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Abstract 

Transcription factors (TFs), transcription co-factors (TcoFs) and their target genes perform essential functions in diseases and biological 
processes. Knoc kTF 2.0 ( ht tp://www.licpathw a y.net/ KnockTF/ index.html ) aims to provide comprehensive gene expression profile datasets 
before / af ter T(co)F knoc kdown / knoc kout across multiple tissue / cell types of different species. Compared with Knoc kTF 1.0, Knoc kTF 2.0 has 
the f ollo wing impro v ements: (i) Ne wly added T(co)F knockdo wn / knock out datasets in mice, Arabidopsis thaliana and Zea ma y s and also an 
expanded scale of datasets in humans. Currently, KnockTF 2.0 stores 1468 manually curated RNA-seq and microarray datasets associated 
with 612 TFs and 172 TcoFs disrupted by different knoc kdown / knoc kout tec hniques, whic h are 2.5 times larger than those of KnockTF 1.0. 
(ii) Newly added (epi)genetic annotations for T(co)F target genes in humans and mice, such as super-enhancers, common SNPs, methylation 
sites and chromatin interactions. (iii) Newly embedded and updated search and analysis tools, including T(co)F Enrichment (GSEA), Pathw a y 
Do wnstream Analy sis and Search b y Target Gene (BLAS T). KnockTF 2.0 is a comprehensiv e update of Knoc kTF 1.0, whic h provides more T(co)F 
knoc kdown / knoc kout datasets and (epi)genetic annotations across multiple species than Knoc kTF 1.0. Knoc kTF 2.0 facilitates not only the iden- 
tification of functional T(co)Fs and target genes but also the in v estigation of their roles in the ph y siological and pathological processes. 
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Introduction 

The complex transcriptional regulation is a fundamental pro-
cess in establishing and maintaining biological systems ( 1 ).
The major regulators of the transcriptional regulation pro-
grams are transcription factors (TFs) and transcription co-
factors (TcoFs) ( 2 ). TFs are DNA-binding proteins that rec-
ognize their TF binding sites (TFBSs) located in cis -regulatory
regions (promoters, enhancers and super-enhancers) of target
genes ( 3 ). The binding of TFs to these regulatory regions di-
rectly controls the regulation of their target gene expression,
thereby affecting almost all biological processes ( 4 ). TcoFs are
proteins that are not DNA-binding in the context of tran-
scriptional regulation, but are involved in interacting with TFs
( 5 ). Meanwhile, the chromatin features within T(co)F-bound
cis -regulatory regions, such as SNP, expression quantitative
trait locus (eQTL), chromatin interaction, chromatin accessi-
bility and DNA methylation are synergistic to supervise gene
transcription ( 6 ). Thus, effective identification and compre-
hensive (epi)genetic annotation for TFs, TcoFs and their target
genes are crucial for investigating T(co)F functions and gene
expression regulation. 

Chromatin immunoprecipitation coupled with high-
throughput sequencing (ChIP-seq) technique and gene
expression profile analysis technique before and after T(co)F
knockdown or knockout have been used for experimentally
identifying T(co)Fs bound to specific locations in the genome
and exploring T(co)F functions. Based on these techniques,
an increasing number of databases have been developed
to systematically identify and annotate TFs or TcoFs. For
example, AnimalTFDB is an animal TF and TcoF database
that classifies and annotates genome-wide TFs and TcoFs
( 7 ). JASPAR is an open-access database containing manually
curated, nonredundant TF-binding profiles ( 8 ). PlantTFDB
is a plant TF database including well-annotated TFs for
165 plant species ( 9 ). In addition, GenomeCRISPR collects
CRISPR / Cas9 screening datasets in human cell lines and en-
ables users to explore the behavior of genes ( 10 ). CRISP-view
is a database of CRISPR- or RNAi-based genetic screening
spanning various phenotypes, including in vitro and in vivo
cell proliferation or viability, immunotherapy response, virus
infection and protein expression ( 11 ). We developed KnockTF
1.0 in 2019 to provide a large number of available resources 
for human gene expression profile datasets associated with 

TF knockdown and knockout and annotate TFs and their 
target genes in a tissue / cell type-specific manner ( 12 ). 

