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ABSTRACT

The abnormal transcriptional regulation of non-
coding RNAs (ncRNAs) and protein-coding genes
(PCGs) is contributed to various biological pro-
cesses and linked with human diseases, but the un-
derlying mechanisms remain elusive. In this study,
we developed ChIPBase v2.0 (http://rna.sysu.edu.
cn/chipbase/) to explore the transcriptional regula-
tory networks of ncRNAs and PCGs. ChIPBase v2.0
has been expanded with ∼10 200 curated ChIP-seq
datasets, which represent about 20 times expansion
when comparing to the previous released version.
We identified thousands of binding motif matrices
and their binding sites from ChIP-seq data of DNA-
binding proteins and predicted millions of transcrip-
tional regulatory relationships between transcription
factors (TFs) and genes. We constructed ‘Regula-
tor’ module to predict hundreds of TFs and histone
modifications that were involved in or affected tran-
scription of ncRNAs and PCGs. Moreover, we built
a web-based tool, Co-Expression, to explore the co-
expression patterns between DNA-binding proteins
and various types of genes by integrating the gene
expression profiles of ∼10 000 tumor samples and
∼9100 normal tissues and cell lines. ChIPBase also
provides a ChIP-Function tool and a genome browser
to predict functions of diverse genes and visualize
various ChIP-seq data. This study will greatly expand
our understanding of the transcriptional regulations
of ncRNAs and PCGs.

INTRODUCTION

Eukaryotic genomes encode thousands of protein-coding
genes (PCGs) and non-coding RNAs (ncRNAs), such as

microRNAs (miRNAs), long non-coding RNAs (lncR-
NAs), small nucleolar RNAs (snoRNAs) and pseudogenes
(1–6). The dysregulation of these RNA molecules have been
shown to contribute to developmental, physiological and
pathological processes (5,7). However, how the majority of
PCGs and ncRNA genes are transcriptionally regulated re-
mains unknown.

The expression or transcription of genes is mainly gov-
erned by the specificity of transcription factors (TFs). In-
creasing evidences suggest that transcriptional regulatory
circuitries involving in ncRNAs and TFs play important
roles in controlling cellular differentiation, proliferation
and embryonic stem (ES) cell identity (8–10). For exam-
ple, miRNAs have been connected to the core transcrip-
tional regulatory circuitry of ES cells that maintains ES cell
identity (8). Interactions of dozens of lncRNAs and ES cell
TFs control pluripotency and differentiation (9). However,
deciphering the interactions between hundreds of TFs and
thousands of PCGs and ncRNAs remain a daunting chal-
lenge.

Recent advances in chromatin immunoprecipitation fol-
lowed by sequencing (ChIP-seq) have provided powerful
ways to identify genome-wide profiling of DNA-binding
proteins and histone modifications (11–13). The application
of ChIP-seq methods has reliably discovered TF binding
sites and histone modification sites (11–13). In fact, many
more studies to date have been focused on understanding
the transcriptional regulations of TF-PCG. We and others
have used ChIP-seq data of some TFs to characterize tran-
scriptional regulation of lncRNAs and miRNAs (8,9,14).
However, with ChIP-seq technologies have been broadly
used to identify the binding sites of thousands of TFs, tran-
scription cofactors (TCFs) and chromatin-remodeling fac-
tors (CRFs), there is a great need to integrate these large-
scale datasets to explore the transcriptional regulatory net-
works of diverse ncRNAs and PCGs and their roles in the
human diseases.
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Figure 1. System overview of ChIPBase v2.0 core framework. All results generated by ChIPBase v2.0 are deposited in MySQL relational databases and
displayed in the visual browser and web page.

In ChIPBase v2.0, we integrated a large number of ChIP-
seq peak datasets of trans-acting factors, including TFs,
TCFs, CRFs, other DNA-binding proteins and histone
modifications (Figure 1) to discover the interaction maps
between trans-acting factors and various types of RNAs.
Furthermore, by importing expression profiles of thousands
of tumor samples from TCGA project, ChIPBase v2.0 can
be used to illustrate the clinically relevant interactions be-
tween TFs and RNA molecules. With the integration of
more than 10 000 ChIP-seq datasets from 10 species, ChIP-
Base v2.0 is expected to help the researchers to investi-
gate the potential transcriptional regulatory mechanisms of
ncRNAs and PCGs.

