab.org/qtlbase.

MATERIALS AND METHODS

Summary of data curation, processing and normalization

Consistent with the previous version, i.e. QTLbase, we man-
ually curated and filtered human molecular phenotype QTL
studies by keyword-matching from Google Scholar. We dis-
carded QTL studies that did not report genome-wide signif-
icant variants and associated summary information. QTL
studies containing multiple independent QTL mapping re-
sults were split into separate datasets with unique IDs. As
many QTLs were identified in different biological condi-
tions, we labelled the context-specific QTL datasets with
different condition types. We assigned the QTL datasets
to 95 standardized tissue/cell types and five human super-
populations. The previous versions of some QTL datasets
were upgraded to the most recent version, for example,
Genotype-Tissue Expression (GTEx) V7 was replaced with
GTEx V8 (18). Variants and molecular traits were nor-
malized as described previously (2). For new traits, such
as alternative polyadenylation and N6-methyladenosine,
the trait name was standardized across different QTL
studies. Furthermore, the genomic positions of both vari-
ants and molecular traits were uniformly mapped to the
GRCh38/hg38 human genome assembly in this update us-
ing LiftOver (19).

Compilation of WGS QTLs

Given the high volume of significant variants and asso-
ciated summary statistics from WGS-based QTL studies,
QTLbase only retained the significant variants tagged at the
Infinium HumanOmni2.5 BeadChip for those WGS-based

QTLs. Here, by optimizing the data indexing structure of
QTL variants and associated summary information using
VarNote (20) and NoSQL, we were able to fully accommo-
date WGS-based xQTL datasets, such as GTEx (18), Geu-
vadis (21) and BLUEPRINT (22), for more efficient data
retrieval.

Integration of condition-specific QTLs

Recent QTL studies have extensively observed the context-
specific genetic effects on different molecular phenotypes.
In QTLbase2, we comprehensively curated QTL mapping
results under various biological conditions and uniformly
categorized these conditions into four major types: disease,
stimulation, differentiation and drug treatment. The origi-
nal condition description was extracted from the publica-
tion and then mapped to corresponding categories. We also
labelled the QTL datasets in each condition group for intu-
itive visualization.

Calculation of LD across populations

To benefit the identification of likely causal variants and
colocalized signals among correlated alleles in the LD
region of specific human populations, we leveraged the
1000 Genomes Project phase 3 genotypes (23) in five hu-
man super-populations (AFR, AMR, EAS, EUR, SAS)
to estimate LD information. Implementing an LD calcu-
lation program using the VarNote index structure and bit-
encoding compression (http://www.mulinlab.org/varnote/
utilsq.html?f=ld) resulted in greatly increased computa-
tional efficiency for real-time queries.

Linking variant to its associated genes

All candidate genes associated with each query variant are
reported in four ways: (i) the host gene(s) whose genomic
regions overlay the query variant, (ii) the gene(s) closest to
the query variant within 1 Mb, (iii) the QTL gene(s) associ-
ated with the query variant, (iv) the interacted gene(s) sup-
ported by 5 kb Hi-C interactions of 60 tissues/cell types in
GWAS4D (24).

RESULTS

New data types and features

Given the rapid progress in the QTL field regarding novel
molecular phenotype characterization and context-specific
genetic effects in different biological conditions, QTLbase2
presents a timely introduction of five features to enhance
the database content and retrieval function (Figure 1). First,
it includes the genetic associations for 10 new molecular
phenotypes: alternative polyadenylation (apaQTL), mRNA
N6-methyladenosine (m6AQTL), circular RNA expression
(circQTL), transcription factor (TF) binding (bQTL), pro-
moter usage (puQTL), transcript usage (tuQTL), enhancer
activity (eaQTL), mRNA stability (stQTL), promoter in-
teraction expression (pieQTL), and gene expression vari-
ance (vQTL). These expanded xQTLs will facilitate investi-
gations of the potential cascade effect of functional variants.

http://mulinlab.org/qtlbase
http://www.mulinlab.org/varnote/utilsq.html?f=ld
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Figure 1. The database structure and newly added functions in QTLbase2.

