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ABSTRACT

Functional interpretation of disease-associated non-
coding variants remains a significant challenge in
the post-GWAS era. Our recent study has identified
3′UTR alternative polyadenylation (APA) quantitative
trait loci (3′aQTLs) and connects APA events with
QTLs as a major driver of human traits and dis-
eases. Besides 3′UTR, APA events can also occur
in intron regions, and increasing evidence has con-
nected intronic polyadenylation with disease risk.
However, systematic investigation of the roles of in-
tronic polyadenylation in human diseases remained
challenging due to the lack of a comprehensive
database across a variety of human tissues. Here,
we developed ipaQTL-atlas (http://bioinfo.szbl.ac.cn/
ipaQTL) as the first comprehensive portal for intronic
polyadenylation. The ipaQTL-atlas is based on the
analysis of 15 170 RNA-seq data from 838 individ-
uals across 49 Genotype-Tissue Expression (GTEx
v8) tissues and contains ∼0.98 million SNPs associ-
ated with intronic APA events. It provides an interface
for ipaQTLs search, genome browser, boxplots, and
data download, as well as the visualization of GWAS
and ipaQTL colocalization results. ipaQTL-atlas pro-
vides a one-stop portal to access intronic polyadeny-
lation information and could significantly advance
the discovery of APA-associated disease suscepti-
bility genes.

INTRODUCTION

Genome-wide association studies (GWAS) have identified
thousands of genomic non-coding variants statistically as-
sociated with many human complex traits and diseases.
However, it remains a significant challenge to understand
the molecular mechanism of how these non-coding genetic
variants contribute to a physiological/pathological pheno-
type in humans. The characterization of molecular Quan-
titative Trait Loci, such as gene expression QTL (eQTL)
(1), splicing QTL (sQTL) (1) or allele-specific QTL (ase-
QTL) (2), is a key step towards better understanding the ef-
fects of non-coding genetic variants on genes, pathways, and
their function mechanism and serve as an essential link be-
tween genotype and disease phenotype. However, although
these molecular QTLs have successfully explained numer-
ous GWAS risk loci, a significant fraction of GWAS risk
loci remains unexplained (1).

Alternative polyadenylation (APA), which occurs in
>70% of human genes, plays an essential role in the post-
transcriptional regulation (3,4). By employing different
poly(A) sites (PASs), genes can either shorten or extend the
3′UTRs that contain multiple cis-regulatory elements such
as miRNAs or RNA-binding protein (RBP) binding sites
(5). APA can affect the stability, translation efficiency and
cellular localization of mRNAs and proteins (3), which sig-
nificantly impacts both normal development and progres-
sion of diseases such as cancer (6). Besides 3′UTR, APA
also occurs in intronic regions in approximately 20% of hu-
man genes. In contrast to 3’UTR APAs, the use of intronic
PASs generates mRNA isoforms that encode truncated pro-
teins or generate noncoding RNAs (7). These truncated
proteins could be dysfunctional, which result in a variety
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of diseases such as leukemia, multiple myeloma and non-
Alcoholic fatty liver (8,9). Regulators such as CDK12 (10)
can suppress intronic polyadenylation events and regulate
full-length DNA repair gene. Meanwhile, the use of intronic
APA is tightly regulated by variants near splicing sites. The
somatic variants could interfere with splice site recognition
and increase the use of intronic PASs of tumor suppressor
genes (11).

Recently, we constructed the first atlas of human 3′UTR
APA Quantitative Trait Loci (3′aQTLs): i.e. ∼0.4 million
genetic variants associated with the APA of target genes
across 46 Genotype-Tissue Expression (GTEx) healthy tis-
sues from 467 individuals (12). These 3′aQTLs represent the
genetic basis of APA that can be used to interpret ∼16.1%
of trait-associated non-coding variants, and are largely dis-
tinct from other molecular QTLs such as eQTLs or sQTLs.
It has also been evidenced that genetic variations can in-
fluence intronic APA usage. For example, Mittleman et
al. applied 3′seq to identify the genetic basis of APA in
52 HapMap Yoruba human lymphoblastoid cell lines and
identified a subset of intronic APA QTLs (ipaQTLs) (13).
However, these studies are limited to certain cell lines. To
further explore to what extent these genetic variations af-
fect intronic APA usage in a wide variety of human tissues,
a comprehensive database dedicated to intronic polyadeny-
lation is in urgent need.

