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Abstract Hypoxia-inducible factor-1α (HIF-1α) has crucial
role in adapting cells to hypoxia through expression regulation
of many genes. Identification of HIF-1α target genes (HIF-
1α-TGs) is important for understanding the adapting mecha-
nism. The aim of the present study was to collect known HIF-
1α-TGs and identify their associated pathways. Targets and
associated genomics data were retrieved using PubMed, WoS
(http://apps.webofknowledge.com/), HGNC (http://www.
genenames.org/), NCBI (http://www.ncbi.nlm.nih.gov/),
Ensemblv.84 (http://www.ensembl.org/index.html), DAVID
Bioinformatics Resources (https://david.ncifcrf.gov/), and
Disease Ontology database (http://disease-ontology.org/).
From 51 papers, we collected 98 HIF-1α TGs found to be
associated with 20 pathways, including metabolism of
carbohydrates and pathways in cancer. Reanalysis of geno-
mic coordinates of published HREs (hypoxia response ele-
ments) revealed six polymorphisms within HRE sites (HRE-
SNPs): ABCG2, ACE, CA9, and CP. Due to large heterogene-
ity of results presentation in scientific literature, we also pro-
pose a first step towards reporting standardization of HIF-1α-
target interactions consisting of ten relevant data types.
Suggested minimal checklist for reporting will enable faster
development of a complete catalog of HIF-1α-TGs, data shar-
ing, bioinformatics analyses, and setting novel more targeted
hypotheses. The proposed format for data standardization is

not yet complete but presents a baseline for further optimiza-
tion of the protocol with additional details, for example, re-
garding the experimental validation.

Keywords Hypoxia inducible factor (HIF) . Transcription
factor . Transcription regulation . Target gene . Hypoxia
response element (HRE) . Standardization recommendations

Introduction

Regulation of gene network is related to changes in environ-
ment in order to survive [1, 2]. A eukaryotic genome contains
to thousands of genes that have to be expressed at the right
time, in the right cells, and on the right level [3]. Gene regu-
lation is performed with transcription factors (TF) through
binding on transcriptional binding site (TFBS) [2–4]. DNA-
binding proteins bind on promoter regions proximal to gene
transcription start sites (TSSs) or to more distant enhancer
regions [5]. Transcription factors recognize target’s response
elements (RE) very selectively through dynamic conformation
ensemble, affinity of TF to RE, and availability of TFBS in the
genome and cellular network. The interaction between TF and
gene is complex and not always straightforward [6]. However,
identification of direct targets of TFs is the key step for under-
standing complex gene regulatory network [7].

Hypoxia-inducible factor-1 (HIF-1) is a TF with a critical
role in adapting cells to lower oxygen level [8]. The HIF-1
protein is a heterodimer and consists of oxygen-regulated sub-
unit (HIF-1α) and constitutively expressed subunit (HIF-1β)
[9]. In normoxia, post-translational modification of the α sub-
unit of HIF-1 associate with prolyl hydoxylase (PHD), von
Hippel–Lindau protein (pVHL), ubiquitin ligase, and the pro-
teasome promoting oxygen depended degradation [8, 10].
Through binding on hypoxia response elements (HRE) named
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also as HIF-responsive elements, it regulates many physiolog-
ical and pathological processes [11]. Natural polymorphisms
like single nucleotide polymorphisms (SNPs) in HRE se-
quence can prevent hypoxic induction [12]. Site-directed mu-
tagenesis experiments that change HRE core motive are ap-
plied in experimental validation of targets; HIF-1α binding
site mutations alter in decreased luciferase activity in reporter
assay [13–15]. It has been reported that only 1–5 % of all
human genes are expressed in response to hypoxia in more
than one type of cells [16]. HIF-1α regulates the expression of
a large number of genes, including genes involved in diseases
and carcinogenesis; therefore, known targets involved in reg-
ulation mechanism can be applied in therapy [16, 17].
Transcription factor HIF-1α is master regulator turning on or
off many protein-coding genes [16] and noncoding RNA
genes (ncRNA) including microRNAs (miRNAs) [18].
Additionally, an interaction between HIF-1α and
transcribed-ultraconserved regions (T-UCRs) has also been
shown in our previous study [19].