Second, QTL mapping based on WGS variants can maxi-
mize the fine-mapping power of causal variants, but the high
volume of tested variants across the whole genome limited
the query efficacy and display burden in QTLbase. By opti-
mizing a backend database storage structure and frontend
web components, QTLbase2 incorporates 195 WGS-based
xQTL datasets (67.7% from eQTL studies), such as that
from GTEx (18), Geuvadis (21), BLUEPRINT (22) and
PCAWG (Pan-Cancer Analysis of Whole Genomes) (25).
Third, to assist the interrogation of context-specific genetic
effects in dynamic biological processes, QTLbase2 compre-
hensively integrates 434 xQTL datasets with different con-
ditions, including 305 on disease states, 73 with stimula-
tions, 41 under differentiation processes and 15 through
drug treatment (Supplementary Figure S1). It also allows
users to filter and compare these context-specific QTLs in a
highly interactive webpage. Fourth, by leveraging LD pat-
terns in different human super-populations, QTLbase2 sup-
ports the investigation of likely causal QTL variants within
LD across various molecular phenotypes and different bi-
ological conditions. Finally, to systematically annotate and
evaluate the potential biological functions and target genes
of each query variant, QTLbase2 incorporates 40 genome-
wide variant annotations in VannoPortal (26) and Hi-C in-
teractions of 60 tissue/cell types in GWAS4D (24).

QTLbase2 data statistics

Based on the August 2022 version, 960 new genome-wide
xQTL summary statistics from 146 independent studies

were collected and curated in QTLbase2. Therefore, QTL-
base2 now includes a total of 377 independent QTL stud-
ies involving 1681 QTL summary statistics across 22 molec-
ular phenotypes (Supplementary Figures S2 and S3), 95
tissue/cell types (Supplementary Figure S4) and 178 bio-
logical conditions. Compared to QTLbase, QTLbase2 has
compiled nearly 60% more QTL studies and an additional
10 molecular phenotypes, where most were derived from
publications in the past three years (Table 1). This indi-
cates an accelerated course of profiling the genetic effects on
various molecular phenotypes to aid the interpretation of
disease/trait-causal variants in the post-GWAS era. More-
over, QTLbase2 involves approximately 18.1% or 7.7% of
QTL studies performed on disease-associated or -perturbed
tissue/cell types, respectively, suggesting that investigat-
ing context-specific and dynamic biological processes may
boost the QTL discovery power. Notably, most of the 10
newly added QTL types are associated with RNA pheno-
types in transcriptional and post-transcriptional processes,
which greatly expands the scope of deciphering genetic
effects on the fine-grained molecular phenotypes of gene
expression. Similar to the previous version, most xQTLs
were identified in blood- and brain-derived tissue/cell types
(20.6% and 18.1%, respectively) and conducted on Euro-
pean populations (47.1%) (Supplementary Figure S5).

Illustration of use cases and new functions

QTL investigations across different biological conditions.
We used several reported cases to illustrate the advances of
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Table 1. Feature comparisons between the two major versions of QTLbase (up to the August 2022)

Features QTLbase QTLbase2

Number of QTL types 13 molecular phenotypes 22 molecular phenotypes
Number of independent QTL
studies

233 377

Number of QTL datasets 712 1681
Number of WGS-based QTL
datasets

66 (with restriction) 195

Number of tissue/cell types 78 tissue/cell types 95 tissue/cell types
Biological conditions N/A 305 on disease state, 41 under differentiation, 73 with

stimulations, and 15 through drug treatment
LD support N/A LD for 5 human super-populations
Functional annotations 20 internal annotations 40 annotations in VannoPortal (26)
Interactive graphical visualizations Phenome-wise, tissue-wise and

variant-wise visualizations
Phenome-wise, tissue-wise and variant-wise
visualizations; xQTL comparison viewer; LD viewer;
associated gene viewer

QTLbase2 for identifying the context-specific genetic effect
on molecular traits. First, the variant rs2275888 represents
a stimulus-specific cis-eQTL for IFNB1 in monocytes after
2-h lipopolysaccharide (LPS) treatment (5). In QTLbase2,
selecting the ‘Filter by condition’ option enables specific in-
spection of the QTL evidence under different conditions.
Consistent with the literature, rs2275888 receives a context-
specific eQTL associated with IFNB1 expression in mono-
cytes under 2-h LPS exposure, but not at naı̈ve status or af-
ter 24-h stimulation (Supplementary Figure S6). Moreover,
users can investigate and compare the detailed QTL infor-
mation and affected molecular traits in QTLbase2 ‘Com-
parison Viewer’ (Figure 2A). Another example involves ge-
netic variants that demonstrate stimulus-specific genetic ef-
fects on gene expression under statin treatment (27). In
alignment with the reported data, QTLbase2 demonstrates
that rs61396151 is a weak simvastatin treatment-responsive
eQTL associated with SNX14 expression in lymphocytes
from the AFR population (Figure 2B and Supplementary
Figure S7).

