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ditions, expression patterns, and sample types, were carefully collected and integrated. Further-
more, 8788 candidate genes from diverse species inhabiting low-oxygen environments were also
integrated. In addition, we conducted an orthologous search and computationally identified
394,141 proteins that may respond to hypoxia among 48 animals. An enrichment analysis of human
proteins identified from LTEs shows that these proteins are enriched in certain drug targets and
cancer genes. Annotation of known posttranslational modification (PTM) sites in the proteins iden-
tified by LTEs reveals that these proteins undergo extensive PTMs, particularly phosphorylation,
ubiquitination, and acetylation. iHypoxia provides a convenient and user-friendly method for users
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to obtain hypoxia-related information of interest. We anticipate that iHypoxia, which is freely
accessible at https://ihypoxia.omicsbio.info, will advance the understanding of hypoxia and serve

as a valuable data resource.

Introduction

Oxygen is an essential element for the survival of aerobic
organisms, and a decreased oxygen concentration (hypoxia)
may threaten the survival of cells, tissues, and individuals.
To cope with hypoxia, mammals have evolved sophisticated
oxygen-sensing systems and adaptive mechanisms [1], includ-
ing erythropoiesis [2], mitochondrial respiration [3], angiogen-
esis [4], and metabolic adaptations [5]. In 1995, Wang et al.
identified hypoxia-inducible factor 1 (HIF-1), which is a het-
erodimer consisting of a constitutively expressed HIF-1f sub-
unit and a HIF-1a subunit that is regulated and expressed in
an oxygen-dependent manner [6]. Under normoxic conditions,
HIF-1a is hydroxylated by prolyl hydroxylases and then tar-
geted for proteasomal degradation through von Hippel-Lin-
dau (VHL)-mediated ubiquitination [7-9]. During hypoxia,
accumulating HIF-1o dimerizes with HIF-1B and then binds
to hypoxia response elements to trigger the hypoxic response
[10]. In addition to HIF-1, many proteins and pathways are
involved in hypoxia signaling [11] and thus play important
roles in various physiological and pathological processes, such
as the regulation of immunity [12], embryonic development
[13], cancer [14], cardiovascular discases [15], and anemia
[16]. The use of hypoxia-related strategies for the treatment
of disease is being investigated. For example, Chen et al. found
that roxadustat, an oral inhibitor of HIF prolyl hydroxylase, is
useful for treating patients with anemia and long-term kidney
disease [17]. Therefore, a deeper understanding of hypoxia sig-
naling is critical, and an exploration of the expression dynam-
ics of proteins in response to hypoxia is the first step.

Several databases related to hypoxia are currently avail-
able. In 2012, Pankaj et al. compiled HypoxiaDB, a database
of hypoxia-regulated proteins containing 3500 human proteins
with detailed annotations that were identified from high-
throughput experiments (HTEs) [18]. However, HypoxiaDB
has not been updated since then. In 2017, Rashid et al. devel-
oped the HRGFish database, which contains 818 hypoxia-
responsive genes collected from 38 fishes [19]. During the last
decade, many studies have contributed to dissecting the pro-
tein expression dynamics in cellular/animal models in response
to hypoxia under various experimental/physiological condi-
tions [20-22]. Therefore, a comprehensive database that inte-
grates the quantitative events of protein expression in
response to hypoxia will boost the reutilization of previous
investigations and provide a helpful data resource for studying
the molecular mechanisms of hypoxia-related biology.

Herein, we presented iHypoxia, an integrative database for
the expression dynamics of proteins in response to hypoxia in
animals. At present, the iHypoxia database has curated and
hosts 425,142 quantitative expression events of 33,893 proteins
from five mammals in response to hypoxia, 8788 candidate
genes involved in adaptive evolution, and 394,141 computa-
tionally detected proteins in 48 animals. Detailed annotations,
including posttranslational modifications (PTMs), subcellular
locations, protein—protein interactions, and drug-target rela-
tions, are also provided. Search and browse services have also

been implemented for user convenience. An enrichment analy-
sis of human proteins identified in low-throughput experiments
(LTEs) showed that proteins that respond to hypoxia were sig-
nificantly enriched in certain drug targets and oncogenes. By
mapping known PTM sites to proteins identified in LTEs,
we confirmed that these proteins can undergo extensive PTMs,
particularly phosphorylation, ubiquitination, and acetylation.
We anticipate that the iHypoxia database will be beneficial
to the research community, and this online service is freely
available at https://ihypoxia.omicsbio.info.

