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A B S T R A C T   

Transcription factors (TFs) are major contributors to gene transcription, especially in controlling cell-specific 
gene expression and disease occurrence and development. Uncovering the relationship between TFs and their 
target genes is critical to understanding the mechanism of action of TFs. With the development of high- 
throughput sequencing techniques, a large amount of TF-related data has accumulated, which can be used to 
identify their target genes. In this study, we developed TFTG (Transcription Factor and Target Genes) database 
(http://tf.liclab.net/TFTG), which aimed to provide a large number of available human TF-target gene resources 
by multiple strategies, besides performing a comprehensive functional and epigenetic annotations and regulatory 
analyses of TFs. We identified extensive available TF-target genes by collecting and processing TF-associated 
ChIP-seq datasets, perturbation RNA-seq datasets and motifs. We also obtained experimentally confirmed re
lationships between TF and target genes from available resources. Overall, the target genes of TFs were obtained 
through integrating the relevant data of various TFs as well as fourteen identification strategies. Meanwhile, 
TFTG was embedded with user-friendly search, analysis, browsing, downloading and visualization functions. 
TFTG is designed to be a convenient resource for exploring human TF-target gene regulations, which will be 
useful for most users in the TF and gene expression regulation research.   

1. Introduction 

Transcriptional regulation serves as a pivotal mechanism in dictating 
the gene expression within organisms [1,2]. Serving as cellular markers, 

transcription factors (TFs) directly interpret the genome and interact 
with transcription co-factors (TcoFs) to bind DNA sequences regulate 
gene expression [3–5]. With the development of high-throughput 
sequencing technology, a large amount of TFs and TF-related data 
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(such as ChIP-seq data) has been accumulated, which can be used for 
identifying the TF binding sites (TFBS) on the whole genome and con
structing transcriptional regulatory network. These networks are crucial 
in synchronizing the spatial and temporal expression patterns of genes 
[6,7]. The existing methods for identifying TF-target genes are classified 
into four categories: (I) The ChIP-seq for TFs in special cellular contexts 
can be used for identifying cell-type-specific TF-target genes using 
software such as BETA [8]. (II) Motif scanning can predict TF binding 
sites on the whole genome using software such as FIMO [9]. (III) The 
differential expressed genes obtained from RNA-seq data before and 
after perturbing TF are usually considered as TF-target genes at the 
expression level [10]. (IV) The accurate TF-target genes can be 
confirmed using low-throughput experiments. Furthermore, the previ
ous studies focused on TF binding information in promoter regions [11, 
12]. Increasing evidence showed that TFs could also regulate genes by 
binding to distal regulatory elements, including enhancers, 
super-enhancers (SEs) and chromatin accessibility regions [13,14]. For 
example, typical enhancer and SE could cause the tissue-specific tran
scription of genes in liver metastatic colorectal cancer (CRC) tumors. 
FOXA2 and HNF1A, as the affirmed liver-specific TFs, could mediate 
unique enhancer changes and activate a set of liver-specific genes in 
hepatic metastatic CRC cells which leads to CRC liver metastasis [15]. 
Overall, the identification of TF-target genes based on distal regulatory 
element has received an increasing attention. 

Some TF-related resources have been developed to provide TF-target 
genes based on different strategies, Among these, the CistromeDB [16] 
and hTFtarget [17] databases store human TF-target genes obtained by 
the ChIP-seq datasets using the BETA method. The KnockTF [18] data
base identifies TF-target genes using perturbation RNA-seq data of TFs. 
TRRUST [19] provides validated TF-target genes interactions through 
manual curation from the literature. MotifMap [20] predicts TF-target 

genes based on TF motif profiles. These databases can help researchers 
obtain information on TF-target genes of interest. However, none of 
them combine multiple methods to balance comprehensiveness and 
accuracy. More importantly, most resources focus on the proximal 
regulation of TFs by binding to promoter regions, while ignoring distal 
regulatory mechanisms through DNA regulatory elements such as SEs 
and enhancers. Hence, many potential target genes are missed. Until 
now, a relatively comprehensive database to describe TF-target genes 
has not been available. As a large amount of data associated with TFs 
and DNA regulatory elements has accumulated, the comprehensive 
function annotations of TFs and target genes to facilitate further 
dissection of the regulatory mechanisms of TFs has become an urgent 
need. Therefore, it is highly necessary to construct a fully integrated 
TF-target genes resource and provide the associated regulatory analyses 
and annotations of TFs. 