The aim of the present study was to collect known HIF-1α
targets which will enable further more targeted planning of
research and detailed understanding of hypoxia-responsive
mechanism and perform pathway enrichment analysis and
screening for HRE polymorphisms. Over the course of our
work, we reviewed a large number of publications describing
HIF-1α target genes. However, we were confronted with data
heterogeneity in scientific papers; diverse methodology and
presentation of the data. Additionally, an increasing number
of new papers are being published in this field; PubMed
search for Btranscriptomics^ filtered to Bhumans^ and
BEnglish^ currently results more than 36,000 citations.
Therefore, we also developed an initiative with standardized
format for the results presentation in studies identifying HIF-
1α-TG which will facilitate progression of the work towards
the complete catalog HIF-1α-TGs and more systematic prog-
ress of the field.

Materials and methods

We collected publications on PubMed (http://www.ncbi.
n lm . n i h . g o v / p u bmed ) a n d WoS ( h t t p : / / a p p s .
webofknowledge.com/) between 1992 and May 2016
using the following keywords: HIF-1α, transcription
regulation, targets, chromatin immunoprecipitation
(ChIP), luciferase assay, and HRE binding site. Obtained
scientific papers were reviewed to get information about
HIF-1α-TG, and relevant data were collected in the Excel
table. From the paper, we extracted the following
information: gene name and symbol, species, applied
experimental methods, cell lines/tissue, regulation of
target gene expression (up- or downregulation), number
and location of HRE sites, associated phenotype/disease,

and reference’s authors and year of publication. We
collected genes, confirmed as HIF-1α targets with the fol-
lowing methods: EMSA (electrophoretic mobility shift as-
say), ChIP, reporter assay, site directed mutagenesis, HIF1
A gene inactivation, overexpression of HIF1A/HIF-1α,
methods for detection of mRNA and protein level, and
microarrays. Target genes from studies using only high-
throughput (HT) screening or only bioinformatics predic-
tion were not included in list of HIF-1α-TGs. Entrez gene
ID and the nomenclature of collected genes were obtained
and un i f o rmed acco rd i ng t o t h e HUGO Gene
Nomenc l a t u r e Commi t t e e (HGNC ht tp : / /www.
genenames.org/). Taxonomy identifiers were obtained in
NCBI (http://www.ncbi.nlm.nih.gov/taxonomy). Disease
ontology ID (DOID) was extracted in Disease Ontology
database (http://disease-ontology.org/). Reference PMID
(PubMed ID) number was gained in the NCBI site
(http://www.ncbi.nlm.nih.gov/). Enrichment pathway
analysis with known HIF-1α downstream targets was
employed using DAVID Bioinformatics Resources
(Huang da et al. 2009) as described previously [20] from
four different pathway databases (KEEG, PANTHER,
Reactome, and BioCarta). The result of the enrichment
analysis was processed using Bonferroni multiple test cor-
rection and a p value significant threshold of 0.01. Genes
present in more than one pathway were identified using
database KEGG. Reanalysis of genomic locations of pre-
viously published HRE locations and analysis of their pos-
sible overlap with published genetic variations was per-
formed using Ensembl Release 84 [21].

Results

In the present study, we (1) collected a list of known HIF-
1α-TGs, (2) performed pathway enrichment analysis as-
sociated with target genes, and (3) reanalyzed genomic
location of HRE sites to see if they overlap with previ-
ously reported polymorphisms. Extraction of TG results
from publications is challenging due to variable studies
and heterogeneous results display; therefore, a standardi-
zation of the results presentation in scientific literature is
required. We propose a simple transparent format that
contains relevant data about each HIF-1α target, and we
formed initiative guidelines for strengthening and uniform
data presentation of results describing HIF-1α down-
stream target genes.