Database implementation

To develop a comprehensive resource for the expression
dynamics of proteins in response to hypoxia in animals, we
collected and integrated published (through January 2020)
datasets from various sources, such as PubMed, Gene Expres-
sion Omnibus (GEO), HypoxiaDB [18], and Gene Ontology
(GO) [23]. A workflow of the construction of iHypoxia is
depicted in Figure 1.

Curation of hypoxia-related proteins identified by LTEs

To obtain validated proteins and their expression patterns in
response to hypoxia, we searched for hypoxia-related scientific
reviews in PubMed using the keyword “hypoxia”. Then, we
first read the abstracts to confirm whether there were
hypoxia-related proteins. If so or if we were unsure, we checked
the full texts and traced them back to the original literature. By
carefully reading the literature, we manually extracted the
hypoxic expression of proteins identified from LTEs, such as
Western blot (WB), Northern blot (NB), polymerase chain
reaction (PCR), and other experiments. Considering that pro-
teins show different expression patterns in various tissues/cells,
in the presence of different oxygen concentrations, and in
response to different durations of hypoxia, we retrieved as
many details as possible, including the hypoxic experimental
conditions, expression patterns (up-regulation or down-
regulation), sample types (tissues or cells), evidence levels (pro-
teins or transcripts), experimental methods (e.g., WB and NB),
and a brief description of the proteins from the original articles.
All the protein expression experiments were checked by two
data curators. In addition, we integrated data from Hypox-
iaDB [18], GO resources [23], Reactome [24], MsigDB [25],
Kyoto Encyclopedia of Genes and Genomes (KEGG) [26],
GeneCards [27], and GenAtlas [28]. Regarding the GO
resources, we collected only the proteins whose GO terms were
related to hypoxia, as marked by experimental evidence codes,
which indicated that the annotation of the gene was directly
supported by experimental evidence. From pathway databases
such as Reactome and MsigDB, hypoxia-related datasets were
also downloaded. We then identified the original literature to
obtain the protein expression pattern, the hypoxic conditions,
and other information. For the data from HypoxiaDB, detailed
information was employed without further changes.
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Welcome to iHypoxia

Oxygen s vital to life on earth. Hypoxia is a condition or state in which insufficient levels
J of oxygen are supplied to cells or tissues, while it is associated with a wide range of
conditions in human health and diseases such as cancers, cardiovascular diseases and
anemia, among others. The recent development of high-throughput sequencing based
omics technologies greatly advanced the large-scale identification of hypoxia-regulated
proteins and the detection of candidate reference markers for diseases diagnosis and
therapy. Here, we provide a database of iHypoxia (integrative database for Hypoxia
associated proteins in mammals), which host the results of hypoxia regulatory proteins
based on
In total, ification events on i proteins for
mammals under more than 0 conditions were collected and integrated in the database,
while the details about the samples, hypoxia experiments were also manually curated.
Furthermore, 8,788 candidate genes were also integrated from diverse species inhabiting
low oxygen environment. We increased proteins in - animals by orthologous
search. The iHypoxia database provides simple and user-friendly interface to browse
and search data, and the detailed information is organized and visualized for queries.

1. Ensembl 0. ENSGOOD00100644, 82 UniProl 10 : 016865, 1. Protein name  Hyposie ndmio toce
- _ Plaase salect  type and enter keyw: Submat

Figure 1  Workflow of the construction of the iHypoxia database

First, we collected and integrated expression data of proteins in response to hypoxia from the literature, HypoxiaDB, GO resource,
Reactome, MSigDB, GeneCards, GenAtlas, and GEO. We then performed ortholog detection using the OMA dataset. In addition to
collecting basic information, we annotated proteins in four aspects: PTMs, subcellular locations, protein—protein interactions, and drug—
target relations. Ultimately, the iHypoxia website was constructed. TMT, tandem mass tag; GO, Gene Ontology; GEO, Gene Expression
Omnibus; DEP, differentially expressed protein; PMID, PubMed ID; OMA, Orthologous Matrix; PTM, posttranslational modification.

Integrating high-throughput protein expression profiles in respo-
nse to hypoxia

Proteomics is a highly effective approach for identifying alter-
ations in protein levels. To identify the expression at the pro-
tein level of genes that respond to hypoxia, we searched
PubMed with various keywords, such as “(hypoxia OR anox-
ia) AND (proteome OR proteomic)”. To control the quality of
the data, we manually examined all the literature retrieved and
the corresponding supplemental materials. Information per-
taining to the hypoxic conditions, regulation patterns, P adjust
values, sample types, and other details was then extracted.