To address these needs, we developed the TFTG database platform 
(http://tf.liclab.net/TFTG), which aimed to document broadly TF-target 
gene resources combining multiple strategies and provide extensive 
annotations and analysis. The current version of TFTG integrates 11,056 
human TF ChIP-seq datasets with more than 700 tissues/cell types, 414 
TF perturbation RNA-seq datasets involving about 200 tissues/cell 
types, 7966 TF-target regulations from more than 5000 published 
studies and more than 3000 DNA binding motifs for 805 TFs. Further
more, we collected the most comprehensive DNA regulatory regions, 
including promoters, super enhancers, typical enhancers, silencers and 
chromatin accessibility regions, to identify TF-target genes in distal 
regulation. In particular, TFTG also focused on TF-related annotation 
information, including TF-associated pathways, Gene Ontology (GO) 
terms, cancer hallmarks, expression and disease information. Besides the 
three query modes, TFTG embedded four analyses for TF regulation, 
including TF gene set enrichment, TF downstream regulatory analysis, 

Fig. 1. Database content and construction. TFTG has plenty of TF-related data, functional and epigenetic annotations for TFs and multiple functions including 
browse, search, analysis, and download. 
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gene upstream regulatory analysis and pathway enrichment analysis. 
TFTG was a relatively comprehensive human TF-target gene database 
that integrated multiple functions of annotation, storage, browsing, 
search and analysis (Fig. 1). Overall, TFTG will be helpful for elucidating 
TF regulation and gene expression and exploring potential biological 
mechanisms. 

2. Materials and methods 

2.1. TF-related data 

The list for human TFs was obtained from AnimalTFDB 3.0 [21] 
(Fig. 1 middle-bottom panel). To comprehensively annotate TF-target 
genes, we curated a large number of TF associated data that can be 
used for identification of TF-target genes. 

TF ChIP-seq data. The TF ChIP-seq datasets involving a large number 
of human tissue/cell types were collected from five public sources, 
including ENCODE [22], Cistrome [16], Remap [23], ChIP-Atlas [24] 
and GTRD [25] (Fig. 1 middle-bottom panel). All ChIP-seq datasets were 
further deduplicated by manual screening according to the unique 
GEO/SRA ID to avoid duplication (Supplementary Materials). For the 
uniformity of genome version, peaks from ChIP-seq were converted to 
the hg38 genome using the liftOver tool of UCSC [26] (http://genome. 
ucsc.edu/cgi-bin/hgLiftOver). Finally, 11,056 datasets were collected 
and processed, involving 1043 TFs and 743 tissue/cell types. 

TF perturbation RNA-seq data. All TF perturbation RNA-seq data were 
collected from the KnockTF database developed by our group (Fig. 1 
middle-bottom panel). KnockTF curated these datasets from NCBI GEO 
[27] and ENCODE [22] using a list of keywords, such as ‘knockout’, 
‘knockdown’, ‘siRNA’, ‘shRNA’ and ‘CRISPR’. We further traversed the 
title, summary and protocol of preliminary screening results to ensure 
data quality. Overall, we collected 414 perturbation RNA-seq datasets of 
219 TFs involving 187 tissues/cell types. 

TF Motif profile data. The motif of TF was also used to identify TF- 
target genes. As a result, we obtained > 3000 DNA binding motifs 
from the TRANSFAC [28] and MEME suite [29,30] deriving from the 
following five sources: JASPAR CORE 2020 vertebrates [31], 
Jolma2013 [32], Homeodomain [33], UniPROBE [34] and Wei2010 
[35] (Fig. 1 middle-bottom panel). Finally, we collected 805 TFs. 

Literature-supported TF-target pairs. Literature-supported TF-target 
genes are generally considered the gold standard dataset. Thus, we also 
collected literature-supported TF-target pairs from TRRUST [19], which 
contained 7966 TF-target relationships from 5256 published studies 
(Fig. 1 middle-bottom panel). Some of TF-target relationships also 
indicated the activation or repression. 