In the recent 3 years, abundant ChIP-seq data 
and RNA-seq / microarray data before / after T(co)F 

knockdown / knockout were newly released to decode specific 
functional properties and gene regulatory networks. More- 
over, T(co)F knockdown / knockout experiments in mice can 

reveal the gene regulatory mechanism in various tissues such 

as the heart and brain ( 13 ). The TF knockdown / knockout 
data in Arabidopsis thaliana and Zea mays have been gen- 
erated to model plant disease resistance and contribute to 

exploring and understanding of plant gene function, disease 
onset and drug target discovery ( 14 ,15 ). KnockTF 1.0 is 
insufficient to meet the needs of T(co)F investigation in 

multiple species. A central challenge is storing, process- 
ing and evaluating T(co)F knockdown / knockout datasets 
spanning multiple tissue / cell types of different species and in 

a standardized manner, where users can gain new biological 
insights through data mining. Thus, we developed KnockTF 

2.0 ( http://www .licpathway .net/KnockTF/index.html ), an 

updated and significantly expanded database, to provide 
more T(co)F knockdown / knockout datasets and analysis 
functions for dissecting the transcriptional regulatory cues in 

humans, mice, A. thaliana and Z. mays (Figure 1 ). Specifically,
KnockTF 2.0 stores 1468 manually curated RNA-seq and 

microarray datasets associated with 612 TFs and 172 TcoFs 
disrupted by different knockdown / knockout techniques and 

across multiple tissue / cell types of different species ( ∼2.5 

times larger than that of KnockTF 1.0). Compared with 

KnockTF 1.0, KnockTF 2.0 newly supported 304 TFs and 

172 TcoFs ( ∼2 times larger than that of KnockTF 1.0),
greatly enhancing the ability and coverage for investigating 
T(co)F-related transcription regulation. Besides the expanded 

T(co)F knockdown / knockout datasets, KnockTF 2.0 added 

the detailed and abundant (epi)genetic annotation infor- 
mation for T(co)F target genes, including super-enhancers,
enhancers, TFBSs, common SNPs, risk SNPs, linkage dise- 
quilibrium (LD) SNPs, eQTLs, methylation sites, DNase I 
hypersensitivity sites (DHSs), chromatin interactions, chro- 
matin accessibility regions, CRISPR / Cas9 target sites and 
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Figure 1. Database content and construction. KnockTF 2.0 provides a large number of manually curated T(co)F knockdo wn / knock out datasets in 
humans, mice, A. thaliana and Z. ma y s . Detailed and abundant (epi)genetic annotation information for TF target genes can be collected, including 
super-enhancers, enhancers, TFBSs, common SNPs, risk SNPs, CRISPR / Cas9 target sites and so forth. KnockTF 2.0 contains a variety of functions to 
browse, search, analyze, and download T(co)F knoc kdown / knoc kout datasets. 

topologically associating domains (TADs), in humans and 

mice. These annotations deepen our understanding of the 
multidimensional regulatory mechanism of the binding of 
T(co)Fs to their target genes. 

TFs, TcoFs and their target genes can constitute a complex 

transcriptional regulatory network, which is worthy of in- 
depth discussion and research. In recent years, the regulatory 
network model mediated by TFs or TcoFs has been largely 
revealed by enrichment analysis methods or algorithmic tech- 

niques. Several popular prediction algorithms have been de- 
veloped, such as MARGE ( 16 ), BART ( 17 ), Lisa ( 18 ) and 

ANANSE ( 19 ), which perform precise TF enrichment in dif- 
ferent dimensions by collecting TF target genes, constructing 
gene reverse engineering networks and integrating epigenetic 
data. These algorithms and ideas of integrating multi-omics 
data to accurately predict TFs prompted us to perform the 
enrichment analysis of T(co)F target genes and transcriptional 
regulatory network analysis. Therefore, we added a new anal- 
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Table 1. KnockTF 2.0 data content compared with KnockTF 1.0 

Function type Data type / specific function KnockTF 1.0 KnockTF 2.0 Fold increase 