Transcriptomic approaches have been widely used to
research transcriptional expression during hypoxic responses,
and GEO hosts many samples with expression data related
to hypoxic responses. Therefore, we searched the GEO data-
base with the keywords “hypoxia” and ‘““anoxia” with the
screening conditions “Expression profiling by array” and
“Expression profiling by high-throughput sequencing”.
Hypoxia-related expression datasets were then downloaded
and analyzed using the limma package [29]. If the fold change
of mRNA expression in hypoxic cells/tissues compared with
control (normoxia) cells/tissues was greater than 2 and the P
adjust value was < 0.05, the protein was included in the iHy-
poxia database. Detailed information, including the hypoxic
experimental conditions, sample types, and other details, was
also retrieved from the original studies.

After completing the aforementioned data collection, the
“Retrieve/ID mapping” tool in the Universal Protein Resource
(UniProt) database was used to convert the different identifiers
of the collected proteins into unified Ensembl IDs and UniProt
IDs [30].

Curation of hypoxia adaptation-associated genes identified by
genomic analysis

Many animals living in low-oxygen environments, especially
high-altitude habitats, have evolved genetic mechanisms of
adaptation to hypoxia, and genomic analysis has identified
numerous candidate genes involved in hypoxia adaptation at
the genetic level. To obtain these candidate genes, we searched
PubMed with keywords such as “hypoxia AND (genome OR
genomic) AND (high-altitude adaptation)”. By manually min-
ing abstracts and full texts, we collected candidate genes and
relevant information from 127 studies.

Ortholog detection

To identify computationally detected proteins in other animals
that may respond to hypoxia, the “Pairwise orthologs” data
were downloaded from the Orthologous Matrix (OMA) data-
base (https://omabrowser.org/oma/current/) [31]. The col-
lected proteins were then mapped to the OMA dataset to
obtain their orthologs. Through screening, we obtained 48 ani-
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mal ortholog datasets, and the Ensembl IDs and UniProt IDs
were used as identifiers.

Annotation data obtained from public databases

To provide abundant annotations for the collected proteins,
information obtained from several public databases, including
basic information, PTMs, subcellular locations, protein—
protein interactions, and drug-target information, was
integrated.

First, essential information on the proteins, such as the
gene name, protein name, sequence, and function, was down-
loaded from UniProt [32]. PTMs play vital roles in regulating
the structure and function of proteins; thus, PTM data from
Biological General Repository for Interaction Datasets (Bio-
GRID) [33], dbPTM [34], eukaryotic phosphorylation site
database (EPSD) [35], PhosphoBase [36], PhosphoSitePlus
[37], and protein lysine modifications database (PLMD) [38]
were integrated and matched to the collected proteins. Proteins
function in specific subcellular locations, and these locations
provide a particular environment and a set of interacting chap-
erone proteins that are necessary for protein function. Knowl-
edge of the subcellular localization of proteins is important for
understanding cellular processes. Therefore, we acquired the
subcellular locations from UniProt [32] and protein—protein
interactions from BioGRID [33], BioPlex [39], Integrated
Interactions Database (IID) [40], IntAct [41], and Human Ref-
erence Interactome and Literature Benchmark (HuRI) [42].
Based on expression studies, some proteins have also been pro-
posed as potential diagnostic or therapeutic biomarkers for
human hypoxic diseases, especially cancer. To determine
whether the proteins that we collected could be used as drug
targets or are encoded by cancer-related genes, we downloaded
data from DrugBank [43] and a list of oncogenes from the
Cancer Gene Census in the Catalog Of Somatic Mutations
in Cancer (COSMIC) database [44] and then matched them.

Database construction

All the data in iHypoxia were stored in a MySQL database,
and the website was deployed with an Apache server. At the
front end, Bootstrap, an open-source user interface framework
based on HTML, CSS, and JavaScript, was used to build the
basic layout of the website. JavaScript and its tool library Jqu-
ery were used to implement the interactive functions. The visu-
alization of the data statistics and PTMs was achieved with
Echarts, whereas the network of protein—protein interactions
was displayed using Cytoscape.js. Data processing at the back
end was performed through PHP, and the interaction between
the front and back ends was achieved through Asynchronous
JavaScript and XML (AJAX). Moreover, to provide a stable
and adaptive service, we tested the iHypoxia website using var-
ious web browsers, including Mozilla Firefox, Google
Chrome, and Internet Explorer.