2.2. Regulatory element data 

TFTG not only focused on the promoter regions but also contained 
the distal regulatory regions to explore TF-target genes comprehen
sively, thus providing a better understanding for the research on the 
function and regulatory mechanism of TFs. The DNA regulatory ele
ments used in TFTG included promoters, super-enhancers (SEs), en
hancers, silencers and accessible chromatin regions. 

Promoter regions. Promoters are DNA sequences located upstream of 
the 5′ end of structural genes that activate RNA polymerase to bind to 
template DNA accurately and have specificity for transcription initia
tion. We defined promoter regions as 2 kb upstream and 2 kb down
stream of the transcription start sites (TSSs) of genes, which were 
collected from GENCODE [36] (Fig. 1 bottom left panel). 

Enhancers. Enhancers can be occupied by a large number of TFs to 
enhance the transcription of genes, which play important role in bio
logical processes. We comprehensively curated the resources provided 
in the existing enhancer database, including EnhancerAtlas [37], 
FAMTOM5 [38], HANCER [39], EnhancerDB [40], DENdb [41], SEdb 
[42] and ENdb [43] (Fig. 1 bottom left panel). Finally, 27,468,231 

enhancer regions from 2459 tissues/cell types were collected. 
Super-enhancers. Super-enhancers are a large cluster of transcrip

tionally active enhancers that are richer in enhancer-associated chro
matin features and have a greater ability to control and define cell- 
specific gene expression than enhancers. We obtained SE regions from 
SEdb [42] database developed by our group. Briefly, we curated 
H3K27ac ChIP-seq raw data from Roadmap [44], ENCODE [22], NCBI 
GEO/SRA [27,45] and Genomics of Gene Regulation Project (GGR) 
[22]. We identified 331,551 SE regions involving 542 tissues/cell types 
using the streamlined pipeline of Bowtie-MACS14-ROSE [46–48]. In 
addition, we also downloaded SEs from other projects including SEA 
[49], ENdb [43] and dbSuper [50] (Fig. 1 bottom left panel). At last, we 
collected 4335,093 SEs. 

Silencers. Silencer is a special sequence in a eukaryotic gene that 
remotely regulates the promoter to slow down transcription. We 
collected 3558,081 silencers for 201 tissues/cell types from SilencerDB 
[51] (Fig. 1 bottom left panel). 

Accessible chromatin regions. Accessible chromatin regions are a 
highly informative structural feature for identifying regulatory ele
ments, which provides a large amount of information about transcrip
tional activity and gene regulatory mechanisms. More than 2200 
publicly available human ATAC-seq samples were manually curated 
from NCBI GEO/SRA [27,45] by ATACdb [52] developed by us (Fig. 1 
bottom left panel). After filtering and running Bowtie2-MACS2 [46,53] 
52,078,883 accessible chromatin regions were identified covering 1400 
tissues/cell types. 

2.3. Identification of TF-target relationships 

TFTG employed a variety of strategies to identify TF-target genes so 
as to provide more evidence of the regulation between TFs and target 
genes and their regulatory mechanisms. We divided all the TF-target 
genes resources into 4 categories (ChIP-seq_class, Perturbation_class, 
Motif_class and Curate_class) and 14 sub-categories based on the 
different identification strategies (Supplementary Materials and Fig. S1). 

TF-targets based on TF ChIP-seq data (ChIP-seq_class). The ChIP-seq 
category was divided into seven sub-categories as follows: (I) For TF 
peaks, we measured the potential power for the TF-target regulations 
using the BETA [8] method. The beta-model score was calculated based 
on the number of peaks within a certain range and the distance between 
the peak and TSS; (II) We used a Python script geneMapper.py from 
ROSE [47] to annotate downstream target genes for TFs. This script 
provided the closest, proximal and overlapping genes for TFs according 
to the genomic distance; (III) A gene was considered as TF-target when 
the peaks of this TF overlapped with the gene promoter region. The 
overlapping information was calculated using BEDTools [54] software; 
(IV-VII) Numerous studies showed that TFs could regulate target genes 
through corresponding regulatory elements. Thus, we first used ROSE 
geneMapper.py [47] to annotate downstream target genes of these 
regulatory elements. Then, we identified TF-target genes when the 
gene-associated SEs, enhancers, silencers or accessible chromatin re
gions were occupied by TF binding sites in matched tissues/cell types. 