Interaction table Species Humans Humans, Mice, Arabidopsis 
thaliana , Zea mays 

4 

Dataset 570 1468 ∼2.5 
TF 308 612 ∼2 
TcoF 0 172 New 

Annotation Super-enhancer 331 601 1 717 744 ∼5 
Enhancer 14 867 092 79 709 120 ∼5 
Common SNP No Yes New 

Risk SNP No Yes New 

LD SNP No Yes New 

eQTL No Yes New 

Methylation site No Yes New 

CRISPR No Yes New 

Chromatin accessibility No Yes New 

Chromatin interaction region No Yes New 

DHS No Yes New 

TAD No Yes New 

TF ChIP-seq Yes Yes –
TF motif Yes Yes –

Analysis function T(co)F Enrichment (GSEA) No Yes New 

Pathway Downstream Analysis No Yes New 

Subnetwork Analysis Yes Yes –
T(co)F Enrichment Yes Yes –

Search function Search by Target Gene (BLAST) No Yes New 

Search by T(co)F Yes Yes –
Search by Target Gene Yes Yes –
Search by Knock-Method Yes Yes –
Search by Tissue Type Yes Yes –

ysis function ‘T(co)F Enrichment (GSEA)’ to the KnockTF 2.0 

database. We also added new analysis and search functions 
‘Pathway Downstream Analysis’ and ‘Search by Target Gene 
(BLAST)’ for better use of the database (Table 1 ). Overall, 
KnockTF 2.0 is a user-friendly platform for exploring T(co)F 

functions and the expression and (epi)genetic annotations of 
their target genes, which may help detect gene expression and 

transcriptional regulation in complex diseases and biological 
processes and provide valuable data resources for scientific 
research. 

Data expansion and preprocessing 

T(co)F knoc kdown / knoc kout datasets 

A significant data improvement from KnockTF 1.0 to 

KnockTF 2.0 is the increase in multispecies data. Currently, 
KnockTF 2.0 contains 344 T(co)F knockdown / knockout 
datasets in mice, 37 datasets in A. thaliana and 1 dataset in Z. 
mays , and also extended 1086 T(co)F knockdown / knockout 
datasets in humans. The T(co)F knockdown / knockout 
datasets in KnockTF 2.0 are 2.5 times larger than those in 

KnockTF 1.0. The datasets correspond to 612 TFs and 172 

TcoFs, which are about 2 times larger than those in KnockTF 

1.0. Specifically, raw knockdown and knockout data were col- 
lected from NCBI GEO / SRA ( 20 ) using keywords ‘knock- 
down’, ‘knockout’, ‘shRNA ’, ‘siRNA ’ and ‘CRISPR’. The col- 
lected results were manually reviewed by reading the title, 
summary and overall design of each GSE series and the de- 
tailed protocol of each GSM sample. After a careful man- 
ual review, the identified knockdown and knockout data 
were matched against the TF / TcoF lists from AnimalTFDB 

( 7 ), T coFBase ( 21 ), T coF-DB ( 22 ) and PlantTFDB ( 9 ). The 
matched T(co)F knockdown and knockout data were man- 

ually checked to confirm whether they met the following cri- 
teria: (i) Each dataset contained the same GSE series and GPL 

platform. (ii) The same TF or TcoF was perturbed using a cer- 
tain knockdown or knockout technique for each dataset. (iii) 
Each dataset was processed in a particular kind of tissue / cell 
type of the same species. (iv) Each dataset contained both 

before and after knockdown / knockout samples. Data that 
met these criteria were filtered and organized into one T(co)F 

knockdown / knockout dataset. The whole process was manu- 
ally checked by at least two researchers to ensure high quality. 
As a result, 821 new T(co)F knockdown / knockout datasets 
were collected from the NCBI GEO / SRA database ( 20 ), con- 
taining 487 T(co)Fs from 626 series and 109 platforms. Some 
of the data were collected from the ENCODE database ( 23 ). 
By screening for knockdown / knockout techniques and tar- 
get categories, 77 new T(co)F knockdown / knockout datasets 
were collected, each subject to one knockdown or knock- 
out technique for a particular human tissue / cell type. Gene 
expression profiles and gene quantification files were down- 
loaded from the GEO and ENCODE databases, respec- 
tively. Statistical significances for differential expression were 
calculated using fold change (FC) and limma ( 24 ), as for 
KnockTF 1.0. 