Overview of the collected data related with HIF-1α target
genes

In the present study, we collected papers describing ex-
perimentally validated HIF-1α targets. We extracted data
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from 51 papers. The workflow of the study and main
results are presented in the Fig. 1. Collected data associ-
ated with 98 HIF-1α TGs are presented in Supplemental
Table 1. Gene names of the collected target genes were
unified according to HGNC nomenclature. In cases when
the gene symbol in the article differed from HGNC no-
menclature, we presented synonym in parenthesis.
Validation of interactions HIF-1α-target was performed
in human, mouse, and rat promoter sequences. The
workflows in published studies included analysis of nu-
cleotide sequences for HRE target prediction, followed by
experimental validation. For some target genes, their role
in hypoxia was confirmed in more than one study: ACAN,
ADM , ALDOA , ALDOC , ANGPT2 , ANKRD37 ,
BHLHE40, BNIP3, CA9, COL2A1, ENO1, GAPDH,
LDHA, LRP1, PFKFB4, PFKL, PGK1, PKM, SLC2A1,
SLC2A3, and VEGFA and therefore in our list, HIF-1α-
TGs are listed in more than one entry in the Supplemental
Table 1. One HIF-1α-target interaction has been validated
in two species; target gene ADM has been confirmed in
mouse and human [22–25].

Researchers used very diverse experimental methods
for confirmation of HIF-1α-TG interactions. PCR
methods and methods for quantification of protein level
were usually used for initial target screening. The most
commonly applied assays for identification of HIF-1α tar-
get gene interaction were luciferase assay, EMSA, ChIP,
site-directed mutagenesis or deletion of promoter’s region,
overexpression of HIF1A/HIF-1α, and HIF1A gene inac-
tivation. For 37/98 TGs, researchers used at least two
aforementioned assays. Different approaches like RNA
interference (RNAi), antisense oligonucleotide, and Cre
recombinase were applied for inactivation of HIF1A gene.
Overexpression is achieved with VHL-null cells, transient
transfection assay, and exposure of cells to inhibitors of
hyd ro ly s e s a c t i v i t y (CoCl2 , d e s f e r r i oxamine ,
dimethyloxalylglycine). Aforementioned commonly used
assays are suitable for identification DNA–protein inter-
action [26–30].

Different cell lines and tissues from patients or animals
(mouse, rat) were applied for identification of HIF-1α-
TG. We collected information of cell lines and/or tissue

Fig. 1 Workflow of the study. HIF-1α hypoxia-inducible factor-1α, TG target gene
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with confirmed HIF-1α-target interaction. Selection of the
cell line for the experimental validation depends on the
studied gene, and the most frequently used cell lines were
CHO, Hep3B, HeLa, RCC4, and Hek293.

Regulation of target gene expression is also one of the
key information in transcription mechanism since TFs can
increase or decrease the expression of targets [31]. Based
on the detailed review of 98 HIF1A targets, 85 TG have
been found to be upregulated and 12 downregulated.
Target ANGPT2 has been reported to be up- and down-
regulated, depending on cell lines [32]; therefore, deter-
mining the regulation and cell type is important.

Literature review revealed heterogeneous presentation
of HRE genomic coordinates. Some research groups
precisely presented location of predicted and experimen-
tally validated HRE sites [33–35]. In most studies, HRE
location has been determined relative to the transcription
start site (TSS) and in other relative to the translation
site. In some cases, researchers did not publish exact
genomic location of HRE site, but nucleotide sequence
with marked HRE region. In collection of HIF-1α-TG
(Supplemental Table 1), we listed all predicted HRE
sites on nucleotide sequence from article and underlined
HRE site/s which has been reported to interact with
HIF-1α. In majority, groups applied 5′-RCGTG-3′ core
sequence for a HIF-1α binding site as it has been first
reported in Semenza et al. [36]; however; some studies
validated different sequences named as HIF-responsive
element: CACGT [37] and CACGC [38].

The association between target gene and phenotype/
disease presents biological impact of examined interaction
and provides data for understanding the connection be-
tween gene/protein and phenotype/disease; therefore, this
information was extracted from publications. For 18 TGs,
association with phenotype has been reported. For exam-
ple, HIF-1α target AURKA has been shown to be in-
volved in cell proliferation [39], protein BCL2L1 pro-
motes cell growth and inhibits cell death [40], and BSG
is involved in metabolic reprogramming of tumor cells
under hypoxia and protects tumor cells from apoptosis
[41].