TF-targets based on motif scanning (Motif_class). The motif category 
was divided into five sub-categories according to the types of DNA 
regulatory elements with TF motif occurrence. We used FIMO [9] soft
ware of the MEME suite [29] to perform motif scanning. We took the 
TF-targets as these genes associated with promoters, SEs, enhancers, 
silencers or accessible chromatin regions with TF motif occurrence. 

Perturbation (Perturbation_class). These genes with expression 
changes observed after interfering with TF are generally considered to 
be TF-target genes. We mapped Ensembl IDs to gene symbols with re
gard to each gene expression profile and deleted genes with zero values 
in all control or case samples. Then the raw expression values of gene 
expression profiles were processed by Log2 transformation. We further 
computed fold change (FC) for each gene. For datasets with more than 
three samples, The R package limma-voom was used to compute the 
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statistical significance of differential expression. We extracted differ
entially expressed genes under the threshold of FC ≥ 3/2 or FC ≤ 2/3 as 
TF-target genes. In the end, we obtained 902,693 TF-target pairs. 

Curation (Curate_class). We collected literature-supported TF-target 
regulations from more than 5000 published studies from TRRUST [19]. 
TRRUST first manually collected Medline abstracts. Then, it used a 
method named sentence-based text_mining to extract text sentences that 
might be related to transcriptional regulation, which were finally sub
jected to manual curation to gain TF-target genes. 

2.4. Annotations of TFs 

To better understand biological functions of TFs, TFTG not only 
provides the comprehensive TF-target genes but also more functional 
annotation information on TFs, including TF-associated GO terms, 
pathways, cancer hallmarks, expression and disease information from 
multiple-sources. Specifically, we collected the expression profiles of 
TFs from ENCODE [22], TCGA [55], CCLE [56] and GTEX [57], 
including 31 cell types, 33 cancers types, 41 sample types and 30 tissue 
types, respectively (Fig. 1 bottom right panel). Meanwhile, the experi
mentally supported human TF-related diseases were derived from GAD 
[58] and DisGeNET [59] involving 7353 TF-disease pairs (Fig. 1 bottom 
right panel). We integrated 2881 pathways and their components from 
10 databases, including KEGG, Reactome, NetPath, WikiPathways, 
PANTHER, PID, CTD, SMPDB, HumanCyc and INOH [60–62] (Fig. 1 
bottom right panel). In addition, we obtained 33 cancer hallmarks from 
Hanahan and Weinberg (2011) [63] and 31 GO terms from the GO 
database [64] (Fig. 1 bottom right panel). 

In addition to the functional annotations of TFs, the abundant 
epigenetic annotations for TF binding regions were also displayed in 
TFTG, which aimed to mine the deeper functions of TFs, including 
promoters, SEs, enhancers, silencers and accessible chromatin. The 
BEDTools software was used to annotate the corresponding information 
for TFs and displayed details of the epigenetic annotation using inter
active tables. 

3. Database use and access 

3.1. A search interface for retrieving TFs 

TFTG provides multi-type query modes to facilitate the users to 
query TF-target genes flexibly. The users can determine the scope of TF- 
target genes through ‘Search by TF’, ‘Search by target gene’ and ’Search 
by genomic region’ (Fig. 2A and B). In ‘Search by TF’, the users can 
search TF-target genes by inputting the TF name. After submitting, the 
users can obtain the detailed information of on the input TF, including 
TF overview, TF target gene network, table of TF-target genes, detailed 
regulatory information of TF-targets, TF expression, disease information 
and annotation of TF (Fig. 2C). In the table of TF-target genes, TFTG 
provides 14 identification methods (C_SE, C_TE, C_ATAC, C_Silencer, 
C_Promoter, C_BETA, C_Genemapper, Perturbation, Curate, M_SE, M_TE, 
M_ATAC, M_Silencer and M_Promoter) and a weighted score among TF- 
target genes. In addition, the users can click gene names to view details 
about this gene (Fig. 2D). TFTG displays gene information and TFs that 
regulate this gene in different tissues/cell lines by different methods. 
The users can also click Sample ID in ‘detailed regulatory information of 
TF-targets’ module to view the details of the TF ChIP-seq sample 
(Fig. 2E). TFTG displays sample overview, detailed target genes infor
mation in this TF ChIP-seq sample and peak annotation visualization 
using ChIPseeker [65]. 