MATERIALS AND METHODS

Integration and exploration of public ChIP-seq datasets

We manually collected ∼10 200 peak datasets generated
from ChIP-seq, ChIP-exo and MNChIP-seq. All our peak
datasets were curated from NCBI GEO database (15), EN-
CODE project (16), modENCODE project (17,18) and
NIH Roadmap Epigenomics Project (19) (Tables 1 and 2).
These peak datasets were converted to the corresponding
latest genome version by using liftOver tool (20), and the
peaks that failed to be converted were discarded.

We calculated genome-wide experiment density of the
binding sites of trans-acting factors by merging all their cor-

responding peak data and represented them as bigWig for-
mat files deposited in our genome browser (21). We de novo
identified motifs of DNA-binding proteins and their corre-
sponding peak regions by using HOMER program (22).

Integration of genome sequences, gene annotation sets and
other metadata of 10 species

We downloaded genome sequences and annotation sets of
10 species (human, mouse, rat, chicken, Xenopus tropicalis,
zebrafish, worm, fly, yeast and Arabidopsis thaliana) from
UCSC genome browser, GENCODE project (23) and En-
sembl database (24) (Supplementary Table S1). Annota-
tions of miRNA primary transcripts were downloaded from
the latest version of miRbase (25) (release 21) and con-
verted to their corresponding latest genome version by us-
ing liftOver (20) (Supplementary Table S1). In addition, an-
notations of lncRNAs of chicken (galGal4), worm (ce10)
and X. tropicalis (xenTro3) were obtained from our deep-
Base v2.0 (26).

To analyze transcriptional regulatory networks of ncR-
NAs and PCGs in 10 species, we extracted and classified
genes into lncRNA, miRNA, other ncRNA and PCGs from
their gene annotation sets according to gene biotypes de-
fined by Ensembl (24). We also curated some metadata to
ensure the annotation consistency and accuracy, including
refSeq accessions, gene ontology (GO) terms and classifica-
tion of DNA-binding proteins (15,20,24,27).
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Table 1. The library statistics of ChIP-seq datasets in ChIPBase v2.0

Species Total library TF library TCF library CRF library Other library Histone library

human 5803 2498 433 192 214 2466
mouse 2500 1036 209 72 89 1094
worm 852 428 67 18 310 15
fruitfly 838 186 82 54 183 347
A.thaliana 54 51 / / / 3
yeast 52 52 / / / /
rat 44 15 2 5 1 21
zebrafish 32 10 / / / 22
X. tropicalis 30 14 / / / 16
chicken 11 10 / / / 1

Library statistics indicating the numbers of sample library (ChIP-seq, ChIP-exo and MNChIP-seq), including TFs, TCFs, CRFs, other DNA-binding protein (other) and histone
modifications (histone) in 10 species.

Table 2. The statistics of trans-acting factors in ChIPBase v2.0

Species Total TF TCF CRF Other Histone

human 711 480 51 43 89 48
mouse 302 189 22 18 42 31
worm 151 68 6 6 67 4
fruitfly 162 60 6 8 56 32
A.thaliana 29 26 / / / 3
yeast 15 15 / / / /
rat 20 7 1 3 1 8
zebrafish 11 7 / / / 4
X. tropicalis 8 4 / / / 4
chicken 5 4 / / / 1

This statistics indicating the numbers of TFs, TCFs, CRFs, other DNA-binding protein (other) and histone modifications (histone) in 10 species.