Web interface

User interface and functions

To rapidly access the detailed information on a protein of
interest, a simple search function is available on the home page

for searching in a user-specified area or all areas under “Any
Field” (Figure 2A). We provided examples for each keyword
option to improve the ease of the search process for users.
Examples  include  “ENSG00000100644”,  “Q16665”,
“HIFIA”, and ‘“hypoxia inducible factor 1 subunit alpha”,
which are the Ensembl ID, UniProt ID, gene name, and pro-
tein name, respectively (Figure 2A). On the search page, we
provide two search approaches, including an advanced search
and a batch search. For the “Advanced search” option, vari-
ous keywords can be combined through the operators
“AND”, “OR”, and “NOT” to perform a query with different
search keywords (Figure 2B). For the “Batch search™ option,
users can paste numerous keywords, such as Ensembl IDs
and gene names, in a line-by-line format or upload a file for
batch searching (Figure 2C). The database uses a fuzzy query
function, and all matched results are listed and displayed in a
table at the bottom of the search page (Figure 2D). The table
showing the results contains basic information, i.e., Ensembl
ID, UniProt ID, gene name, protein name, and organism,
and detailed information for the searched protein can be
viewed on the result page by clicking the “More” option
(Figure 2D).

On the browse page, all animal species in iHypoxia are pre-
sented in alphabetical order (Figure 3A). To view the proteins
in species of interest, users can click the corresponding species,
and a table with basic information (Ensembl ID, UniProt ID,
gene name, and experiment types) will be shown in the list
below (Figure 3B). Users can click the “Detail” link to view
detailed information. Additionally, an evolutionary tree show-
ing the phylogenetic relationships of these 48 animals is shown,
and users can directly click the animal of interest to view cor-
responding proteins (Figure 3C).

The result page for a protein consists of eleven parts. The
first part shows the basic information of the protein, including
the organism, Ensembl ID, UniProt ID, gene name, protein
name, protein function, and sequence (Figure 4A). The other
six parts detail the expression dynamics of the proteins in
response to hypoxia identified in LTEs and HTEs, hypoxia
adaptation evidence from genomic analyses, and information
obtained from protein ortholog searches (Figure 4B-G). The
table of evidence from LTEs and HTEs includes the
experimental conditions, regulation under hypoxic conditions,
log, ratios, P adjust values, false-discovery rates (FDRs), and
evidence levels (Figure 4B and C). The table of evidence from
genomic analyses includes the adaptation types, description,
and evidence levels (Figure 4D). The tables for proteins
obtained from ortholog searches are similar to the tables of
evidence from LTEs, HTEs, and genomic analyses
(Figure 4E-G). By clicking on the “plus” button, users can
see more information, which includes brief descriptions of
the experiments, sample types, detection methods, publication,
or dynamic processes (Figure 4H). Moreover, these data can
be downloaded by clicking the “Export” button in the upper
right corner of the table. The remaining four parts are
“Post-translational modification(s)”, “Protein—protein interac-
tion(s)”, ““Subcellular location(s)”, and “Drug-target
relation(s)”, and these parts correspond to all PTMs we col-
lected for the searched protein, the network in which the pro-
tein interacts with other LTE-identified proteins, subcellular
location information, and potential inhibitors, respectively
(Figure 41-L). On the download page, users can freely acquire
all the data for their own academic research.
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A #1. Ensembl ID : ENSG00000100644, #2. UniProt ID : Q16665, #3. Gene name : HIF1A, #4. Protein name : Hypoxia-inducible factor 1-alpha
_ Please select a type and enter keyword(s). Submit
Please select a type and enter keyword(s).
_ Please select a type and enter keyword(s). ©
_ Please select a type and enter keyword(s). ©e
Example Clear Submit
Paste your keywords here line-by-line
a
Or upload a file (less than 2M): choose file ‘
Ensembl ID UniProt ID Gene name Protein name Organism More
ENSG00000100644 Q16665 HIF1A Hypoxia-inducible factor 1-alpha Homo sapiens 2
ENSG00000166135 QINWTE HIF1AN Hypoxia-inducible factor 1-alpha inhibitor Homo sapiens ]

Figure 2 Search options in iHypoxia

A. Simple search options on the home page. B. Advanced search options on the search page. C. Batch search options on the search page.