In the ‘Search by target gene’ mode, the users can select one of 14 
methods, set a weight threshold and input a gene name of interest to 
search for TFs that regulate this gene. The weights are calculated by 
counting the number of methods that determine the regulatory rela
tionship of TFs to target genes. Then, TFTG returns the detailed infor
mation of these TFs in the result table. In the ‘Search by genomic region’ 

mode, with the input of a genomic region and selection of a method, 
TFTG returns the details of all TF-target genes associated with the input 
region in the result table. 

3.2. A user-friendly browsing interface 

The ‘Browse’ page is an interactive and alphanumerically sorted 
table that allows the users to quickly search for TFs with custom filters 
for ‘TF Family’, ‘TF Class’ and ‘TF Name’ (Fig. 2F). The users can use the 
‘Show entries’ drop-down menu to change the number of records per 
page. They can click the ‘TF’ button to further view the detailed infor
mation for TFs. 

3.3. Online analysis tools 

TFTG designs four types of analyses for the TF-target network to 
elucidate the regulatory mechanisms and function of TF (Fig. 2G). (I) TF 
gene set enrichment analysis. With the input of the gene set of interest, 
TFTG returns the list of TFs that are significantly enriched based on 
target genes using the hypergeometric test. TFTG also provides various 
parameters to facilitate the users to filter the results, including TF-target 
genes identification method, the P-value/FDR, number of gene and 
sample of interest. (II) TF downstream regulatory analysis. By inputting 
TFs of interest and selecting specificity or non-specificity network, TFTG 
provides the regulatory network visualizations of these TFs and targets. 
The node properties in this network are also displayed in a table for 
insight into interactions. (III) Gene upstream regulatory analysis. By 
inputting genes of interest, the users can visualize the regulatory 
network formed by these genes and associated TFs. (IV) Pathway 
enrichment analysis. The users can select at least one pathway source and 
input a gene set of interest, TFTG returns the significantly enriched 
pathways. The significance P-values were calculated using the hyper
geometric test. In the result table, the terminal TFs of the pathway and 
their target genes are displayed. 

3.4. Data download 

TFTG provides a convenient and flexible download function for TF- 
related files, including ‘TF information’, ‘TF ChIP-seq data informa
tion’, ‘TF perturbation RNA-seq data information’, ‘TF ChIP-seq or 
perturbation RNA-seq sample’ and ‘TF downstream target gene of 
different methods’ (Fig. 2H). Meanwhile, the database provides batch 
download for all TF-target genes identified by different methods. In 
addition, TFTG supports to export all result tables in search and analysis 
results. 

3.5. Case study 

Case study of ATF3. As a key TF in atherosclerosis, the expression 
level of ATF3 is correlated with the stability of atherosclerotic plaques 
[66]. We took TF ATF3 as the input of ‘Search by TF’ to illustrate the 
function of TFTG. In the returned results page, the user was first be 
presented with an overview of ATF3 and a visualization of the target 
gene regulatory network (Fig. 3A). 

TFTG also provides a table for downstream target genes of ATF3. 
This table includes 14 columns representing 14 methods for identifying 
TF-target genes. The last column of the table is the weight for each TF- 
target gene based on the number of methods, with higher weights 
indicating the relationship identified by more methods (‘√’ means 
identified by the current method) (Fig. 3B). In the results of ATF3 target 
genes, the highest weight is 8. Furthermore, after the removal of ATF3 
target genes confirmed by Curate_class (Literature-supported TF-target 
genes) from TRRUST. We compared our results with TRRUST and 
hTFtarget, respectively. The Venn diagram shows that all 16 ATF3 target 
genes from TRRUST completely overlap with TFTG and 9 are intersect 
with hTFtarget.(Fig. 3C) We further verified the weight distribution of 
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Fig. 2. Main functions and usage of TFTG. (A) Navigation bar of TFTG. (B) Three available inquiry modes. (C) Search results including TF overview, ESR1 target gene 
network, downstream target genes of ESR1, detailed information of ESR1 targets, expression of ESR1, disease information of ESR1 and annotation of ESR1. (D) Gene 
information and detailed regulation information by TFs under different methods and different tissues/cell lines. (E) Interactive table with detailed information about 
ChIP-seq samples of interest and visualization of peak annotation. (F) Browsing TFs. (G) Four online analysis tools for TF targets. (H) Data download. 