Selection of examined transcriptional regulatory domains of
ncRNA genes and PCGs

DNA-binding proteins like TFs might not almost exclu-
sively bind at proximal promoters of ncRNA genes or
PCGs, many of them can bind to enhancers region which
can be up to tens of kb away from the genes and can be
upstream or downstream from the transcription start sites
(TSSs) (28–30). More than half of the observed binding
events occurred on protein coding genes are distally bind-
ing (28). Similar to DNA-binding proteins, histone mod-
ifications both can occurred at promoter regions and en-
hancer regions (31–34). Therefore, we chose a 30-kb region
upstream and 10-kb region downstream from TSSs as the
examined regulatory domains of ncRNA genes and PCGs.
Five-kb upstream region and 1-kb downstream region of
each ncRNA and PCG were generally chosen as their pro-
moter region (28). Then we intersected ChIP-seq peak re-
gions of TFs with these regulatory domains to identify tran-
scriptional regulatory relationships of TF-ncRNA and TF-
PCG. The similar strategy was also applied to the identifi-
cation of histone modification marks that occurred at up-
stream or downstream of ncRNAs and PCGs.

Development of co-expression patterns between TFs and var-
ious genes

Public gene expression data of RNA-seq and miRNA-seq
were downloaded from UCSC Xena project (http://xena.
ucsc.edu/) and EBI Expression Atlas (35), including ∼9900
miRNA-seq and ∼10 000 RNA-seq data of 32 carcinomas
derived from TCGA project (36) and ∼7800 RNA-seq data
of 31 normal tissues derived from GTEx project (37) in hu-
man (Table 3). All expression data were normalized with
log2 (FPKM + 0.001) for RNA-seq or log2 (RPM + 0.001)
for miRNA-seq.

Co-expression patterns between DNA-binding proteins
and ncRNAs or PCGs were determined by Pearson cor-
relation coefficient (Pearson’ r) and P-value in t-test (stu-
dent test). We visualized these expression data with scatter
plots accompanied with regression lines, boxplots and his-
tograms.

Construction of a web-based ChIP-Function tool and ChIP-
Base genome browser

Public GO terms data were downloaded from the Ensembl
database (24). The genes did not have any GO terms were
discarded. We used a hypergeometric test with false dis-
covery rate (FDR) correction to determine the enrichment
analysis of GO for TFs, TCFs, CRFs and other DNA-
binding proteins.

To visualize our various ChIP-seq datasets, we used
Jbrowse (38), which was a fast and embeddable genome
browser built completely with JavaScript and HTML5, to
construct the ChIPBase genome browser. We integrated all
of our curated peak data, identified motifs data and calcu-
lated genome-wide experiment density of trans-acting fac-
tors and then displayed them in ChIPBase genome browser.

DATABASE CONTENT AND WEB INTERFACE

The comprehensive annotation and identification of transcrip-
tional regulatory relationships of TF-ncRNA and TF-PCG

To investigate transcriptional regulatory networks and his-
tone modification marks of ncRNAs and PCGs, we chose
an examined transcriptional regulatory domain (from −30
to 10 kb away from TSSs) for these genes (see the ‘Ma-
terials and Methods’ section for details). On our website,
we provided five web-based modules, including ‘LncRNA’,
‘miRNA’, ‘OtherNcRNA’, ‘Protein’ and ‘Regulator’, to ex-
plore transcriptional regulatory relationships. In the first

http://xena.ucsc.edu/
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Table 3. The statistics of RNA-seq and miRNA-seq expression data used in ChIPBase v2.0

Species Project name Diseases or studies Samples

human TCGA Pan-Cancer (PANCAN, RNA-seq) 32 10 359
human TCGA Pan-Cancer (PANCAN, miRNA-seq) 32 9966
human Genotype-Tissue Expression (GTEx) project 31 7834
human RNA-seq from the CCLE 20 780
human RIKEN FANTOM5 project (human) 2 76
human 32 different tissues of human 1 32
mouse RIKEN FANTOM5 project (mouse tissue) 10 156
mouse RIKEN FANTOM5 project (mouse cell lines) 1 35
mouse RNA-seq of mouse DBA/2J x C57BL/6J tissues 1 6
mouse Individual-Th single cell RNA-Seq 1 91
rat Strand-specific RNA-seq of nine rat tissues 3 27
worm Developmental Stages, modENCODE 1 17
chicken Strand-specific RNA-seq of nine chicken tissues 1 9
chicken RNA-seq of poly-A enriched total RNA of tissue samples from chicken 1 5
X. tropicalis RNA-seq of poly-A enriched total RNA of tissue samples from frog 1 5
A. Thaliana RNA-seq during Arabidopsis meristem development from day 7 to 16 after germination 1 10
A. Thaliana RNA-seq of coding RNA of Arabidopsis seedlings from 19 natural accessions 1 19
A. Thaliana Transcriptomes for hybrids (F1s) between 18 Arabidopsis thaliana parents 1 9