Pathway analysis of HIF-1α-TG

Pathway enrichment analysis of collected 98 HIF-1α down-
stream targets yielded the presence of 20 pathways
(Supplemental Table 2). Biological pathways (with numbers
of included HIF1A-TGs) most significantly associated with
collected HIF-1α-TGs are metabolism of carbohydrates
(N = 17), diabetes pathways (N = 14), pathways in cancer
(N = 14), and integration of energy metabolism (N = 13).
For identification of genes identified in more than one path-
way, we used the results of KEGG database. HIF-1α-TGs

have been associated with nine biological pathways: glycoly-
sis/gluconeogenesis (N = 12), fructose and mannose
metabolism (N = 8), focal adhesion (N = 12), pathways in
cancer (N = 14), renal cell carcinoma (N = 7), bladder cancer
(N = 5), pancreatic cancer (N = 6), pentose phosphate
pathway (N = 4), and galactose metabolism (N = 4). For ex-
ample, ALDOA and ALODC genes are present in three path-
ways: glycolysis/gluconeogenesis, fructose and mannose
metabolism, and pentose phosphate pathway. Targets PFKL
and PFKP are included in all pathways that include metabo-
lism of carbohydrates. Target genes PGK and VEGFA coexist
in all pathways associated with cancer and focal adhesion.
Genes present in more than one associated pathway have a
potential for greater impact in adaption and regulation of hyp-
oxia and deserve further functional experiments.

Reanalysis of genomic location of HRE sites
and identification of polymorphic HRE sites

Based on previously reported HRE locations in publications,
we used Ensembl genomic browser to acquire genomic HRE
locations annotated to the latest genome assembly release.
Genomic locations of HRE sites were possible to define for
12 TGs and are presented in Supplemental Table 1. Further,
the identified genomic locations of HRE regions were then
examined for the presence of polymorphisms in core HRE
motive, which we termed HRE-SNPs. Using the genome var-
iation data from Ensembl, we found six polymorphisms locat-
ed in the HRE regions of four genes (ABCG2, ACE, CA9, and
CP), previously reported as HIF-1α-TGs [33, 42–45]. There
are three HRE sites in the promoter region of the target gene
ACE [42] which includes three polymorphisms: SNP
rs746774969 is present in HRE1 and polymorphisms
rs769225220; rs776943620 are present in HRE3
(Supplemental Figure 1). Polymorphisms located within
ABCG2,CA9, andCPHREmotives are substitutions of single
nucleotides. We screened the literature to analyze if those
HRE-SNPs have been previously associated with disease in
separate studies. Polymorphism rs76656413 located in HRE
of the ABCG2 target gene has been shown previously to de-
crease liver enhancer activity in vivo [46]. For other TGs, the
connection between polymorphisms and phenotype has not
yet been reported.

Initiative for reporting standardization of format
of the results HIF-1α target genes

Based on the literature review and collected and analyzed data
regarding the HIF-1α-TGs, we suggest publishing ten basic
items for strengthening reports of HIF-1α-TG interactions.
Proposed minimal checklist for publishing HIF-target interac-
tion should include the following information: transcription
factor, target gene, species, experimental methods, cell lines
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and/or tissue, regulation of target gene expression, location of
HRE sites, HRE polymorphisms, associated phenotype/dis-
ease, and reference data (Table 1). Examples of previously
published HIF-1α interactions are presented in Table 2 [15,
33, 47] with data presented according to our proposed initia-
tive for reporting standardization.

Discussion

In the present study, we extracted data from publications and
collected 98 HIF-1α-TGs, which were found to be associated
with 20 biological pathways. Reanalysis of the genomics lo-
cation of previously reported interaction sites resulted in six
polymorphisms located within HRE sites of four TGs.We also
proposed a first step towards standardization of the format for
presentation the HIF-1α-TG results.