X. Zhou et al.                                                                                                                                                                                                                                    



Computational and Structural Biotechnology Journal 23 (2024) 1877–1885

1882

Fig. 3. Verification results of ATF3. (A) ATF3 overview and ATF3 target gene network. (B) Downstream target genes of ATF3. (C) Proportion of Curate_class target 
genes under different weights. (D) AUROC curves of ATF3, ESR1, AR, MYC and TP53. (E) Detailed information of ATF3 targets, disease information of ATF3 and 
annotation of ATF3. 
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the 16 ATF3 target genes from TRRUST in TFTG and the results indi
cated that 15 out of the 16 ATF3 target genes have high weights in TFTG. 
(Fig. 3D) Importantly, all target genes with a weight of 8 were confirmed 
by the Curate_class method, including CD82 which is associated with 
blood pressure proved by GWAS and GEO analyses [67]. Next, we 
further checked the target genes with the high weight that were not 
confirmed by Curate_class. Among these, we found a large number of 
atherosclerosis-related genes, such as ZEB1, XYLB, BACH1 and so forth. 
Type H vessel formation is reduced with endothelial ZEB1 deletion and 
XYLB plays a significant role in anti-hypertension [68,69]. While the 
transcriptional network formed by BACH1 and YAP is crucial for 
vascular inflammation and atherosclerosis [70]. 

TFTG also provide upstream regulatory information, function 
annotation and disease information for TFs to help researchers explore 
their regulatory mechanisms. In ‘Detailed regulatory information of 
ATF3 targets’, we further verified that ATF3 could promote the 
expression of PHGDH, PSAT1 and PSPH by binding to their enhancers/ 
promoters [71] (Fig. 3E). The results suggested that the TFTG could 
assign TF to distal target genes. The aforementioned results indicated 
that TFTG could be used to find comprehensive TF-target genes and 
further understand their regulatory mechanisms. 

Case study of breast cancer. We also provided a case study of online 
analysis to better display the analysis ability of TFTG. First, we obtained 
743 differential expressed genes of breast cancer from GEPIA [72] with 
log2FC≥ 2 or log2FC≤ − 2. Then, we put these genes into ‘TF gene set 
enrichment’ analysis. The parameters were set as follows: ‘Method: All, 
Threshold: P-value < 0.05, GeneNumber: Min: 10 and Max: 300, Bio
sample name: MCF7′. The analysis result page sequentially displayed the 
TFs that are significantly enriched in 14 TF-target identification 
methods (Fig. S2A and Table S1). In the result of ‘C_Promoter’ method, 
FOXM1 was identified as the top enriched TF (Fig. S2B), which played a 
significant role in the proliferation, invasion, metastasis and chemo
resistance of breast cancer [73]. After clicking ‘FOXM1′, the detailed 
information and function annotations of FOXM1 were shown in the 
detail page (Fig. S2C). It is worth noting that as the target gene of 
FOXM1, the transcriptional activity of YAP1 was increased by FOXM1 
which leading to cell proliferation, clonal formation and migration ca
pacity in triple-negative breast cancer [74]. In addition, several evi
dence confirmed that FOXM1 was associated with breast cancer in the 
‘Disease Information of FOXM1′ module. Meanwhile, TF ESR1 which 
could encode protein ERα was also significantly enriched in method 
‘C_TE’ (Fig. S2B), indicating that ERα played an important role in the 
occurrence and development of breast cancer through the distal regu
lation of enhancers. After clicking the ‘ESR1′, the detailed page showed 
that the targets of ERα included the gene ESR1. This result was consis
tent with previous findings [75]. Furthermore, as the most significantly 
enriched TF in ‘M_TE’ (Fig. S2B), PAX5 was found to be a marker for 
breast cancer diagnosis and treatment strategy design [76]. Given the 
importance of FOXM1, ESR1 and PAX5 in breast cancer, the value of 
TFTG was indicated. 