Genetic and epigenetic annotations 

We emphatically expanded the detailed and abundant 
(epi)genetic annotation information for TF target genes to bet- 
ter decipher gene expression programs regulated by TFs or 
TcoFs in the T(co)F knockdown / knockout datasets (Supple- 
mentary Table S1). All these genetic and epigenetic annota- 
tions could help better understand the regulatory mechanism 

of TFs and TcoFs. 
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Enhancers and super-enhancers 
KnockTF 2.0 significantly added mouse enhancer and super- 
enhancer sets and extended the scale of human enhancer and 

super-enhancer sets. Specifically, 1 167 518 super-enhancers 
from 1739 human H3K27ac ChIP-seq samples and 550 226 

super-enhancers from 931 mouse H3K27ac ChIP-seq samples 
were collected from the SEdb 2.0 database, which was devel- 
oped by our group in a previous study ( 25 ). Similarly, the num- 
ber of enhancers was also dramatically increased, containing 
79 664 341 human enhancers and 44 779 mouse enhancers 
collected from SEdb 2.0. Currently, the ChIP-seq samples re- 
lated to enhancers and super-enhancers in KnockTF 2.0 are 
more than five times larger than those in KnockTF 1.0. 

TF binding data 
KnockTF 2.0 largely extended TF ChIP-seq data and motif 
data for identifying TFs that bound to cis -regulatory regions 
of their target genes. First, 51 616 973 nonredundant bind- 
ing regions of 817 human TFs and 32 985 444 nonredun- 
dant binding regions of 648 mouse TFs were collected from 

ReMap 2022 ( 26 ) across multiple tissue or cell types. BED- 
Tools ( 27 ) was used for identifying TF-binding peaks that 
overlapped with the promoters, enhancers, or super-enhancers 
of genes in each T(co)F knockdown / knockout dataset. Sec- 
ond, we collected position weight matrices of 869 vertebrate 
TF motifs from JASPAR 2022 ( 8 ), UniPROBE ( 28 ), Home- 
odomains ( 29 ), Jolma2013 ( 30 ) and Wei2010 ( 31 ). A total of 
665 plant TF motifs were downloaded from JASPAR 2022 ( 8 ). 
The Find Individual Motif Occurrences program ( 32 ) with a 
threshold of P < 1.0E-06 was used for scanning motif occur- 
rences and further identifying TF motifs within the promoters, 
enhancers, or super-enhancers of target genes. 

Common SNP / LD SNP / risk SNP / Eqtl 
We downloaded 38 063 729 human common SNPs from db- 
SNP ( 33 ) and used VCFTools (v0.1.13) to screen SNPs with 

a minimum allelic frequency > 0.05. LD SNPs of five super- 
populations (African, Ad Mixed American, East Asian, Euro- 
pean and South Asian) were calculated using phased genotype 
information accompanying the 1000 Genomes Project phase 3 

( 34 ). Meanwhile, we obtained 264 514 human risk SNPs from 

GWAS Catalog and GWASdb v2 ( 35 ) and collected 2886133 

human eQTLs from PancanQTL ( 36 ), seeQTL ( 37 ), SCAN 

( 38 ) and OncoBase ( 39 ). 

Methylation / CRISPR 

We obtained DNA methylation states of 30 392 523 methyla- 
tion sites of 450k array and 166 855 665 methylation sites of 
whole-genome shotgun bisulfite sequencing from ENCODE 

( 23 ). We also downloaded CRISPR / Cas9 target sites from 

UCSC ( 40 ), which were annotated with predicted specificity 
(off-target effects) and predicted efficiency (on-target cleav- 
age) using the CRISPOR tool ( 41 ). 

