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Abstract
Accessible chromatin refers to the active regions of a chromosome that are bound by many transcription factors (TFs). Changes in chromatin
accessibility play a critical role in tumorigenesis. With the emergence of novel methods like Assay for Transposase-accessible Chromatin
Sequencing, a sequencing method that maps chromatin-accessible regions (CARs) and enables the computational analysis of TF binding at
chromatin-accessible sites, the regulatory landscape in cancer can be dissected. Herein, we developed a comprehensive cancer chromatin
accessibility database named CATA, which aims to provide available resources of cancer CARs and to annotate their potential roles in the regu-
lation of genes in a cancer type-specific manner. In this version, CATA stores 2 991 163 CARs from 23 cancer types, binding information of 1398
TFs within the CARs, and provides multiple annotations about these regions, including common single nucleotide polymorphisms (SNPs), risk
SNPs, copy number variation, somatic mutations, motif changes, expression quantitative trait loci, methylation and CRISPR/Cas9 target loci.
Moreover, CATA supports cancer survival analysis of the CAR-associated genes and provides detailed clinical information of the tumor samples.

Database URL: CATA is available at http://www.xiejjlab.bio/cata/.

Introduction
Accessible chromatin is a hallmark of an active DNA regula-
tory element (1). The identification of chromatin accessibil-
ity makes it possible to assess the regulatory landscape for
human cancers because active chromatin contains a variety
of gene regulatory information (2, 3). Chromatin accessibility
analysis has been shown to be able to identify transcription
factor (TF) binding sites and regulatory elements, such as
achaete-scute complex-like 1 gene (4) and ARID1A (5). Also,
Chromatin-accessible regions (CARs) in different tumors are
highly specific. For example, there are many specific CARs
and CARs-related genes that are closely related to breast
cancer (1), whereas they are rarely present in other can-
cer types. Cancers also share some common open regions
of chromatin. For instance, the promoter of programmed
cell death ligand 1 (PDL1), a tumor marker widely exist-
ing in cancer, is in an accessible state of chromatin in most

cancers and PDL1 is regulated by a variety of regulatory
elements (1).

Several high-throughput techniques have been devel-
oped to profile chromatin accessibility, such as Assay for
Transposase-accessible Chromatin Sequencing (ATAC-seq)
(6), formaldehyde-assisted isolation of regulatory elements
(7), DNaseI hypersensitivity coupled with high-throughput
sequencing (8, 9) and micrococcal nuclease digestion fol-
lowed by high-throughput sequencing (10, 11), in which
ATAC-seq requires only a small number of cells and becomes
a powerful technology with high accuracy and sensitivity
to profile genome-wide chromatin accessibility (6). Several
databases have stored chromatin accessibility data, such
as Cistrome (12), TCGA (https://portal.gdc.cancer.gov/) and
ENCODE (13). They have been effective data sources for
chromatin accessibility investigation. However, these avail-
able resources do not annotate cancer-related CARs. Space
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(http://fun-science.club/SPACE/) is a web server for link-
ing chromatin accessibility with clinical phenotypes and the
immune microenvironment in pan-cancer analysis that effec-
tively helps cancer researchers better understand the immune
microenvironment of pan-cancer. However, detailed data on
each type of cancer is not provided. Moreover, this database
does not have TF binding site information and other related
annotation information such as SNPs, expression quantita-
tive trait loci (eQTLs), copy number variation (CNV), single
nucleotide variants (SNVs), enhancer and 450K methylation
sites.

Here, we developed a comprehensive cancer chromatin
accessibility database (CATA, http://www.xiejjlab.bio/cata/),
which aims to provide available resources of cancer CARs
and to annotate their potential roles in the regulation of
genes in cancer type-specific manner. By integrating annotated
data from various databases, including TCGA (1), FAN-
TOM (14), 1000 genomes (15), Jaspar (16) and Xena (17),
CATA stores CARs and corresponding regulatory annotations
across different human tumor samples. CATA also supplies
the clinical characteristics for every tumor sample that enables
researchers to determine the prognosis prediction value of
driver genes by survival analysis. CATA also provides multiple
user-friendly functions for data storage, browsing, annotation
and analysis. It could be a powerful work platform for mining
potential functions of CARs and exploring relevant regulatory
patterns about cancer.

Materials and methods
The collection of chromatin-accessible regions
We downloaded chromatin accessibility region data (.bed file)
from TCGA across 23 cancer types, covering 410 samples
(Table 1). These regions were identified from ATAC-seq data
according to the processing pipeline of TCGA (1, 18, 19).
First, the ATAC-seq data processing and alignment were per-
formed using the PEPATAC pipeline (http://code.databio.org/
PEPATAC/). The hg38 genome build used for alignment was
obtained fromRefgenie (https://github.com/databio/refgenie).
Bowtie2 was used to align the ATAC-seq data to the hg38
human reference genome using ‘–very-sensitive - X 2000 –
rg -id’ options. Picard (http://broadinstitute.github.io/picard/)
was then used to remove duplicates. For each sample,
peak calling was performed on the Tn5-corrected single-base
insertions using the MACS2 (20) callpeak command with
parameters ‘–shift -75 –extsize 150 –nomodel –call-summits
–nolambda –keep-dup all -p 0.01’.The peak summits were
then extended by 250 bp on either side to a final width of
501 bp. The hg38 blacklist (https://www.encodeproject.org/
annotations/ ENCSR636HFF/) was then used to filter and
finally remove peaks that extend beyond the ends of chro-
mosomes. For the overlapping peaks in a single sample,
the most significant peak is retained, and any peak directly
overlapping with the significant peak is eliminated. Finally,
each sample has a set of fixed-width peaks. For each cancer,
TCGA compiled a ‘cancer type-specific peak set’ containing
all of the reproducible peaks observed in an individual can-
cer type. For the overlapping peaks from different samples,
TCGA kept the most significant peak. At last, the ‘Pan-
cancer Peak Set’ was obtained from the most significant peak
of all the cancer types that could be used for cross-cancer
comparison.