Research groups collected HIF-1α-TGs using different ap-
proaches. More than 60 putative HIF-1-regulated genes were
collected from literature by Semenza [16]. Benita et al. iden-
tified more than 200 HIF-1α-TGs based on integrative geno-
mic approach combining computational and experimental
strategies [48]. List of 217 HIF-1α-TGs was predicted based
on integration of phylogenetic footprinting and transcription
profiling meta-analysis [12]. Database HypoxiaDB contains
3500 hypoxia-regulated proteins from high-throughput exper-
iments [49]. In comparison with gene collections listed above,
our list of HIF-1α-TGs includes 98 experimentally validated
targets complemented with relevant genomics data. However,
the collected gene list is most probably not complete and will
have to be updated with discoveries from upcoming
publications.

We compared list of pathways associated with HIF-1α-
TGs with the results of previous pathway-based studies. The
results of the KEGG pathway study in previous report using
21 validated and 60 predicted HIF-1α targets revealed 11
associated pathways [48]. The results of the present study
confirmed four enriched pathways identified previously
(marked with stars in Supplemental Table 2): glycolysis/
gluconeogenesis, fructose and mannose metabolism, renal
cell carcinoma, and pancreatic cancer. Our list of validated
target genes has been associated with 16 additional enriched
pathways: for example, metabolism of carbohydrates,
glycolysis, diabetes pathways, pathways in cancer,
hemostasis, and bladder cancer. Pathway analysis enables
further, more detailed understanding of hypoxia mechanism
and predicting novel pathway-based biomarkers and therapeu-
tic targets.

During literature mining, we came across different termi-
nology about hypoxia-responsive elements. HRE was defined
as a combination of conserved HIF binding site (HBS) with an
RCGTG core motive and highly variable flanking sequence
[50]. On the other hand, it has also been suggested that HRE

consists of HBS and HAS (HIF-1 ancillary sequence) [51],
which has been validated for ABCB1 and CBR1 targets [13,
47]. In the published literature, genomic location of HIF-1α
binding site has usually been presented relative to the TSS or
in some cases relative to the translation site. In the proposed
initiative, we therefore suggest to report HRE locations up-
stream to TSS. Regarding the location of the HRE site, it
would be most suitable to present HRE genomic locations in
experimental papers uniformly, in accordance with genomic
coordinates of main genomics browsers, like Ensembl,
UCSC, or NCBI Map Viewer. For example, we reanalyzed
the genomic location HRE1 of the target gene ACE, which is
now annotated to the regions 17:63475856–63475860.

Polymorphisms mapping within HRE sequences presents a
natural model for studying gain or loss of functional HIF-1α
interaction sites and provides novel tool for researching im-
pact of HRE-SNPs on HIF-1α binding and on altered pheno-
type. These natural polymorphisms in HIF-1α binding core
motive could be used in experimental validation of TG in
reporter assay instead of site-directed mutagenesis approach.
Ortiz-Barahona et al. used computational prediction and iden-
tified 146 SNPs in predicted HIF-binding sites. Additionally,
they demonstrated that SNP rs1700403 inMIF gene prevents
hypoxic induction [12]. In chicken, HRE polymorphism in
NOS3 gene has been shown to be associated with pulmonary
hypertension syndrome [52]. Analysis of chicken PGK gene
sequence revealed SNP within HRE site effecting transcrip-
tion level of protein PGK in hypoxia [53]. In our study, we
identified six polymorphisms within promoter regions of
ABCG2, ACE, CA9, and CP genes that present natural exam-
ples for experimental validation of functional impact and as-
sociated phenotype. Literature mining for HRE-SNPs re-
vealed that polymorphism rs76656413 located within
ABCG2 gene has already been associated with decreased liver
enhancer activity in vivo in previous study by Eclov [46].