Chromatin interaction / DHS / chromatin accessibility region / 

TAD 

We downloaded the chromatin interaction data from 

4DGenome ( 42 ) and OncoBase ( 39 ), including data from 

ChIA-PET 3C, 4C, 5C and Hi-C. DHS annotation data of 
cis -regulatory regions were downloaded from UCSC ( 40 ) and 

ENCODE ( 23 ). A total of 69 860 705 human DHSs of 293 

samples and 9 802 229 mouse DHSs of 56 samples were ob- 
tained. We collected more than 130 000 000 chromatin acces- 

sibility regions from A T ACdb, which was developed by our 
group in a previous study ( 43 ). In addition, 72 019 human 

TADs covering 21 tissues or cell lines were obtained from the 
3D Genome Browser ( 44 ). 

D atabase impr o v ed user int erface 

New effective analysis tools in the ‘Analysis’ page 

KnockTF 1.0 provided two analytical tools to explore tran- 
scriptional regulatory networks in depth, including Subnet- 
work Analysis and TF Enrichment. These analytical functions 
depended on a TF–differentially expressed gene (DEG) net- 
work. This network was constructed by combining all nonre- 
dundant TF–DEG pairs of the TF knockdown / knockout 
datasets, with TFs and their DEGs as nodes and TF–DEG 

pairs as edges. Currently, in KnockTF 2.0, we relied on 

the new datasets to reconstruct human and mouse T(co)F–
DEG networks separately for species-specific network anal- 
ysis. More importantly, we added two new analytical tools 
named ‘T(co)F Enrichment (GSEA)’ and ‘Pathway Down- 
stream Analysis’. 

T(co)F Enrichment (GSEA) 
The enrichment analysis of TF target genes is an impor- 
tant issue in studying transcription regulation. In the ‘T(co)F 

Enrichment (GSEA)’ function, KnockTF 2.0 embedded the 
popular gene set enrichment analysis (GSEA) algorithm ( 45 ) 
to perform the enrichment analysis of T(co)F target genes. 
Based on the T(co)F target gene pairs identified from T(co)F 

knockdown / knockout profiles and TF ChIP-seq / motif data 
as the background gene sets, users could input the differential 
gene rank list and select relevant parameters, including gene 
set size, permutation times, P -value / adjusted P -value cutoffs, 
and species to perform T(co)F enrichment analysis and visual- 
ize and download analysis results. Specifically, we considered 

the top 100 genes with the most significant differential ex- 
pression changes in the gene expression profile of each T(co)F 

knockdown / knockout dataset as a gene set S, so that each 

gene set corresponded to a TF or TcoF. The disease-related 

differential gene rank list entered by the users was referred 

to as the rank list L of GSEA. The objective of GSEA was to 

determine whether the members of a gene set S were mainly 
located at the top or bottom of L. If the members are signifi- 
cantly located at the top or bottom of L under the threshold 

of P < 0.01, it indicated that the corresponding TF or TcoF 

regulated the user-entered disease-related DEGs. Thus, all the 
potential T(co)Fs that played key roles in regulating disease 
occurrence and progression were identified. 

Pathwa y Do wnstream Analysis 
TFs are usually located in the terminal of signaling path- 
ways. They can strongly control the expression of cell identity- 
specific genes by binding to DNA regulatory elements. How- 
ever, the downstream information of TFs is absent in signal- 
ing pathways. To address this issue, KnockTF 2.0 provides 
T(co)F-related pathway downstream analysis. In the ‘Pathway 
Downstream Analysis’ function, we manually collected 2881 

pathways from 10 pathway databases and innovatively recon- 
structed traditional signaling pathways by integrating T(co)F 

target gene relationships from T(co)F knockdown / knockout 
datasets. Entering a list of genes of interest, users can select 
relevant parameters. KnockTF 2.0 can map them into the 
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reconstructed signaling pathway map model. A hypergeomet- 
ric test was used to calculate the statistical significance of 
the intersection between the input gene nodes and the TFs in 

the terminal of each pathway. KnockTF 2.0 can also identify 
the significant pathways and label the terminal downstream 

T(co)Fs of pathways. In the detail page, users can find target 
genes of the terminal T(co)Fs. Hence, users can obtain the reg- 
ulatory axes of the genes of interest, including pathway genes, 
T(co)Fs and their downstream target genes. 