Table 1. Detailed information on various cancer samples

Cancer type Shorthand
Sample
number

Adrenocortical Cancer ACC 9
Breast Cancer BRCA 75
Stomach Cancer STAD 21
Colon Adenocarcinoma COAD 41
Kidney Renal Papillary Cell Carcinoma KIRP 34
Prostate Adenocarcinoma PRAD 26
Lung Adenocarcinoma LUAD 22
Esophageal Carcinoma ESCA 18
Liver Hepatocellular Carcinoma LIHC 17
Kidney Renal Clear Cell Carcinoma KIRC 16
Lung Squamous Cell Carcinoma LUSC 16
Thyroid Carcinoma THCA 14
Brain Lower Grade Glioma LGG 13
Skin Cutaneous Melanoma SKCM 13
Uterine Corpus Endometrial Carcinoma UCEC 13
Bladder Urothelial Carcinoma BLCA 10
Head and Neck Squamous Carcinoma HNSC 9
Pheochromocytoma and Paraganglioma PCPG 9
Mesothelioma MESO 7
Cholangiocarcinoma CHOL 5
Cervical squamous cell carcinoma and
endocervical adenocarcinoma

CESC 4

Glioblastoma Multiforme GBM 9
Testicular Germ Cell Tumors TGCT 9
Pan-Cancer (all of above cancer types) PAN 410

Chromatin accessibility region annotation
CARs were annotated both genetically and epigenetically
using BEDTools (21), including common SNPs, risk SNPs,
CNV, SNV, motif changes, eQTLs, transcription fac-
tors’ binding sites (TFBS), methylation, enhancers and
CRISPR/Cas9 target sites. The annotation information is
advantageous in discovering the potential function of chro-
matin accessibility regions. In addition, interactive tables are
used to further illustrate the details.

Enhancer collection
In total, 65 423 enhancers were collected from FANTOM5
(14) and then converted to hg38 genome by LiftOver tool (22)
for the annotation.

TF-related data
TF binding regions were obtained from FIMO (23) prediction
with the parameters ‘-verbosity 1 –skip-matched-sequence –
thresh 1e-6 –parse- genomic-coord’. Besides, 5 797 266 TFBS
were downloaded from the UCSC (22) and converted to the
hg38 genome by LiftOver (22).

CRISPR/Cas9 target sites
CRISPR/Cas9 target (24) can be used in tumor cells to pre-
cisely shear genomic loci. CRISPR/Cas9 gRNA sequences tar-
get DNA sequences of transcription regions within 200 bp of
genomic regions. We downloaded the CRISPR/Cas9 informa-
tion from UCSC and converted it to HG38 via Liftover (22).
We used the CRISPOR tool (25) for prediction to help design,
evaluate and clone guidance sequences for the CRISPR/Cas9
system.

http://fun-science.club/SPACE/
http://www.xiejjlab.bio/cata/
http://code.databio.org/PEPATAC/
http://code.databio.org/PEPATAC/
https://github.com/databio/refgenie
http://broadinstitute.github.io/picard/
https://www.encodeproject.org/annotations/
https://www.encodeproject.org/annotations/
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Gene annotation
The ROSE genemapper (26) method was applied in the pre-
diction of CAR-associated genes. The genemapper method
based on their distance in the linear genome to identify target
genes of regulatory regions. Notably, three strategies, includ-
ing overlap (genes in the CAR region), proximal (Genes within
50kb of the CAR) and closest (the gene closest to CAR), were
adopted to locate CAR-associated genes.

Common SNPs/linkage disequilibrium SNPs/Risk
SNPs
Total 38 063 729 common SNPs were downloaded from
dbSNP (27) version 1.50. Linkage disequilibrium (LD) SNPs
were calculated using phased genotype information from
1000 genomes project phase 3 (15). Then, a minimum fil-
tered SNP allele frequency of less than 0.05 (MAF) was
accepted through VCFTools (28) (v0.1.13). Finally, plink
(29) (v1.9) was utilized to calculate SNPs with MAF>0.05
in LD (r2=0.8) for five subgroups (Africa, ad mix America,
East Asia, Europe and South Asia). Risk SNPs, genome-
wide association studies (GWASs) were collated from GWAS
catalog (30) andGWASdb (31) v2.0, which contain SNP inser-
tion/deletion variation annotated in human diseases/traits.

Motif changes
We collected position weight matrices from TRANSFAC (32)
and JASPAR (16) to explain the effect of annotation muta-
tions on motifs. Then, we used the R package at SNP (33)
to calculate the binding affinity of mutation to motifs. SNP
mutations affect the binding affinity of mutations to the motif
and make the binding of the motif change accordingly. The
30-bp region upstream and downstream of SNPs with MAF
> 0.05 of 1000 Genomes Project (15) phase3 that located
in super-enhancer regions was calculated. Ultimately, we
obtained 254 545 586 motif changes.