Our reanalysis of genomic locations of HRE sites was more
challenging as expected since for only 12 TGs was possible to
define genomic coordinates according with the latest genome
assembly. For the rest of the targets, obtaining genomic loca-
tion was not doable due to differences of the nucleotide se-
quence between genome assemblies. However, the present
preliminary analysis raised awareness for the community to
standardize reporting the location of the HRE site. In order to
determine genomic coordinates for other TGs, a separate
study including the collaboration with authors of original re-
ports would be required. Obtaining genomic locations and
genetic variations of HRE regions would enable development
of bioinformatics algorithms and models for HRE site
searching and possible tool for HRE polymorphism identifi-
cation for medical applications.

Literature reviewing of HIF-1α-TG revealed different and
heterogeneous way of presenting results. Different research
groups publish results in diverse forms, information need to
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be extracted from manuscripts and supplemental materials
which is time consuming. Thus, proposed format (Table 2)
would decrease variability between different research groups.
Implementing the proposed format in future studies would
enable much faster completion of the catalog of HIF-1α target
genes. The value of the present standardized form is not only
in the development of catalog of HIF-1α-TG, but it could also
be considered for collecting target genes for other TFs.
Namely, our proposed format was created based on our liter-
ature mining and other existing TF-TG databases: ERGDB,
HTRIdb, HypoxiaDB, Myc Target Gene database, and Rel/
NF-kappaB target genes [49, 54–57].

Complementing the data with identification numbers, like
Entrez ID, DOID, PMID number, and uniform gene nomen-
clature, will enable obtaining additional relevant genomics
information and also further bioinformatics analyses.
Explicitly presented data about HIF-1α-TG interaction site,
cell lines/tissue, and association with phenotype/disease are
important for novel biologic disclosures. Uniform

presentations of HIF-1α-TGs data also simplify data extrac-
tion for review and meta-analyses papers and bioinformatics
studies. The use of this format is recommended in original as
well in the review papers.

Diverse assays were applied for elucidating the interaction
between HIF-1α-TG, and only combination of various
methods can enable reliable results with higher degree of con-
fidence. We acknowledge no gold standard protocol or guide-
lines recommendation for number and type of methods ap-
plied and for results evaluation in case for determination of
HIF-1α-TG interaction. For example, Pichiule et al. in 2007
used wide range of methods on multiple levels to determine
AGER gene as HIF-1α target [58]; on the other hand, some
studies reported potential TG with lower spectrum of assays.
The proposed initiative should also motivate experts to define
terminology and establish assays for direct/indirect TF-DNA
interaction screening. Majority researchers present direct tar-
gets as genes controlled with direct binding of TF to target
gene’s promoter region and indirect as genes regulated

Table 1 Recommended minimal
checklist for reporting HIF-1α-
target interaction

Items Guidelines

Transcription factor

Symbol Gene name according to the HGNC nomenclature (http://www.
genenames.org/)

Target gene

Symbol

Name

ID

Gene symbol and name according to the HGNC nomenclature
(http://www.genenames.org/)

Add Entrez gene ID (http://www.ncbi.nlm.nih.gov/gene )

Species

Species name

Species ID

Introduce species name used for HRE site identification

State species ID that represent taxonomy identifier (http://www.ncbi.
nlm.nih.gov/taxonomy)

Experimental methods List applied experimental methods that confirmed interaction between
HIF-1α and TG

Cell lines and/or tissue Define cell lines and/or tissue with established connection between
HIF-1α and TG, from all applied cells in experiment

Regulation of target gene expression Specify if the target gene expression was up- or down regulated

Location of HRE sites

Predicted and experimentally
validated HRE site

Location of HRE sites

Provide the number of predicted HRE sites using algorithms and
experimentally confirmed HRE sites

State exact genomic coordinates of HRE sites upstream for the
transcription start site

HRE polymorphisms

Genomic location of HRE sites
according to Ensemble

Polymorphisms in HRE sites

Provide exact genomic location of HRE sites

State polymorphisms in HRE sites using Ensemble classification
(http://www.ensembl.org/index.html)

Associated phenotypes/disease

Phenotype/disease

DOID

State an associated phenotype/disease if identified in the study and its
Disease ontology ID number (http://disease-ontology.org/)