A new ‘Searc h ’ interface for conveniently retrieving 

KnockTF 2.0 has a more user-friendly inquiry mode. Cur- 
rently, it provides five kinds of query methods, including 
‘Search by TF’, ‘Search by Target Gene’, ‘Search by Knock- 
Method’, ‘Search by Tissue Type’ and ‘Search by Target Gene 
(BLAST)’. Among these, ‘Search by Target Gene (BLAST)’ was 
newly added in KnockTF 2.0. When the user enters a gene 
sequence of interest and selects species and the degree of dif- 
ferential expression, KnockTF 2.0 can align the corresponding 
gene name related to the sequence by running the BLAST pro- 
gram ( 46 ,47 ). Then, T(co)F knockdown / knockout datasets 
in which the gene acted as a T(co)F target are presented 

as an interactive table on the result page. In every row of 
the table, the information including Dataset ID, Target Gene, 
T(co)F, Molecular T ype, Knock-Method, Tissue T ype, Biosam- 
ple Name, Profile ID, Platform, Mean expression of control 
samples, Mean expression of knockdown / knockout samples, 
FC and log2FC are described. Users can click ‘Dataset ID’ to 

view details of each T(co)F knockdown or knockout dataset 
and click ‘Target Gene’ to view detailed descriptions of each 

target gene. 

More user-friendly updates for quick retrieval 

We rewrote the websites and analysis code and updated 

new website servers in KnockTF 2.0 to improve the access 
speed and user experience. KnockTF 2.0 provides a newly de- 
signed and user-friendly browsing interface. Users can browse 
through the T(co)F knockdown / knockout datasets of differ- 
ent species by category, including humans, mice, A. thaliana 
and Z. mays . 

Case study 

Case study of T(co)F Enrichment (GSEA) 
We performed the ‘T(co)F Enrichment (GSEA)’ function by 
inputting the differentially expressed gene rank list of breast 
cancer from the TCGA project ( http://cancergenome.nih.gov/ 
abouttcga ) to demonstrate the new use and potential appli- 
cations of GSEA-based T(co)F enrichment analysis in human 

complex diseases (Figure 2 A). Thus, in the GSEA program, 
the breast cancer-related differential gene rank list entered 

was rank list L and the top 100 differentially expressed genes 
of each T(co)F knockdown / knockout dataset comprised the 
gene set S. We selected recommended category options in- 
cluding ‘species: Human, pvalueCutoff: 0.05 and pAdjustCut- 
off: 1’ (Figure 2 A). The analysis results and charts showed 

that 32 gene sets (S) were significantly enriched at the top or 
bottom of L with P < 0.01. Each gene set was labeled by 
the corresponding T(co)F name (Figure 2 B). Most of these 
T(co)Fs were validated to be associated with breast cancer. 
For example, TF RARA represented the most significantly en- 
riched gene set ( P = 1.00e-10, FDR = 1.55e-08), and the en- 

richment score (ES) was 0.6129 (Figure 2 C). The result in- 
dicated that TF RARA regulated the differential expression 

of breast cancer genes and might play a crucial role in the 
molecular regulation of breast cancer development. In fact, 
the epigenetic functional plasticity of the RARA mechanism 

in mammary epithelial cells is necessary for normal morpho- 
genetic processes, especially for preventing the development 
of breast cancer due to the potential effects of physiological 
retinoic acid ( 48 ). Factors that hinder the epigenetic function 

of RARA enable physiological retinoic acid to drive abnormal 
morphogenesis through nontranscriptional RARA , resulting 
in cell transformation ( 49 ,50 ). The gene set corresponding to 

TF ESR1 was significantly enriched at the top of the differ- 
ential gene rank list with P = 2.23e-04 and FDR = 6.75e-03 

(ES = 0.3368, NES = 2.06) (Figure 2 D). Preclinical and clin- 
ical studies showed that ESR1 mutations preexisted in pri- 
mary tumors and were enriched during metastasis ( 51 ). In 

addition, ESR1 mutations expressed a unique transcriptional 
profile that favored tumor progression, suggesting that se- 
lected ESR1 mutations might influence metastasis ( 52 ). Some 
research groups employed sensitive assays using patient fluid 

biopsies to track ESR1 or trunk cell mutations to predict tu- 
mor progression and treatment effectiveness; some of these 
techniques could eventually be used to guide sequential treat- 
ment regimens for patients ( 53 ,54 ). The gene set correspond- 
ing to TF HOXA1 was significantly enriched at the top of the 
breast cancer differential gene rank list with P = 3.15e-03 and 