To meet this goal, we developed ipaQTL-atlas, the first
database for intronic polyadenylation based on 15 170
RNA-seq samples across 49 human Genotype-Tissue Ex-
pression (GTEx) project (version 8) tissues from 838 in-
dividuals. ipaQTL-atlas includes visual analysis tools of
Gene/SNP searches, genome browsers, boxplots, colocal-
ization and traits/diseases. This database aims to facili-
tate studies analyzing and validating the roles of intronic
polyadenylation as important aspects to explain disease-
associated risk SNPs.

MATERIAL AND METHODS

Data curation and processing

We downloaded the 17 382 RNA-sequencing samples
across 52 tissues and two cell lines in 948 post-mortem
donors from the Genotypic Tissue Expression (GTEx)
project (dbGaP, phs000424.v8.p2) (1). After removing tis-
sue types with the threshold of the sample size <70 and
BAM files without genotype data, 15 170 sets of RNA-
seq across 49 tissues were retained. Meanwhile, the low-
quality samples from whole-genome sequencing data from
the GTEx v8 release were filtered, and the variants were fur-
ther imputed and phased using SHAPEIT v2 (14) and the
subset VCF files using bcftools (15). The relevant sample
description file is downloaded from the GTEx portal web-
site (www.gtexportal.org).

Quantification of intronic polyadenylation usage using
IPAFinder

The recently developed IPAFinder (7,11) can de novo
identify and quantify dynamic intronic polyadenyla-
tion events using standard RNA-seq without any prior
poly(A) site annotation. We first generated an APA

annotation file based on the hg38 genome version us-
ing the script ‘IPAFinder GetAnno.py’. Then, we used
‘IPAFinder DetectIPA.py’ to de novo identify the IPA sites
of multiple RNA-seq samples and calculate the intronic
poly(A) usage in each sample.

Covariate correction

We performed sample genotype correction to account for
hidden batch effects and other unobserved covariates in
each tissue. We used the R package PEER (16) to estimate
potential covariates for IPUI values in each tissue with sex,
genotyping platform, and top 5 genotype principal compo-
nents as known covariates. The number of PEER factors
was chosen according to the recommendations of the GTEx
Consortium (17), with 15, 30 and 35 PEER factors selected
for tissue sample sizes < 150, 150–250 and > 250, respec-
tively.

ipaQTLs mapping

Based on the available IPUI values of genes in each tis-
sue from above analyses, we removed genes with >50% en-
tries missing and individuals with >80% missing data after
quantification by IPAFinder, then used the R package im-
pute tool (18) to impute missing IPUI values and normal-
ize in each tissue. The normalized IPUI values were used as
Matrix eQTL input. SNPs with a minor allele frequency of
<0.01 were filtered. Furthermore, combined with covariates
files, SNP and gene position files, we performed ipaQTLs
mapping for each tissue separately using Matrix eQTL with
linear regression model (19) to obtain the association be-
tween genetic variants and APA target genes in the 1-Mb
interval of the intronic region.

Identification of GWAS-associated ipaQTLs

To identify trait-associated ipaQTLs, we obtained GWAS
significant SNPs from the NHGRI GWAS catalog (20) and
removed the SNPs without dbSNP addition. For each tis-
sue, we extract the lead ipaQTLs per target gene. Based on
dbSNP annotations, we extracted a list of SNPs in strong
LD of CEU (Utah Residents with Northern and Western
European Ancestry) with GWAS catalog labeling SNPs. Fi-
nally, for each tissue, we used a cut-off with the FDR < 0.05
and extract the lead ipaQTLs per target gene. ipaQTLs were
considered to overlap with disease-associated loci if the lead
ipaQTLs or its LD tag (r 2 ≥ 0.8) mapped with a GWAS
SNP.

Construction of the ipaQTL-atlas website

The ipaQTL-atlas website was constructed on a standard
LAMP (Linux + Apache + MySQL + PHP) system. All
processed and annotated data in the ipaQTL-atlas were
stored in MySQL (www.mysql.com). The R package Lo-
cusComparer (21) and in-house R scripts were used to per-
form data analyses and visualization. The interactive web
pages were implemented using HTML, CSS, JavaScript,
and PHP languages (www.php.net), with several JavaScript
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libraries (JQuery.js, DataTable.js, and IGV.js) and Boot-
strap framework (a popular framework for developing in-
teractive websites) on Red Hat Linux powered by an Apache
server (www.apache.org). The ipaQTL-atlas is freely avail-
able online without registration or login requirements for
access, and optimized for Chrome (recommended).