TCGA series data
TCGA-related data were obtained from UCSC XENA
(17) (http://xena.ucsc.edu/), including methylation data,
RNA expression profile data and somatic-mutation-variation,
copy-number-variation, clinical information, ATAC-seq raw
counts numbers. Besides, methylation and RNA expression
profiles were averaged based on the type of cancer.

EQTL
We downloaded and merged human eQTL data sets from
GTEx (34) v5.0, HaploReg (35) and PancanQTL (36).
The data of GTExV5.0 and HaploReg mainly included the
relationship between eQTL and genes in different tissues.
PancanQTL data included relationships between eQTL and
genes of different cancers in TCGA (https://tcga-data.nci.nih.
gov/tcga). We mapped and annotated eQTL-related SNPs to
CARs and provided SNP-regulated genes as potential targets
for CARs.

System design and implementation
CATA is built using MySQL (http://www.mysql.com), run-
ning on Linux based Tomcat Web server (http://tomcat.
apache.org/). The main framework of CATA was developed
based on Java 1 0.8.0 with Springboot and MySQL 5.7.16.

The front end was designed and built using Bootstrap v4.1.1
(https://v4.bootcss.com). The network visualization was
accomplished through Echarts (37) (https://www.echar
tsjs.com/). Chromatin visualization is provided by Genomic
Visualization Engine (38) (GIVE) (https://zhong-lab-ucsd.
github.io/GIVE_homepage/). We recommend a minimum dis-
play resolution of 1440 × 900 and using a modern web
browser, which supports the HTML5 standard such as Fire-
fox (v90) and Google Chrome (v90) to achieve the best
display.

Pathway analysis
CATA provides 10 choices about pathway databases (KEGG,
Reactome, NetPath, WikiPathways, PANTHER, PID,
HumanCyc, CTD, SMPDB and INO). According to the fol-
lowing formula:

P= 1−
a−1∑
i=0

(
n
i

)(
t−n
z− i

)
(
t
z

)
where t is the number of genes of the entire genome, and z is
the number of genes of interest, of which a gene is involved
in the pathway containing n gene. The calculated P-value is
provided on the result page, along with the relevant genes,
as well as the pathway ID (pathway ID can be clicked into
the detailed pathway information). The false discovery rate
(FDR) method is used to correct for multiple testing. Users
can adjust the number of genes required to be enriched and
set thresholds of P-values or FDRs to control the stringency
of analysis.

Database maintenance
We have a professional database maintenance team that regu-
larly maintains and upgrades the database. At the same time,
for the ever-increasing data, we will regularly add correspond-
ing data to the database every year, such as some new cancer
open data and new annotation data.

Results
Data content
CATA stores 2 991 163 CARs and corresponding regula-
tory annotations for 410 tumor samples across 23 cancer
types (ACC, BLCA, BRCA, CESC, CHOL, COAD, ESCA,
GBM, HNSC, KIRC, KIRP, LGG, LIHC, LUAD, LUSC,
MESO, PCPG, PRAD, SKCM, STAD, TGCT, THCA, UCEC)
and PAN (Figure 1). Annotated data is integrated from
12 databases in CATA, including TCGA, FUNTOM, 1000
genomes, Jaspar and Xena. The annotated data includes
SNPs (38 063729), risk SNPs (264 514), eQTLs (2 886 133),
CNV (9408), SNV (8631), enhancer locations (65 424) and
conserved TFBS (5 797 266) (Figure 2 and Table 2).

User-friendly explorations
CATA provides a user-friendly explanation interface to help
users navigate quickly and easily (Figure 3A). On the left side
of the exploration page, the user has four options to dis-
tinguish between different samples (tissue type, cancer type,
annotation and chromosome) and use these options to fil-
ter the results (Figure 3B). Also, the user can click on ‘Peak

http://xena.ucsc.edu/
https://tcga-data.nci.nih.gov/tcga
https://tcga-data.nci.nih.gov/tcga
http://www.mysql.com
http://tomcat.apache.org/
http://tomcat.apache.org/
https://v4.bootcss.com
https://www.echartsjs.com/
https://www.echartsjs.com/
https://zhong-lab-ucsd.github.io/GIVE_homepage/
https://zhong-lab-ucsd.github.io/GIVE_homepage/
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Figure 1. The percentage of chromatin-accessible region for per cancer type.

ID’ to navigate to the detail page to learn more about CAR
information.

A search interface for retrieving CAR
In the ‘Search’ page, users can get chromatin accessibility data
through four strategies, including ‘Search accessible regions
by cancer type’ (input cancer type), ‘Search accessible regions
by gene’ (input gene of interest, cancer type and strategies),
‘Search accessible regions by TF’ (input TF name of interest
and cancer type) and ‘Search chromatin accessibility region
by genomic scope’ (input cancer type and genomic position)
(Figure 3C). In search accessible regions by cancer type, can-
cer type was used as an input. The output table first displayed
the brief annotation information of CARs ID (Figure 3B).
This table consists of Peak ID, genome location, start, end,
score of CARs, annotation of region, numbers of motif, num-
bers of TFBS, enhancer numbers, CNV, SNP, SNV and tissue
type. The word ‘TFBS’ is used to define a particular sequence
(genetic or artificial), which is a place where factors combine.
The word ‘motif’ is used for binding specific genetic descrip-
tions, which are obtained by aggregating information from
a series of sites. The user gets more annotations according
to the interested Peak ID. The usage method is same as the
usage of ‘Search accessible regions by gene’ and ‘Search acces-
sible regions by gene. In searching accessible regions by gene,
users input interest gene in ‘Gene Symbol’, cancer type in
‘Cancer Type’ and chose one of ‘Strategies/Algorithm’. The
‘Example’ option is an example that was provided by CATA.
After click on the ‘search’, the brief information of interest
gene on the search results is displayed in a table on the result
page (Figure 3D). After clicked in Peak ID, CATA provides a
preview of CARs (Figure 3E), including raw count numbers,
presented by bar plots and some summary information (over-
lap genes, proximal genes, closest genes, genome location,
score of CARs, RNA average FPKM) about the accessible
region of interest gene inaccessible region overview. The y-
axis is the patient ID provided by TCGA in the plot. The