FDR = 3.93e-02 (ES = 0.6219, NES = 1.9804) (Figure 2 E). 
The HOXA1 expression in human breast cancer was docu- 
mented as early as 25 years ago. A few years later, HOXA1 

was identified as a suitable proto-oncogene in breast tissue 
( 55 ). Over the next 20 years, the molecular data on how the 
HOXA1 protein acts, the factors that promote activation and 

maintenance of HOXA1 gene expression, and the identity of 
its target genes have accumulated and provided a broader per- 
spective on the relationship between TFs and breast tumori- 
genesis ( 56 ,57 ). The experimental data showed that HOXA1 

overexpression alone was sufficient to promote the carcino- 
genic transformation of breast epithelial cells. Moreover, the 
HOXA1 overexpression was systematically associated with 

cancer progression and poor prognosis ( 58 ). The aforemen- 
tioned case analysis indicated that using GSEA-based T(co)F 

enrichment analysis, KnockTF 2.0 could locate all the poten- 
tial T(co)Fs that play important roles in the regulation of dis- 
eases, providing a theoretical basis for the study of the molecu- 
lar mechanisms of transcription regulation in human complex 

diseases. 

Case study of Pathway Downstream Analysis 
We selected 2833 differentially expressed genes associated 

with pulmonary hypertension as the input to highlight the 
use of ‘Pathway Downstream Analysis’ (Figure 3 A). Pa- 
rameter options included ‘Databases: All, Threshold: P - 
value = 0.05 and GeneNumber: [10–500]’ (Figure 3 B). On 

the page of analysis results, 289 significantly enriched sig- 
naling pathways were identified, including DNA methylation, 
apoptosis signaling pathway, T cell receptor signaling path- 
way, interleukin signaling pathway and so forth. Meanwhile, 
KnockTF 2.0 labeled terminal downstream TFs of pathways. 
For example, 32 pulmonary hypertension–related DEGs were 
mapped to the ‘Apoptosis signaling pathway’ and 7 termi- 
nal downstream TFs of this pathway were significantly an- 
notated by hypergeometric test P = 0.0000245, including 

http://cancergenome.nih.gov/abouttcga
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A TF2 , A TF3 , A TF4 , FOS , JUN , NFKBIA and RELA (Figure 
3 C). These TFs were associated with pulmonary hyperten- 
sion. For example, TF NFKBIA , with considerable diagnos- 
tic value, was identified as the diagnostic biomarker and ac- 
tionable target to expand treatment options for patients with 

pulmonary hypertension ( 59 ). When clicking on the ‘detail’ 
button of ‘Apoptosis signaling pathway’, we found that the 
target genes of the terminal TFs were regulated by these TFs 
(Figure 3 D). Therefore, we obtained the regulatory axes of the 
genes of interest, including apoptosis signaling pathway, seven 

terminal downstream TFs ( A TF2 , A TF3 , A TF4 , FOS , JUN , 
NFKBIA and RELA ), and their downstream target genes. 
We could then view the details of these TFs and their tar- 
get genes in the corresponding T(co)F knockdown / knockout 
datasets by clicking on ‘Dataset ID’. For example, when click- 
ing on ‘DataSet_03_389’, the detailed descriptions including 
TF overview, NFKBIA -target gene network, target gene in- 

formation, function analysis, upstream pathway analysis and 

expression analysis were displayed (Figure 3 E). Furthermore, 
by clicking on ‘Target Gene’ (for example, WDR87 ), we could 

obtain target gene overview and the abundant (epi)genetic an- 
notation information (Figure 3 F). Similarly, for 289 signifi- 
cantly enriched signaling pathways identified, we could ob- 
tain 289 regulatory axes including signaling pathways, ter- 
minal downstream TFs and their downstream target genes, 
which provided a good theoretical basis and biological expla- 
nation for the study of pulmonary hypertension at the level 
of biological pathways and transcriptional regulation. Thus, 
the function of ‘Pathway Downstream Analysis’ could be used 

for unlocking the full range of disease molecular mechanisms 
in genomic studies, improving researchers’ understanding of 
biological processes at the molecular level. Normative biolog- 
ical pathways can help us systematically understand higher 
biological functions and inherent interdependencies. 
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Discussion and future directions 