Visualization and comparison of context-specific QTLs in
LD. We applied a previously reported QTL variant to
demonstrate the usability of QTLbase2 LD Viewer for in-
vestigating the likely causal and multi-trait effects of xQTL
in its LD region. The variant rs3763469 affected its en-
closed chromatin accessibility and regulated COL1A2 gene
expression (8). Searching rs3763469 in QTLbase2 revealed
that it could be associated with other molecular traits in
lymphocytes, including TF binding, DNA methylation, and
histone modifications, yet the causality of this variant on
these molecular phenotypes is unknown. LD Viewer re-
vealed that rs3763469 demonstrates a moderate correla-
tion with other variants in LD (r2 < 0.8 on five human
super-populations) (Figure 3A). The xQTL tracks also in-
dicate that the variants linked with rs3763469 obtain less
genetic evidence, suggesting a higher casual probability
of rs3763469. The intuitive visualization through QTL-
base2 Comparison Viewer further demonstrates that this
variant is likely to affect the fine-grained molecular phe-
notypes in lymphocytes, including the DNA methylation
CpG sites at the COL1A2 promoter (28), histone modifica-
tions on H3K4me1 (29), and TF binding on POU2F1 (30)
(Figure 3B).

Annotation of common and rare functional variants. QTL-
base2 has improved variant interpretation ability and anno-
tation scope over QTLbase. For example, rs12041331 was
associated with platelet reactivity and cardiovascular dis-
ease by affecting the allele-specific effect on DNA methyla-
tion of the PEAR1 gene (31), which was supported by many
pieces of QTLbase-based evidence on chromatin-associated
QTLs and TF binding. By incorporating large-scale func-
tional annotations in VannoPortal (26) and integrative tar-
get gene information, QTLbase2 provides more biological
insights into the rs12041331 regulatory mechanism. This
intronic variant demonstrates significant allelic imbalance
of open chromatin in CD14+ monocytes (32) and obtains
a high genome-scale pathogenicity prediction score [e.g.
Eigen-PC Phred score (33) = 15], suggesting its poten-
tial chromatin-modulating function in addition to affect-
ing DNA methylation. By linking rs12041331 to candidate
genes based on different strategies, QTLbase2 reports many
associated genes by QTL trait analysis and several poten-
tial target genes by Hi-C interaction evidence in blood cells,
such as PEAR1 and PRCC (Supplementary Figure S8).
Furthermore, QTLbase2 facilitates the functional interpre-
tation of rare variants revealed by WGS-based association
analysis. For example, by applying GTEx V8 RNA-seq and
WGS data, the analysis of genetically driven transcriptome
abnormalities revealed many functional large-effect rare
variants (34). A rare 5’UTR exonic variant rs200388505 in
the FAAH gene previously associated with pain sensitivity
(35) contributes to extreme gene expression patterns in two
individuals. By querying QTLbase2, rs200388505 was docu-
mented to significantly affect surrounding chromatin acces-
sibility in lymphocytes from a QTL fine-mapping study (36)
(Supplementary Figure S9) and was annotated with many
active transcriptional signals in VannoPortal, which reveals
its strong regulatory potential and possibly causal effect on
complex traits.

CONCLUSIONS

QTLbase provided scientists with a comprehensive, high-
quality, fast-response and interactive biological database
for studying genetic effects on widespread molecular phe-
notypes in recent years. Given the increasing number of
QTL studies on fine-grained molecular traits and various
biological contexts, QTLbase2 involves the timely curation
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Figure 2. Investigating eQTLs across different biological conditions in QTLbase2 ‘Comparison Viewer’. (A) rs2275888 displays a stimulus-specific genetic
effect on IFNB1 expression in monocytes only after 2-h LPS treatment; (B) rs61396151 exhibits a weak context-specific genetic effect associated with
SNX14 expression in lymphocytes after simvastatin treatment.
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Figure 3. Comparing and inspecting highly linked xQTLs in QTLbase2 ‘LD Viewer’ and ‘Comparison Viewer’. (A) rs3763469 obtains xQTLs evidence on
multiple molecular phenotypes and shows moderate correlation with other variants in its LD region; (B) rs3763469 is associated with several regulatory
molecular traits in its proximal region.

and integration of these fresh data on a one-stop platform.
The QTLbase2 database also introduces several advanced
functions to compare and screen QTLs according to trait
and tissue/cell types and biological conditions, which sig-
nificantly facilitates the discovery of true causal variants
for functional follow-up (37–39). As xQTL studies at the
single-cell level (40), somatic mutation angle (25) and trans-
lational medicine (41,42) are evolving quickly, QTLbase2
will be constantly updated to benefit research interrogation
of the context-specific genetic mechanism and create more
significant effects in the era of human genetics and func-
tional genomics.
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