RESULTS

Atlas of ipaQTLs across 49 human tissues

We analyzed 15 170 RNA-seq samples across 49 human tis-
sues from GTEx version 8 (Figure 1A, B). After quantify-
ing by IPAFinder, we obtained 4826 IpA events for each
tissue type, ranging from 1678 for Brain Amygdala to 8514
for Breast Mammary Tissue. Through ipaQTL mapping, a
total of 0.98 million common genetic variants associated
with ipaQTLs were identified; the median was 58 317 per
tissue type (Figure 1C). The number of IpA events was
significantly correlated with the sample size in each tissue
(Spearman correlation, R = 0.89, P-value = 2.2e-16, Sup-
plementary Figure S1). The strong correlation between the
number of IpA events and sample size suggests that more
ipaQTLs will continue to be identified as additional RNA-
seq datasets become available. In addition, in this version
of the ipaQTLs atlas, we further divide IpA into compound
terminal exon IpA (or composite IpA) and skip terminal
exon IpA (or skipped IpA), and provide ipaQTL name, al-
lele (Ref/Alt), IPA site, sample size and other helpful infor-
mation.

To investigate the global distribution of ipaQTLs in
the human genome, we used Manhattan plots to visual-
ize the locations of ipaQTLs and their associated P-values.
Mittleman et al. (13) previously quantified the APA us-
age across 52 Yoruba HapMap lymphoblastoid cell lines
(LCLs) samples and mapped 225 ipaQTLs at 10% false dis-
covery rate (FDR). By comparing with our ipaQTLs from
Cells EBV-transformed lymphocyte cell lines, we found
that previously reported IpA genes were successfully de-
tected such as PMS2P1, MRPL45P2, HVCN1, etc. The
strong association between SNP rs3873746 and the IpA
of PMS2P1 was replicated in our analysis. PMS2P1 is a
pseudogene involved in mismatch repair and plays a critical
regulatory role in hemoglobin measurement and late-onset
Alzheimer’s disease (22–25). Our further analysis revealed
that this genetic effect is shared in 28 other tissues (Sup-
plementary Figure S2), suggesting that multi-tissue contex-
tual analysis of this locus could aid further studies on how
PMS2P1 variants contribute to complex diseases. Indeed,
most of the detected ipaQTLs genes represent novel events.
Several new ipaQTLs genes are of particular note, including
ZNF880, a Zinc Finger Protein involved in the transcrip-
tional regulation of RNA polymerase II associated with
childhood acute lymphoblastic leukemia and multiple can-
cer associations (26–28).

Web design and interface

We developed a user-friendly database ipaQTL-atlas (http:
//bioinfo.szbl.ac.cn/ipaQTL) for searching, browsing, visu-
alizing and downloading 0.9 million common genetic vari-
ants associated with ipaQTLs across 49 human tissues. The

homepage provides the summary and description of the
database. The ipaQTL-atlas can annotate ipaQTLs for two
types: composite and skipped. For two types of ipaQTLs,
the database provides ‘Gene/SNP Search’ to search the
gene name or SNP rs ID across one specific selected tis-
sue type or all 49 human tissues (Figure 2A). Besides,
the ipaQTL genome browser (Figure 2B), ipaQTL boxplot
(Figure 2C), and GWAS-ipaQTL colocalization event visu-
alization (Figure 2D) are also available in our database. In
addition, a list of GWAS-associated ipaQTLs is also pro-
vided for users to further investigate the mechanisms of
ipaQTLs in human traits and diseases (Figure 2E).