This table contained the data sources and sample numbers of RNA-seq and miRNA-seq across seven species.

four modules, users can flexibly narrow or expand the reg-
ulatory domain or choose any items interested them to get
the relationships of TF-gene, such as different cell lines, dif-
ferent experiments and whether there were any regions con-
taining observed TF-binding motifs within the examined
regulatory domains.

The Regulator module was developed to find the trans-
acting factors bound upstream or downstream ncRNAs
and PCGs. On the webpage of Regulator, users can search
their interested genes to get how many TFs were bound
around the promotor or enhancer regions of them. In hu-
man, we totally annotated and identified ∼4 658 040 tran-
scriptional regulatory relationships of TF-ncRNA, includ-
ing ∼2 147 760 TF-lncRNA and ∼273 760 TF-miRNA, as
well as ∼3 438 820 TF-PCG (Supplementary Table S2).

De novo identification of binding motifs of DNA-binding pro-
teins

As we all know, short DNA sequence motifs are impor-
tant cis-regulatory elements recognized by DNA-binding
proteins (e.g. TFs) (39–41), and are critical for elucidating
transcriptional regulation of genes (41). We de novo identi-
fied ∼6200 motifs of DNA-binding proteins in different cell
types, tissues and conditions across 10 species (Supplemen-
tary Table S3). All the identified position weight matrices
(PWMs) and visualized motif logos of DNA-binding pro-
teins are deposited at the web-based module named Mo-
tif. We also applied these motifs data to the annotation
and identification of transcriptional regulatory relation-
ships of TF-ncRNA and TF-PCG. These data have been
integrated into most of the web-based modules and tools of
our database, which will facilitate the analysis on transcrip-
tional regulatory networks.

The co-expression patterns between DNA-binding proteins
and ncRNA genes

We developed a web-based tool named Co-Expression to
explore the co-expression patterns between DNA-binding
proteins and ncRNA genes or any two genes (see the ‘Mate-
rials and Methods’ section for details). The Co-Expression
can estimate the transcriptional relationships between TFs

and their transcriptionally regulated genes. For example,
miR-194-2 and miR-192 were both demonstrated to be
upregulated by HNF1A and downregulated by TGFB1
(42,43), and their co-expression patterns drawn by our
database also matched these correlations (Figure 2). In ad-
dition, CCAT1, a long non-coding RNA highly expressed
in colon cancer, was found to be activated by MYC (44–
46). In our database, the co-expression patterns of MYC-
CCAT1 also showed a strong positive correlation in both
colon adenocarcinoma and rectum adenocarcinoma (Sup-
plementary Figure S1).

The Co-Expression also can be used to explore the tran-
scriptional cooperativity between different TFs. For in-
stance, YY1 bound with CTCF and formed a transcription
complex around the genomic imprinting region (47,48), and
we found that the co-expression patterns of CTCF and YY1
in our database were positively correlated in 32 cancer types
(Supplementary Table S4).

Web interface of web-based modules and tools developed to
the identification and exploration of transcriptional regula-
tion of ncRNAs and PCGs

ChIPBase v2.0 consists of nine web-based modules and
tools. The LncRNA, miRNA, OtherNcRNA, Protein and
Regualtor modules are mainly developed to investigate the
transcriptional regulation of ncRNAs and PCGs, while the
Motif module is aimed to study the binding motifs of DNA-
binding proteins. The ChIP-Function tool can be used to
predict the functions of DNA-binding proteins. Addition-
ally, the Co-Expression tool and ChIPBase browser assist
users in exploring the co-expression patterns of TFs and
various genes and visualizing various ChIP-seq data respec-
tively.