x-axis is the count number that is the raw read count of
ATAC-seq in the Peak ID. Users can search for interest gene
annotation through the UCSC and CATA portals.

In accessible region annotation, annotation CARs informa-
tion of CARs regions is provided in tabular form, including
SNP, motif, CNV, SNV, TFBS, etc. (Figure 3F). Users can also
download related annotation information. Users can choose
three strategies to get gene expression levels in a variety of
tumors, including closest gene, overlap gene and proximal
gene of ‘Peak ID’ (Figure 3H). Users also have the option
to download raw clinical data for analysis (Figure 3G) or
to perform survival analysis online (Figure 3J). What CATA
provides in the survival analysis section is GEPIA’s analy-
sis strategy, linked to GEPIA’s online survival analysis (39).
CATA also provides methylation visualization in 23 can-
cer types (Figure 3K). In upstream TF enrichment, interest
gene binding TF and interacted gene can be obtained directly
(Figure 3I).

Meanwhile, users can only input CAR ID to complete path-
way enrichment online in CATA. CATA also supports the
‘Threshold’ option, allowing users to set different thresholds
to ensure that the pathway enrichment for each user is highly
accurate and suitable. For instance, we input in ‘Peak ID’
and chose related databases. The threshold is set to what-
ever users want. CATA will provide pathway enrichment of
related genes. In addition, users can input the genome location
to analyze the chromatin accessibility of the region. Users
also upload files in the ‘.bed’ format to analyze chromatin
accessibility. CATA will then provide summary information
(CAR ID, genomic location and brief annotation informa-
tion) that correlates with the data uploaded by the user.
In Genome-Browser, CATA implements CAR visualization
using GIVE (Figure 3L). Users can select kinds of cases and
tumor types whatever users want to analyze. In the end,
users can download gene annotation and associated TF on
the ‘Download’ page. CATA provided a download of gene
annotation and associated TF files in the ‘.txt’ format for each
sample.



Database, Vol. 2022, Article ID baab085 5

Figure 2. Database content and construction. CATA provides chromatin-accessible regions of cancer-based on TCGA ATAC-seq data. Genetic and
epigenetic annotations of accessible regions were collected or calculated including common SNPs, eQTLs, risk SNPs, LD SNPs, TFBS, CNV, SNV,
methylation sites and enhancer location. CATA also provides ATAC-seq samples associated with clinical data. CATA integrates multiple functions
including storage, search, download, statistics, visualization, browse and analysis.

Personalized genome browser and data
visualization
CATA deploys genome browser GIVE to visualize the
CARs (Figure 3L). We provide 23 types of cancer and
a total of 796 bigwig files for visualization of tissue

type-specific CARs. Users can enter a region in the navi-
gation bar and load the corresponding track for visualiza-
tion. We divided all the samples into 23 groups in detail
and named the samples according to the TCGA-patient
ID.
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Table 2. Annotate data sources and quantities

DATA types Numbers Source

TFBSs conserved 5 797 266 UCSC
CRISPR/Cas9 target
sites

22 620 266 UCSC

Risk SNPs 264 514 GWASdb and
GWAScatalog

Common SNPs 38 063 729 dbSNP
Motif changes 254 545 586 CATA
Chromatin accessibility
region

2 991 163 TCGA

eQTLs number: 2 886 133 GTEx v5.0, HaploReg
and PancanQTL

Enhancer 65 424 FUNTOM
Copy-number-variation 9408 XENA
Somatic-mutation-
variation

8631 XENA

Online analysis tools and data download
CATA offers two analytical tools, including (i) pathway
downstream analysis, in which users can identify TFs on the
CAR region and further mine upstream regulatory pathways
enriched by these TFs. Users only need to input the PEAK-ID
of interest to perform cell pathway analysis (ii). Associated
Accessible Region analysis, in which users can upload one
or more genomic locations to our web. CATA also supports
the uploading of standard bed files. CATA will then pro-
vide summary information (CAR ID, genomic location and
brief annotation information) that correlates with the data
uploaded by the user.

Besides online analysis, CATA also friendly provides data
downloads. Both CARs data and the information about the
target gene and the TFBS located in the corresponding region
are provided.

Case studies
Users can use a user-friendly explanations interface to quickly
and easily find their interested aspects (Figure 4A) in CATA.
To provide examples about how to use CATA to identify CARs
in cancer, Carbonic anhydrase XII (CA12) and FOXA1 were
used as inputs on the website.