ipaQTLs searching and querying

Our database provides a convenient search interface for
querying gene(s) and SNP rs ID by commonly used key-
words such as ipaQTL ID, gene symbol/alias, and ipaQTL
type. Suppose users did not choose the particular tissue,
the default tissue is ‘Adipose Subcutaneous’. If they want
to query in all tissues, the option ‘All Tissues’ need to be
selected. Notably, the sample size of the selected tissue has
been given in parentheses, together with the tissue type. Sim-
ilarly, the number of all samples, regardless of tissue type,
is written with ‘All Tissues’. In that case, you will get a ta-
ble with the tissue types, ipaQTLs ID, gene symbol, SNP
rs ID, Ref allele (the allele in the reference genome), Alt al-
lele (any other allele found at that locus), and P-value of
each ipaQTL item for the queried gene or SNP with the de-
fault tissue of adipose subcutaneous (Figure 2A). For exam-
ple, the query of SPG7 will obtain 2811 significant ipaQTL
items in default tissue adipose subcutaneous. Users can fur-
ther filter these ipaQTLs by inputting custom filter relevant
keywords (e.g. rs4785691) into the ‘Search’ field at the top-
right corner of the table. For each ipaQTL item, we also
provide the ‘Browser’ button with the genome browser hy-
perlink based on the related gene ID. On the other hand,
the ‘Boxplot’ button is paralleled to allow users to visual-
ize the ipaQTLs in high-resolution boxplot figures. In the
end, it is possible for users to get no data available in the
table with the query of SPG7 in the tissue of whole blood
because there is no predicted ipaQTLs of SPG7 in the tissue
of whole blood.

Data browsing by genome browser

In the ‘Genome Browser’ section, users can explore the
ipaQTLs across human tissues in an interactive genome
browser using the gene symbol (e.g. NFKB1), SNP rs ID
(e.g. rs4785690) or genome position (e.g. chr15:40155795–
41028618). Taking ‘IVD’ as an example in the genome
browser, we can search this locus in the search box and
find all significant ipaQTLs for IVD (red points) in adi-
pose subcutaneous tissue (Figure 2B). Clicking the dot of
interest will show details of the SNP, including rs ID and
P-value. Only ipaQTLs of the queried gene are labeled in
red in the genome browser, whereas ipaQTLs of other genes
are marked in grey. The genome browser also exhibits gene
structure annotation, GWAS catalog risk SNPs (20), and
PolyA DB3 polyA sites (29) tracks, which allow users to
integrate these data with ipaQTLs. In addition, users can

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article/doi/10.1093/nar/gkac736/6679403 by guest on 18 Septem

ber 2022

http://www.apache.org
http://bioinfo.szbl.ac.cn/ipaQTL


4 Nucleic Acids Research, 2022

Figure 1. Data processing and data statistics in ipaQTL-atlas. (A) Workflows of ipaQTL-atlas. IPA with the arrow denotes the position of the corresponding
intronic polyadenylation site. WGS, whole-genome sequencing; ipaQTLs, intronic polyadenylation quantitative trait loci. (B) The number of RNA-seq
samples for each tissue used in the ipaQTL-atlas was distributed. (C) The distribution of the number of IpA events and significant ipaQTLs SNPs (FDR
≤ 0.05) for each tissue was sorted by the tissue sample sizes. Each color indicates a tissue of origin.

download the figures of the browser tracks in SVG format
by clicking on the ‘Save SVG’ button at the top-right corner
of the genome browser.

Visualizing tools

The ‘ipaQTLs Boxplots’ section was allowed to draw plots
through the button from the result page of ‘Genome
Browser’ and ‘Traits/Diseases’. Of course, it also can be
accessed directly through the navigation bar at the top of
each page to customize boxplots for every ipaQTL as a
flexible online tool. Instruction step by step is also de-
scribed on the ‘Help’ page. In the case of the ipaQTL ID
(e.g. ARPC2|intron 12|chr2:218238850–218238948), users
can draw the boxplot by providing rs ID (e.g. rs13392177)
and tissue name (e.g. Brain Hippocampus) with the default
or user-defined colors (Figure 2C), which can be visualized
and downloaded concurrently as a publishable PDF docu-
ment. This tool could facilitate a deep understanding and
direct sight for the different normalized IPUI values in the
different genotypes caused by ipaQTLs.

Based on the widely used R package LocusCompare (21),
we provide an online server in the ‘GWAS-ipaQTLs colo-
calization event visualization’ part, which helps users con-
veniently visualize GWAS-ipaQTLs colocalization events
using their GWAS data. For instance, by inputting
the ipaQTL ID (e.g. PMS2P3|intron 3|chr7:75510862–
75510930), tissue name (e.g. Colon Sigmoid), and a two-
column text with the rs ID and corresponding P-value, the
plot of the GWAS-ipaQTLs colocalization event is shown at
the intron region of the PMS2P3 locus, which can be down-
loaded as a PDF file (Figure 2D).