Our database provides with multiple selectors and pa-
rameters to analyze the transcriptional regulatory relation-
ships of TF-gene for all web-based modules and tools. In
the most of these web-based modules and tools, there are
some common selectors and parameters like ‘Clade’, ‘Or-
ganism’, ‘Assembly’, ‘Factors’, ‘Experiment’, ‘Upstream’,
‘Downstream’ and ‘Motif ’. Users can use the ‘Clade’, ‘Or-
ganism’ and ‘Assembly’ selectors to choose the interested
organism and use the ‘Factor’ and ‘Experiment’ selectors
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HNF1A vs. hsa-mir-194-2, 447 samples (TCGA STAD), Pearson's r= 0.7861, p-value= 5.04e-95
Data Source: ChIPBase v2.0 project

Regression line (y = 0.7125x + 10.4344)
HNF1A vs. hsa-mir-194-2 (r = 0.7861, p-value = 5.04e-95)
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HNF1A vs. hsa-mir-192, 447 samples (TCGA STAD), Pearson's r= 0.7674, p-value= 6.04e-88
Data Source: ChIPBase v2.0 project

Regression line (y = 0.7431x + 12.4372)
HNF1A vs. hsa-mir-192 (r = 0.7674, p-value = 6.04e-88)
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TGFB1 vs. hsa-mir-194-2, 194 samples (TCGA ESCA), Pearson's r= -0.7176, p-value= 5.41e-32
Data Source: ChIPBase v2.0 project

Regression line (y = -1.9407x + 19.2476)
TGFB1 vs. hsa-mir-194-2 (r = -0.7176, p-value = 5.41e-32)
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Data Source: ChIPBase v2.0 project

Regression line (y = -1.9374x + 21.1104)
TGFB1 vs. hsa-mir-192 (r = -0.7051, p-value = 1.77e-30)
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Figure 2. The co-expression patterns of HIF1A-miR194-2/192 and TGFB1-miR194-2/192 in stomach adenocarcinoma and esophageal carcinoma re-
spectively. The dots in blue represent tumor samples, while the ones in purple represent normal samples. (A) The co-expression pattern of HIF1A-miR194-2
in 447 samples. (B) The co-expression pattern of HIF1A-miR192 in 447 samples. (C) The co-expression pattern of TGFB1-miR194-2 in 194 samples. (D)
The co-expression pattern of TGFB1-miR192 in 194 samples.

to limit the research to the designated TF and treatment.
The ‘Upstream’ and ‘Downstream’ parameters are used to
narrow or expand the examined transcriptional regulatory
domain of the selected TFs, while the ‘Motif ’ selector is al-
lowed users to restrict their analysis on the binding sites
containing identified TF-binding motif of selected TFs.

Four web-based modules, LncRNA, miRNA, OtherN-
cRNA and Protein, shares the similar selectors mentioned
above (Supplementary Figure S2). In the other module

named Regulator, users can input a gene that they are inter-
ested in and analyzed results with some common selectors
and a new selector called ‘Type of regulators’. Users also
can filter the results by multiple query criteria (Supplemen-
tary Figure S3).

On the webpage of Motif, users can choose TFs to browse
their binding motifs in different cell types, tissues and con-
ditions. All the identified results are displayed as PWMs,
motif logos and their genomic binding regions, which esti-
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Figure 3. The binding patterns of YY1, CTCF, PORL2A, H3K4me3 and H3K4me1 across FIRRE gene in ChIPBase genome browser. The experiment
density tracks of YY1, CTCF, PORL2A, H3K4me3 and H3K4me1 have the similar peak distribution across the FIRRE gene.

mated by P-value, percentage of targets and backgrounds,
comparisons with known motifs and similar identification
results (Supplementary Figure S4).

On the Co-Expression, users can choose the examined
study or project (e.g. TCGA Pan-Cancer project) and in-
put two genes in the input boxes, then click ‘Submit’ but-
ton to retrieve the query co-expression results (Figure 2 and
Supplementary Figure S5). Another web-based tool, ChIP-
Function, applies the GO enrichment analysis to predict
the functions of TFs and other DNA-binding proteins from
their transcriptional targets. In this web-based tool, there
are two more parameters on the query page, ‘Adjusted P-
value’ and ‘GO domain’ (Supplementary Figure S6).