CA12 is a transmembrane, extracellular enzyme and mem-
ber of a family of zinc metalloenzymes that catalyze the
reversible hydration of CO2 to form bicarbonate, regulating
the microenvironment acidity and tumor malignant pheno-
type. In searching accessible regions by gene, we input ‘CA12’
in ‘Gene Symbol’, ‘BRCA’ in ‘Cancer Type’ and ‘Overlap’ in
‘Strategies/Algorithm’. ‘Example’ option is the example that
was provided by CATA (Figure 4B). After click on ‘Start’, the
brief information of CA12 on the search results is displayed
in a table on the result page (Figure 4C). This table consists of
Peak ID, genome location, start, end, score of CARs, annota-
tion of region, numbers of motif, numbers of TFBS, enhancer
numbers, CNV, SNP, SNV and tissue type. We choose one
of the Peak IDs, for example ‘BRCA_159766’. After clicked
in ‘BRCA_159766’, some summary information of accessible
region of CA12 was revealed, including including raw count
numbers presented by bar plots, overlap genes, proximal
genes, closest genes, genome location, score of chromatin-
accessible regions and RNA average FPKM (Figure 4D). We

can search for CA12 CARs through the UCSC and CATA
portals.

In ‘accessible region annotation’, we can get annotation of
the accessible region of CA12, including SNP, motif, CNV,
SNV, TFBS, etc. (Figure 4E). There are three strategies to
analyze gene expression levels in a variety of tumors, includ-
ing closest gene, overlap gene and proximal gene of CA12
(Figure 4F). We found RNA-seq expression of CA12 in breast
cancer was higher than the majority of cancers. Univari-
ate analysis was conducted to explore the relation of CA12
to established prognostic factors and survival. Indeed, P.H.
Watson reported that CA12 is a marker of good prognosis
in invasive breast carcinoma (40). Expression of CA12 was
all significantly related to disease-free survival (Figure 4H),
which could be identified by inputting CA12 in CATA (Search
accessible regions by gene). Meanwhile, the CA12 gene is
under primary transcriptional up-regulation by the estrogen-
occupied ESR1, and that this regulation in breast cancer cells
is mediated by ER action through a distal enhancer that we
have herein characterized (41). GATA3 influences the expres-
sion of CA12 in mediating ESR1 binding by shaping enhancer
accessibility (42). After searching CA12 in ‘Search accessi-
ble regions by gene’, we found the interacting TFs GATA3
and ESR1 by scanning the CARs of CA12 in upstream TF
enrichment (Figure 4G). Meanwhile, CATA provided many
TFs that interacted with CA12, including BRCA, SOX2, E2F1
and MYC. Indeed, these TFs were reported to be associated
with chromatin accessible (43–46), for example, SOX2. TF
SOX2 is a part of the core regulatory network that deter-
mines chromatin accessibility, epigenetic modification and
gene expression patterns in esophageal squamous cell car-
cinoma cell lines (45). All this information provides new
opinions for users to study breast cancer. In Genome-Browser,
CATA implements CARs of CA12 visualization using GIVE
(Figure 4I).

In search region, CATA can also search CARs by inputting
certain transcriptional factor (Supplementary Figure S1A).
For example, in ‘Search accessible regions by TF’, we input
‘FOXA1’ in ‘Motif’, ‘Cancer Type’ in ‘PRAD’ and started
(Supplementary Figure S1B). Then, CARs that FOXA1 pos-
siblly binds were shown in the page. We choose peak ID
‘PRAD_103425’ to get specific information of interested
region and its downstream genes, such as clinical data,
methylation levels, RNA expression levels, survival analy-
sis and other upstream TFs (Supplementary Figure S1C). In
the ‘Upstream Transcription Factor Enrichment’ section, we
can get the TFs bound to the open region bound by FOXA1,
such as ESR1, GATA3, AR and so on (Supplementary Figure
S1D). FOXA1 is a driver factor in the incidence and progres-
sion of prostate cancer (47–49). As a pioneer factor, FOXA1
improves chromatin accessibility for subsequent binding to
lineage-specific TFs such as AR in prostate tissue. The chro-
matin recruited by FOXA1 promotes lost DNA methylation
and existing histone methylation, especially H3K4me1 and
H3K4me2 modifications (50, 51). Therefore, FOXA1 may
affect the binding of AR in this area by affecting the accessi-
bility of chromatin in this area. The following usage is shown
in the above section. In the analysis section, we can upload the
peak IDs we are interested in to conduct channel enrichment
analysis. For example, after we clicked on ‘Example’, clicked
‘Start’ and we got pathway enrichment of upstream TFs. Also,
we inquire whether some genomic regions are accessibile for
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Figure 3. The main function and usage of CATA. (A) The navigation bar of CATA. (B) CATA provides user’s friendly explorations. (C) Users can query
using five methods: ‘Search by Cancer type’, ‘Search by gene’, ‘Search by TF’ and ‘Advanced search by genome location’. (D) The display of search
results. (E) Overview of chromatin-accessible regions. The y -axis is the patient ID provided by TCGA. The x-axis is the count number that is the raw read
count of ATAC-seq in the Peak ID. (F) Interactive table of chromatin-accessible region, related annotation information. (G) The table of clinical data. (H)
The visualization of RNA-expression. (I) Upstream TF enrichment graph. (J) The overall survival and disease-free survival analysis of the interest gene
can be presented in the ‘Survival’ region. Meanwhile, genes with the most significant association with patient survival can be identified. (K) The
visualization of the methylation level. (L) Personalized genome browser-GIVE.
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Figure 4. Validation results associated with CA12 in breast cancer. (A) The navigation bar of CATA. (B) Input and parameters of ‘Search accessible
regions by gene’. (C) The brief annotation information about the detailed genetic information in chromatin-accessible regions of CA12, including SNP,
motif, CNV, SNV, TFBS, etc. The score is a score of chromatin accessibility provided by TCGA. The higher the score, the more open the chromatin. (D) In
accessible region overview, annotation CAR information of CA12 CAR regions including raw count numbers, presented by bar plots and some summary
information (overlap genes, proximal genes, closest genes, genome location, score of chromatin-accessible regions, RNA average FPKM) about the
accessible region of interest gene. The y -axis is the patient ID provided by TCGA. The x-axis is the count number that is the raw read count of ATAC-seq
in the Peak ID. (E) In accessible region annotation, annotation CAR information of CAR regions are provided in tabular form, including SNP, motif, CNV,
SNV, TFBS, etc. (F) The visualization of RNA expression of CA12. (G) Upstream TF enrichment of the CA12 graph. (H) The disease-free survival analysis
of CA12. (I) Visualization of the CA12 chromatin-accessible region.
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chromatin, we could input genomic scope or upload ‘bed’
files.