Traits/diseases correlation

To link ipaQTL variants to human genetic traits and dis-
eases, we also supply a list of GWAS-associated ipaQTLs,
defined when the lead ipaQTL variants are overlapped with
the GWAS catalog (20) tag SNPs. Like the ‘Gene/SNP’
search page, we also show a table on the ‘Traits/diseases’
page with the optional tissue type. By default, users can view
the full information of 2177 traits/diseases from GWAS
Catalog across all 49 tissues. We also provide the ‘Boxplot’
button for each ipaQTL item to allow users to visualize the
ipaQTL item in the boxplot figures. Here, we displayed an
example of ipaQTL (e.g. PEX6|intron 21|chr6:42969477–
42969667) with Alzheimer’s disease in the brain frontal
cortex BA9 tissue (Figure 2E). First, you need to select
the tissue brain frontal cortex BA9. Second, the keyword
‘Alzheimer’ need to be input into the filter box at the top-
right corner of the table. That example allows researchers
to investigate the mechanisms of ipaQTLs in human traits
and diseases.

Downloading data

The download page enables users to download all the re-
sults of ipaQTLs across 49 human tissues and a table
of all human trait- and disease-associated ipaQTLs for
further custom analysis. On the download page, the de-
fault drop-down box on the top table header is usually
the setting of all tissues shown, so that most users would
probably look through the descriptive information, includ-
ing tissue type, data source, sample size and file name
of the download file by single tissue. The options of tis-
sue types have been provided for users to select the spe-
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Figure 2. The web interface of ipaQTL-atlas. (A) ipaQTLs query interface and result visualization for ‘Gene/SNP Search’. (B) An example of the genome
browser view shows the ipaQTLs of adipose subcutaneous tissue at the IVD locus. (C) The interface of ‘ipaQTLs Boxplots’ and an example of the ipaQTLs
boxplot for ARPC2 and rs13392177 in brain hippocampus. (D) The interface of the ‘GWAS-ipaQTLs Colocalization’ and an example of the LocusCompare
plot at the intronic region of the PMS2P3 locus with T2D GWAS P-values and ipaQTLs P-values in colon sigmoid tissue. (E) The interface of the
‘Traits/Diseases’ and an example of the ipaQTLs with Alzheimer’s disease in brain frontal cortex BA9 tissue.

cific tissue to download. Furthermore, users can gain more
details about how to download through the link of the
‘Guide’ button to the help page. In the ‘Gene/SNP’ search
page, users can also download a formatted text file for the
queried gene name or SNP rs ID across all tissues, a ta-
ble with the same columns as the search results on the web
page.

SUMMARY AND FUTURE DIRECTIONS

Although several molecular QTL resources derived from
GTEx human normal tissues (30) have been developed
to explore genetic effects, there is no resource for in-
tronic polyadenylation. As a result, we developed a pow-
erful and user-friendly database, ipaQTL-atlas, providing
comprehensive ipaQTLs across 49 human tissue types to
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explain a significant fraction of GWAS risk SNPs. As
the first database systematically identifying ipaQTLs and
disease-related ipaQTLs, ipaQTL-atlas provides millions
of ipaQTLs information for users to query, browse and
download. Furthermore, we designed high-efficiency online
tools, including boxplot drawer, GWAS-ipaQTLs colocal-
ization visualization and ipaQTLs genome browser, to sig-
nificantly facilitate the functional interpretation of SNPs
related to intronic polyadenylation. In the future, updat-
ing the ipaQTL-atlas database is extremely necessary be-
cause of the increasing number of RNA-seq datasets and
genotype data from large consortium projects. Accordingly,
we will continue to maintain and update our database with
the release of GTEx and other projects. The more various
ipaQTLs will be identified in different tissue and cell types.
We believe our database will be of particular interest to re-
searchers in genetic variants and APA. The ipaQTLs from
more normal tissue types of more individuals, and even
from cancer tissue types will be added to our database for
follow-up updates. In conclusion, ipaQTL-atlas will become
an important resource for the genetic research community
and provides essential supplements to interpret the function
of non-coding disease risk variants in shaping human phe-
notypic diversity.
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