The universe of transcription regulation has developed rapidly 
and has become one of the most widely studied fields ( 60 ). 
Identifying TFs, TcoFs and their target genes is key to un- 
derstanding transcriptional regulatory mechanisms in disease 
development and biological processes ( 61 ). Gene expression 

profile datasets of multispecies T(co)F knockdown / knockout 
have accumulated rapidly, providing a basis for identifying 
T(co)F target genes and clarifying the potential biological 
functions of T(co)Fs ( 62 ). Therefore, we developed the up- 
dated version of KnockTF that significantly extended T(co)F 

knockdown / knockout data for new tissue / cell types in hu- 
mans. To date, KnockTF is still the first human gene expres- 
sion profile database of T(co)F knockdown / knockout with 

the largest number of human T(co)F knockdown / knockout 
expression data. We also newly added multispecies T(co)F 

knockdown / knockout datasets to expand the dataset scale. 
All the datasets span multiple different species, from plants 
( A. thaliana and Z. mays ) to mice to humans, providing an 

important basis for dissecting the transcriptional regulatory 
cues across multiple species. 

Characterizing the multifaceted contribution of (epi)genetic 
annotations to T(co)F target genes is a major challenge to 

investigate genetic and epigenetic influences on transcription 

mediated by T(co)Fs. KnockTF 2.0 showed the most com- 
prehensive (epi)genetic annotations for T(co)F target genes in 

each T(co)F knockdown / knockout dataset, including super- 
enhancers, enhancers, TFBSs, common SNPs, risk SNPs, LD 

SNPs, eQTLs, methylation sites, DHSs, chromatin interac- 
tions, chromatin accessibility regions, CRISPR / Cas9 target 
sites and TADs. Recent studies demonstrated that the epige- 
nomic landscape of gene regulation, including DNA methyla- 
tion and chromatin accessibility, can vary considerably, con- 
tributing to distinct gene expression programs and biological 
functions ( 63 ). Our previous study showed that some core TFs 
could form core transcription regulatory circuitry by binding 
to super-enhancers and further activating the transcription of 
specific genes in cancer development. The recurrent structural 
differences at TAD boundaries and significant alterations in 

intra-TAD chromatin interactions have been identified to re- 
flect differences in gene expression ( 64 ). Overall, the annota- 
tion results deepen our understanding of genetic and epige- 
netic regulation of the transcriptional machinery across mul- 
tiple tissue / cell types of different species, providing a multi- 
dimensional and in-depth perspective to gain insight into the 
regulatory mechanism of T(co)Fs. 

KnockTF 2.0 provides particularly useful query and 

analysis functions to interpret knockdown / knockout 
technique-mediated transcriptional regulation. Among 
these, the function of ‘Search by Target Gene (BLAST)’ 
provides a more friendly way to conveniently retrieve T(co)F 

knockdown / knockout datasets. The GSEA-based T(co)F 

enrichment analysis tool can help researchers identify all 
potential T(co)Fs that play key roles in regulating genes of 
interest. Also, the functional pathway downstream analysis 
tool can help researchers identify the significant pathways, 
label terminal downstream T(co)Fs and obtain the regulatory 
axes, including pathway genes, T(co)Fs and their down- 
stream target genes. In summary, the updated KnockTF was 
developed to include major improvements and significantly 
enhance its utility for a broader community of foundation 

researchers, cell / molecular biologists, geneticists and data 

scientists. We believe these improvements can make KnockTF 

more comprehensive and useful. The gene expression profile 
data before / after T(co)F knockdown / knockout for various 
species will continue to grow. We will regularly update the 
KnockTF database to make it a core resource for T(co)F 

functions and gene expression regulation. 

Data availability 

The research community can access information freely in the 
KnockTF 2.0 without registration or logging in. The URL for 
KnockTF 2.0 is http://www .licpathway .net/KnockTF/index. 
html . 
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