Discussion
Chromatin accessibility plays a critical role in tumorigene-
sis. In cancer cells, CARs are frequently bound by TFs and
contain much information about genetics. Some database
has already stored chromatin accessibility data, such as
Cistrome, TCGA and ENCODE. They have become useful
data sources for studying chromatin accessibility. Compared
with Cistrome and ENCODE, CATA is a chromatin accessi-
bility database that focuses on cancer and provides extensive
opening region annotation information. Comparedwith other
existing databases, CATA not only stores 2 991 163 CARs
from 23 cancer types but also provides comprehensive annota-
tions about these regions, including common SNPs, risk SNPs,
CNVs, somatic mutations, motif changes, eQTLs, TF binding
regions, methylation, enhancer location and CRISPR/Cas9
target loci. Moreover, CATA supports cancer survival analy-
sis of CAR-associated genes that helps researchers to identify
driver genes.

CATA database mainly includes five user-friendly char-
acteristics: (I) CATA provides four strategies, including
‘Searchaccessible regions by cancer type’ (input cancer type),
‘Search accessible regions by gene’ (input gene of interest,
cancer type and strategies), ‘Search accessible regions by TF’
(input TF name of interest and cancer type) and ‘Search chro-
matin accessibility region by genomic scope’ (input cancer
type and genomic position). (II) CATA has a more user-
friendly ‘Explorations’ page. (III) CATA provides two ana-
lytical tools, including pathway downstream analysis and
associated accessible region analysis. (IV) CATA supports
data download of 23 types of cancers. (V) CATA provides
detailed help documentation to quickly use and understand
the database. In the future versions, we will provide relevant
ChIP-seq data, cancer single-cell ATAC-seq data and practi-
cal analysis tools. This will lead to a better exploration of
tumorigenesis mechanisms and cancer markers.

In summary, CATA is a novel chromatin accessibility
database for cancer that provides a general collection of can-
cer CARs. Especially, CATA provides the most extensive
cancer chromatin accessibility annotation. CATA provides
an easy-to-use database platform for researchers to explore
cancer CARs and detailed features. Our effort to establish
this database was prompted by the great need of researchers
to a comprehensive dataset of cancer-related CARs for their
related genomic location, target genes, TFBS, mutation,
methylation, functions and survival analysis. We expect that
CATA will help researchers to understand cancer more com-
prehensively by providing this information in an integrative
manner.

Supplementary data
Supplementary data are available at Database Online.

Acknowledgements
The authors thank TCGA for sharing their cancer chromatin
accessibility data, Richard A. Young and his colleagues for
sharing the ROSE program with this work, Xiaoyi Cao who

helped them to deploy Give genome-browsers and Zemin
Zhang and his colleagues for sharing GIPIA2 (python pack-
age) to this work.

Funding
This work was supported by grants from the National Nat-
ural Science Foundation of China (81871921), the Natu-
ral Science Foundation of Guangdong Province-Outstanding
Youth Project (2019B151502059) and the Basic & Applied
Basic Research Programs of Guangdong province (2018
KZDXM033).

Conflict of interest
The authors declare that the research was conducted in the
absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Data availability
Publicly available datasets were analyzed in this study. This
data can be found here: http://www.xiejjlab.bio/cata/.

Author contributions
J.Y.Z., H.T.C. and Y.S.L.: study concepts. J.J.X., Q.Y.W. and
X.C.L.: study design. B.Q., R.Y., M.Y., Z.M.Y. and J.Y.Z.:
data acquisition. J.Y.Z., Z.M.Y. and Y.S.L.: quality control
of data and algorithms. X.C.L. and J.Y.Z.: data analysis
and interpretation. M.Y., L.Y.C. and T.S.L.: statistical anal-
ysis. J.J.X., Q.Y.W. and X.C.L.: manuscript preparation. All
authors have reviewed and edited the manuscript.

References
1. Corces,M.R., Granja,J.M., Shams,S. et al. (2018) The chromatin

accessibility landscape of primary human cancers. Science, 362,
eaav1898.

2. Tsompana,M. and Buck,M.J. (2014) Chromatin accessibility: a
window into the genome. Epigenet. Chromatin., 7, 1–16.

3. Klemm,S.L., Shipony,Z. and Greenleaf,W.J. (2019) Chromatin
accessibility and the regulatory epigenome. Nat. Rev. Genet., 20,
207–220.