4. System design and implementation 

The current version of TFTG was developed using MySQL 5.7.17 
(http://www.mysql.com) and runs on a Linux-based Apache Web server 
(http://www.apache.org). SpringBoot (https://spring.io/projects/sp 
ring-boot) was used for server-side scripting. The interactive interface 
was designed and built using Bootstrap v3.3.7 (https://v3.bootcss.com) 
and JQuery v2.1.1 (http://jquery. com). ECharts (https://www.echar 
tsjs.com/) and Highcharts (https://www.highcharts.com.cn/) were 
used as a graphical visualization framework. We recommend to use a 
modern web browser that supports the HTML5 standard, such as Firefox, 
Google Chrome, Safari, Opera or IE 9.0 + for the best display. 

5. Discussion 

The study of TFs has made rapid progress and is one of the most in- 
depth research fields [77]. The identification of TF-target regulatory 
relationships is pivotal for understanding the mechanisms of disease 
development and biological processes [78]. It is critical to unravel the 
complexity of various biological processes by understanding the gene 
regulatory networks and the identification of the TF-target regulatory 
relationships is the first step in constructing a gene regulatory network 
[79]. Some databases have investigated the potential regulatory inter
action between TFs and their targets. For instance, CistromeDB [16], 
hTFtarget [17], KnockTF [18], TRRUST [19] and MotifMap [20] data
bases have already counted and stored TF-target genes. However, the 
integration of multiple TF-related data and methods to provide 
comprehensive TF-target genes resources is still lacking. Meanwhile, the 
epigenetic and functional annotations of TFs are just as important for 
researchers. Based on the above need and the continuous accumulation 
of a large amount of available data, we developed TFTG to offer rela
tively extensive available human TF-target genes, abundant annotations 
and useful analyses for TFs. In brief, TFTG is an available database 
integrating various resources to provide relatively comprehensive in 
investigating TF-target regulations in humans. 

As we can see, TFTG is a resource focused on providing target genes 
for TFs and user-friendly interface to search, browse, analyze and 
visualize information about TF-target genes. Meanwhile, TFTG has 
abundant functional and epigenetic annotations for TFs and useful 
analysis tools. Compared TFTG with other TF-target gene databases, 
Table S2 displays multiple advantages, including (i) The target genes of 
TFs were identified by fourteen methods through integrating the rele
vant data of various TFs (TF ChIP-seq data, TF perturbation RNA-seq 
data and TF Motif profile data); (ii) TFs binding to promoters, en
hancers, super-enhancers (SEs), silencers and accessible chromatin re
gions were simultaneously considered, with strong tissue/cell 
specificity; (iii) We provided comprehensive functional and epigenetic 
annotations in TFBS; (iv) We provided useful online analysis tools, (v) 
three search methods to access TF-target genes and (vi) user-friendly 
browsing of TFs. 

The current version of TFTG not only processed a large amount of TF- 
related data (ChIP-seq data, perturbation RNA-seq data, TF motif pro
files and literature-supported TF-target genes) and offered the most 
comprehensive TF-target resources, but also provided the functional 
annotations (pathway, GO terms, cancer hallmarks, expression and 
disease information) of TFs and epigenetic annotations (promoters, SEs, 
enhancers, silencers and accessible chromatin) for TF binding regions 
from multiple-sources. In future version, TFTG will cover more 
comprehensive TFs. Taking into account the impact of ChIP-Seq peak 
strength, perturbation response fold-change and motif binding strength 
on the recognition of target genes by TFs. We will assign different 
weights to the methods of TF-target gene identification and employ 
better TF-target gene identification strategies. We will also expand the 
range of species and further add annotation information and practical 
analysis functions. Overall, the TFTG database aims to provide a valu
able resource for the scientific community to explore gene expression 
and transcriptional regulation in human diseases and biological 
processes. 
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[30] Saint-André V, Federation AJ, Lin CY, Abraham BJ, Reddy J, Lee TI, Bradner JE, 
Young RA. Models of human core transcriptional regulatory circuitries. Genome 
Res 2016;26:385–96. 

[31] Fornes O, Castro-Mondragon JA, Khan A, van der Lee R, Zhang X, Richmond PA, 
Modi BP, Correard S, Gheorghe M, Baranašić D, et al. JASPAR 2020: update of the 
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