Visualization of genomic binding features around ncRNAs
and PCGs with ChIPBase genome browser

We developed ChIPBase genome browser that is built on
JBrowse to facilitate visualization of the various ChIP-seq
datasets and exploration of TF binding sites (Figure 3). In
the main page of the browser, users can query one inter-
ested gene name or genomic region in the ‘Position/Search
Term’ and select corresponding genome assembly to obtain
an integrated view of various genomic features. Users can

click the ‘+’ or ‘−’ button at the top to shrink or extend
on the center of the annotation tracks window. Users can
add tracks by clicking ‘Select Tracks’ button located in the
upper-left corner and choose different types of ChIP-seq
datasets.

With our genome browser, users can explore some new
transcriptional features of genes. For example, the exper-
iment density track of YY1, which was involved in re-
pressing and activating diverse genes (49,50), showed that
it discontinuously bound across the entire gene body and
promoter region of FIRRE gene. Interestingly, the exper-
iment density tracks of CTCF, POLR2A, H3K4me3 and
H3K4me1 shared the similar binding patterns with YY1
(Figure 3).

DISCUSSION AND CONCLUSIONS

By integrating a large set of TF binding sites and their bind-
ing motifs derived from ChIP-seq methods and public re-
sources, ChIPBase v2.0 reveals extensive and complex tran-
scriptional regulatory network maps of ncRNAs and PCGs
across 10 species.

The current resources for studying the transcriptional
regulation of ncNRAs, including TransmiR (51) and Cir-
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cuitsDB (52), only collected a limited amount of computa-
tionally predicted or experimentally supported data of TF-
miRNA interactions. Compared with these resources and
our previous release version (ChIPBase v1.0) (14), the ad-
vances and improvements of ChIPBase v2.0 are as listed
follow: (i) ChIPBase v2.0 has been expanded with a large
number of ChIP-seq datasets (20 times expansion), which
covered thousands of TFs, TCFs, CRFs and histone modi-
fications. (ii) ChIPBase v2.0 provides comprehensive anno-
tations of transcriptional regulation of ncRNAs and PCGs
by connecting TFs and their binding motifs to these RNA
molecules. (iii) ChIPBase v2.0 allows researchers to get the
available TFs that bound upstream and downstream their
interested genes with web-based Regulator module. (iv)
ChIPBase v2.0 provides genomic coordinates and PWMs
of identified TF binding motifs across different cell types,
tissues and conditions. These data will facilitate computa-
tional or experimental biologists to correlate their results.
(v) ChIPBase v2.0 integrates a huge number of RNA-seq
and miRNA-seq data across seven species and allows re-
searchers to explore the co-expression relationships of TF-
ncRNA and TF-PCG. (vi) ChIPBase v2.0 also can be used
to explore the functions of TFs by performing GO analysis
on their transcriptional targets. These enriched GO terms
may provide valuable insights into the regulatory role and
function of each TF. Overall, we have provided a variety of
information and web interfaces to facilitate exploration of
TF-ncRNA and TF-PCG interaction maps.

FUTURE DIRECTIONS

As the ChIP-seq technology has been applied to more and
more DNA-binding proteins, cell types, tissues and condi-
tions, there will be more and more ChIP-seq data in the fu-
ture. We have developed an automatic pipeline that to au-
tomatically analyze ChIP-seq datasets, and then integrate
these data into our local database. We will continually main-
tain and plan to update the database every two months.
ChIPBase will continue to improve the computer server
performance for storing and analyzing these new incoming
data and dedicate to developing tools to decode the tran-
scriptional regulatory networks of ncRNAs and PCGs.

AVAILABILITY

ChIPBase v2.0 is freely available at http://rna.sysu.edu.cn/
chipbase/. All the data files in ChIPBase can be downloaded
and used in accordance with the GNU Public License and
the license of primary data sources.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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