Reference

Authors

PMID number

In the review paper expose authors and year of publications

Provide article’s PMID number (http://www.ncbi.nlm.nih.gov/)
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through an indirect cascade [59, 60]. On the other hand, indi-
rect TG can be acknowledged as TF interacted with cofactor
or other protein [61, 62]. To enable correctly interpreted re-
sults and make some directive for TG identifications, it would
be necessary to form appropriate uniform terminology and
identify criteria by which direct/indirect type of TF-TG inter-
action can be determined. Applied methods are not equivalent,
so it would be reasonable to divide methods to two groups, for
example, to the strong and less strong evidence for interaction,
as proposed previously for miRNA-target interactions [63].
Best practice protocol for HIF-1α-TG identification should
also consider high-throughput methods, for example, ChIP-
chip and ChIP-seq [64–66] and integration HT results with
small-scale experimental techniques to meet the criteria for
interpretation genes as direct/indirect or as strong/less strongly
validated TG.

A role of HIF-1α has been defined in physiological pheno-
types (metabolism, pH regulation, oxygen delivery, angiogen-
esis, motility, mitochondrial function, proliferation, extracel-
lular matrix production, inflammatory cell recruitment) and
diseases (ischemic heart disease, pulmonary hypertension,
cancer, tumors progression, metastasis, inflammation) [67,
68]. Complete catalog of HIF-1α target genes will enable
greater understanding of hypoxia and HIF-1α response with
pathway analysis, reveal novel therapeutic targets, and poten-
tial biomarkers. It will also enable defining better criteria for
planning HIF-1α target experiments. Understanding of mech-
anism and transcription response to regulator HIF-1α will
provide tool for manipulation of genetic regulatory network
for treatment for diseases as cancer and ischemia [69, 70].

The number of published papers describing TF-target in-
teractions is increasing; therefore, it is important to make these
data easily available and uniform for all researchers. This
standardization would save time, and enable correct data in-
terpretations and easier data manipulation for future research.
Extracting these key data about TG is crucial for readers and
helps researchers to effectively present their results. Special

importance of the presented standardized format is for data
curators, which would enable faster data extraction from sci-
entific literature and further data manipulation. Because au-
thors would mediate their result in uniform format, one of the
advantages is prevention of false interpretations by readers.
The situation is similar in other fields of genomic research;
initiatives have already been proposed for strengthening the
reporting for observational studies in epidemiology [71], ge-
netic association studies [72, 73], immuno-genomic studies
[74], genetic risk prediction studies [75], observational studies
in molecular epidemiology [76], and genomic methylation
[77]. Additionally, in our previous studies, we proposed for-
mat for reporting next-generation sequencing data [78] and
molecular mechanisms for cryptorchidism development [79].
We acknowledge that no such initiative exists in interactomics
area; therefore, we propose format for strengthening the
reporting of TF target genes with key data (Fig. 2).
Implementation of this initiative would facilitate bioinformat-
ics studies, and experimental studies would help to improve
the proposed format with additional details.

One part of transcription atlas complexity makes atten-
dance special coactivators through interaction with TF to di-
rect transcription activity [80, 81], making standardization for
transcriptome, interactome, and regulome more required. For
complete overview, regulation mechanism for catalog of HIF-
1α-TG and also for other TF-TGs in future would be momen-
tous to also uniformly expose even more data about protein-
DNA interaction, like TFBS sequence, cofactors, coactivators,
exposure duration in studied terms, fold change, and chromo-
some location.

Increasing awareness for the integration of the large mass
of data also termed integromics [20] contributes to novel bio-
logical disclosures; therefore, standardization of genomics da-
ta is recommended. Unification of results would make
scattered studies easy and more effectively applied in assem-
bling the whole picture and smoother literature mining. The
message to all scientific writers is to report their results in

Fig. 2 Schematic summary of
key data related with HIF-1α-
target interaction. bp base pair,
HIF-1α hypoxia-inducible factor-
1α, HRE hypoxia-responsive
elements, TF transcription factor
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explicate and readable form, if possible, in a tabular format,
supplemented with available ID numbers, which will enable
easier and faster further data analysis.
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