4. Arbajian,E., Aine,M., Karlsson,A. et al. (2020) Methylation pat-
terns and chromatin accessibility in neuroendocrine lung cancer.
Cancers (Basel), 12, 1–17.

5. Kelso,T.W.R., Porter,D.K., Amaral,M.L. et al. (2017) Chromatin
accessibility underlies synthetic lethality of SWI/SNF subunits in
ARID1A-mutant cancers. eLife, 6, 1–29.

6. Buenrostro,J.D., Wu,B., Chang,H.Y. et al. (2015) ATAC-seq: a
method for assaying chromatin accessibility genome-wide. Curr.
Protoc. Mol. Biol., 2015, 21.29.21–21.29.29.

7. Nagy,P.L. and Price,D.H. (2009) Formaldehyde-assisted isolation
of regulatory elements. Wiley Interdiscip Rev. Syst. Biol. Med., 1,
400–406.

8. Crawford,G.E., Davis,S., Scacheri,P.C. et al. (2006) DNase-
chip: a high-resolution method to identify DNase I hyper-
sensitive sites using tiled microarrays. Nat. Methods, 3,
503–509.

9. Sabo,P.J., Kuehn,M.S., Thurman,R. et al. (2006) Genome-scale
mapping of DNase I sensitivity in vivo using tiling DNA microar-
rays. Nat. Methods, 3, 511–518.

https://academic.oup.com/database/article-lookup/doi/10.1093/database/baab085#supplementary-data
http://www.xiejjlab.bio/cata/


10 Database, Vol. 2022, Article ID baab085

10. Mieczkowski,J., Cook,A., Bowman,S.K. et al. (2016) MNase
titration reveals differences between nucleosome occupancy and
chromatin accessibility. Nat. Commun., 7, 1–11.

11. Mueller,B., Mieczkowski,J., Kundu,S. et al. (2017) Widespread
changes in nucleosome accessibility without changes in nucleo-
some occupancy during a rapid transcriptional induction. Genes
Dev., 31, 451–462.

12. Liu,T., Ortiz,J.A., Taing,L. et al. (2011) Cistrome: an integrative
platform for transcriptional regulation studies. Genome Biol., 12,
R83.

13. Davis,C.A., Hitz,B.C., Sloan,C.A. et al. (2018) The encyclopedia
of DNA elements (ENCODE): data portal update. Nucleic Acids
Res., 46, D794–D801.

14. Andersson,R., Gebhard,C., Miguel-Escalada,I. et al. (2014) An
atlas of active enhancers across human cell types and tissues.
Nature, 507, 455–461.

15. Altshuler,D.M., Durbin,R.M., Abecasis,G.R. et al. (2012) An inte-
grated map of genetic variation from 1,092 human genomes.
Nature, 491, 56–65.

16. Khan,A., Fornes,O., Stigliani,A. et al. (2018) Erratum: JAS-
PAR 2018: update of the open-access database of transcription
factor binding profiles and its web framework (Nucleic Acids
Research (2017) DOI: 10.1093/nar/gkx1126).Nucleic Acids Res.,
46, D1284.

17. Goldman,M.J., Craft,B., Hastie,M. et al. (2020) Visualizing and
interpreting cancer genomics data via the Xena platform. Nat.
Biotechnol., 38, 675–678.

18. Yong Zhang,T.L., Meyer,C.A., Eeckhoute,J. et al. (2008) Model-
based analysis of ChIP-Seq (MACS). Genome Biol., 9, R137.

19. Langmead,B. and Salzberg,S.L. (2012) Fast gapped-read alignment
with Bowtie 2. Nat. Methods, 9, 357–359.

20. Awdeh,A., Turcotte,M. and Perkins,T.J. (2021) WACS: improv-
ing ChIP-seq peak calling by optimally weighting controls. BMC
Bioinform., 22, 69.

21. Quinlan,A.R. and Hall,I.M. (2010) BEDTools: a flexible suite
of utilities for comparing genomic features. Bioinformatics, 26,
841–842.

22. Karolchik,D., Baertsch,R., Diekhans,M. et al. (2003) The UCSC
genome browser database. Nucleic Acids Res., 31, 51–54.

23. Grant,C.E., Bailey,T.L. andNoble,W.S. (2011) FIMO: scanning for
occurrences of a given motif. Bioinformatics, 27, 1017–1018.

24. Ran,F.A., Hsu,P.D., Wright,J. et al. (2013) Genome engineering
using the CRISPR-Cas9 system. Nat Protoc, 8, 2281–2308.

25. Haeussler,M., Schönig,K., Eckert,H. et al. (2016) Evaluation of
off-target and on-target scoring algorithms and integration into the
guide RNA selection tool CRISPOR. Genome Biol., 17, 1–12.

26. Lovén,J., Hoke,H.A., Lin,C.Y. et al. (2013) Selective inhibition
of tumor oncogenes by disruption of super-enhancers. Cell, 153,
320–334.

27. Sherry,S.T. (2001) dbSNP: the NCBI database of genetic variation.
Nucleic Acids Res., 29, 308–311.

28. Danecek,P., Auton,A., Abecasis,G. et al. (2011) The variant call
format and VCFtools. Bioinformatics, 27, 2156–2158.

29. Purcell,S., Neale,B., Todd-Brown,K. et al. (2007) PLINK: a tool
set for whole-genome association and population-based linkage
analyses. Am. J. Hum. Genet., 81, 559–575.

30. Welter,D., MacArthur,J., Morales,J. et al. (2014) The NHGRI
GWAS catalog, a curated resource of SNP-trait associations.
Nucleic Acids Res., 42, 1001–1006.

31. Li,M.J., Liu,Z., Wang,P. et al. (2016) GWASdb v2: an update
database for human genetic variants identified by genome-wide
association studies. Nucleic Acids Res., 44, D869–D876.

32. Matys,V. (2006) TRANSFAC(R) and its module TRANSCom-
pel(R): transcriptional gene regulation in eukaryotes. Nucleic
Acids Res., 34, D108–D110.

33. Zuo,C., Shin,S. and Keles,S. (2015) atSNP: transcription factor
binding affinity testing for regulatory SNP detection. Bioinformat-
ics, 31, 3353–3355.

34. Carithers,L.J. and Moore,H.M. (2015) The genotype-tissue
expression (GTEx) project. Biopreserv Biobank, 13, 307–308.

35. Ward,L.D. and Kellis,M. (2012) HaploReg: a resource for explor-
ing chromatin states, conservation, and regulatory motif alter-
ations within sets of genetically linked variants.Nucleic Acids Res.,
40, 930–934.

36. Gong,J., Mei,S., Liu,C. et al. (2018) PancanQTL: systematic iden-
tification of cis -eQTLs and trans -eQTLs in 33 cancer types.
Nucleic Acids Res., 46, D971–D976.

37. Li,D., Mei,H., Shen,Y. et al. (2018) ECharts: a declarative frame-
work for rapid construction of web-based visualization. Visual
Inform., 2, 136–146.

38. Cao,X., Yan,Z., Wu,Q. et al. (2018) GIVE: portable genome
browsers for personal websites. Genome Biol., 19, 1–8.

39. Tang,Z., Li,C., Kang,B. et al. (2017) GEPIA: a web server for can-
cer and normal gene expression profiling and interactive analyses.
Nucleic Acids Res., 45, W98–w102.

40. Watson,P.H., Chia,S.K., Wykoff,C.C. et al. (2003) Carbonic anhy-
drase XII is a marker of good prognosis in invasive breast carci-
noma. Br. J. Cancer, 88, 1065–1070.

41. Barnett,D.H., Sheng,S., Charn,T.H. et al. (2008) Estrogen receptor
regulation of carbonic anhydrase XII through a distal enhancer in
breast cancer. Cancer Res., 68, 3505–3515.

42. Theodorou,V., Stark,R., Menon,S. et al. (2013) GATA3 acts
upstream of FOXA1 in mediating ESR1 binding by shaping
enhancer accessibility. Genome Res., 23, 12–22.

43. Guo,R., Chen,J., Mitchell,D.L. et al. (2011) GCN5 and E2F1 stim-
ulate nucleotide excision repair by promoting H3K9 acetylation at
sites of damage. Nucleic Acids Res., 39, 1390–1397.

44. Hu,Y.F., Hao,Z.L. and Li,R. (1999) Chromatin remodeling and
activation of chromosomal DNA replication by an acidic tran-
scriptional activation domain from BRCA1. Genes Dev., 13,
637–642.

45. Jiang,Y.Y., Jiang,Y., Li,C.Q. et al. (2020) TP63, SOX2, and KLF5
establish a core regulatory circuitry that controls epigenetic and
transcription patterns in esophageal squamous cell carcinoma cell
lines. Gastroenterology, 159, 1311–1327.e1319.

46. Nepon-Sixt,B.S., Bryant,V.L. and Alexandrow,M.G. (2019) Myc-
driven chromatin accessibility regulates Cdc45 assembly into
CMG helicases. Commun. Biol., 2, 110.

47. Sahu,B., Laakso,M., Ovaska,K. et al. (2011) Dual role of FoxA1 in
androgen receptor binding to chromatin, androgen signalling and
prostate cancer. EMBO J., 30, 3962–3976.

48. Gerhardt,J., Montani,M., Wild,P. et al. (2012) FOXA1 promotes
tumor progression in prostate cancer and represents a novel hall-
mark of castration-resistant prostate cancer. Am. J. Pathol., 180,
848–861.

49. Teng,M., Zhou,S., Cai,C. et al. (2021) Pioneer of prostate can-
cer: past, present and the future of FOXA1. Protein Cell, 12,
29–38.

50. Lupien,M., Eeckhoute,J., Meyer,C.A. et al. (2008) FoxA1 trans-
lates epigenetic signatures into enhancer-driven lineage-specific
transcription. Cell, 132, 958–970.

51. Sérandour,A.A., Avner,S., Percevault,F. et al. (2011) Epigenetic
switch involved in activation of pioneer factor FOXA1-dependent
enhancers. Genome Res., 21, 555–565.


	 Introduction
	 Materials and methods
	 The collection of chromatin-accessible regions
	 Chromatin accessibility region annotation
	 Enhancer collection
	 TF-related data
	 CRISPR/Cas9 target sites
	 Gene annotation
	 Common SNPs/linkage disequilibrium SNPs/Risk SNPs
	 Motif changes
	 TCGA series data
	 EQTL
	 System design and implementation
	 Pathway analysis
	 Database maintenance

	 Results
	 Data content
	 User-friendly explorations
	 A search interface for retrieving CAR
	 Personalized genome browser and data visualization
	 Online analysis tools and data download
	 Case studies

	 Discussion
	 Data availability