D. Results returned from a search for proteins.

A

Ailuropoda melanoleuca (13,015) Anas platyrhynchos platyrhynchos (7520) Anolis carolinensis (10,610)

Caenorhabditis elegans (4509) Callithrix jacchus (11,599) Canis lupus familiaris (14,343)

Cercocebus atys (11,206) Chlorocebus sabaeus (11,044) Ciona intestinalis (5187)

Dasypus novemcinctus (20) Drosophila melanogaster (4910) Equus caballus (13,542)

Felis catus (12,030)

Homo sapiens (17,509)

Meleagris gallopavo (9555)

Ficedula albicollis (9354) Gallus gallus (8146)

Ictidomys tridecemlineatus (9731) Macaca fascicularis (9989)

Microcebus murinus (67) Monodelphis domestica (9757)

Bos taurus (14,208)

Carlito syrichta (1)

Ciona savignyi (4288)
Erinaceus europaeus (4)
Gorilla gorilla gorilla (10,006)
Macaca mulatta (7577)

Mus musculus (10,320)

Gene name ™4

Ensembl ID UniProt ID1

ENSG00000001617 Q13275 SEMA3F © © ® (©] @

ENSG00000001626 P13569 CFTR @ @ @ ® ®

® 2

Caenorhabditis elegans
Xenopus tropicalis

Ciona intestinalis Anolis carolinensis

Ciona savignyi i . -
Pelodiscus sinensis

Monodelphis domestica
Sarcophilus harrisii
Dasypus novemcinctus

Equus caballus

Drosophila melanogaster

Gallus gallus
Meleagris gallopavo
Ficedula albicollis

Taeniopygia guttata

Figure 3  Browsing options in iHypoxia

A. Browse by species in a table. B. Results in a table for all proteins of the chosen organism. C. Browse by species in an evolutionary tree.
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Organism | Homo sapiens

Ensembl ID ENSG00000100644

UniProt ID HIF1A_HUMAN, Q16665, COLZJ3, Q53XP6, Q96PTY, Q9UPB1

Genename | HIF1A, BHLHE7S, MOP1, PASDS
orotein name | HyPOXia-inducible factor 1-alpha, ARNT-interacting protein, Basic-helix-ioop-helix-PAS protein MOP1, Class E basic
helix-loop-helix protein 78, Member of PAS protein 1, PAS domain-containing protein 8

Functions as @ master transcriptional regulator of the adaptive response to hypoxia®. Under hypoxic conditions,
activates the transcription of over 40 genes, including erythropoetin, glucose transporters, glycolytic enzymes, vascular
endothelial growth factor, HILPDA, and other genes whose protein products increase oxygen delivery or facilitate
metabolic adaptation to hypoxia®. Plays an essential role in embryonic vascularization, tumor angiogenesis and
pathophysiology of ischemic disease®. Heterodimerizes with ARNT; heterodimer binds to core DNA sequence 5'-
TACGTG-3' within the hypoxia response element (HRE) of target gene promoters (By similarity). Activation requires
recruitment of transcriptional coactivators such as CREBBP and EP3008. Activity is enhanced by interaction with
NCOA1 andior NCOA2MD. Interaction with redox regulatory protein APEX1 seems to activate CTAD and potentiates
activation by NCOA1 and CREBBPB. Involved in the axonal distribution and transport of mitochondria in neurons
during hypoxia®. (Microbial infection) Upon infection by human coronavirus SARS-CoV-2, is required for induction of
glycolysis in monocytes and the consequent proinflammatory state . In monocytes, induces expression of ACE2 and
cytokines such as IL1B, TNF, IL6, and interferons®. Promotes human coronavirus SARS-CoV-2 replication and
monocyte inflammatory response @,
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Statistical analysis of iHypoxia

Through literature curation and public database integration,
we obtained 425,142 quantitative expression events of 33,893
proteins that respond to hypoxia in five mammals: Homo sapi-
ens (human), Mus musculus (mouse), Rattus norvegicus (rat),
Sus scrofa (pig), and Bos taurus (cow). Based on the alterations
in the expression of the proteins in hypoxia compared with
normoxia, the proteins were divided into up-regulation and
down-regulation categories (Figure SA and B). Because pro-
teins that respond to hypoxia present different expression pat-
terns in various tissues/cells or under various hypoxic states,
some proteins may be up-regulated and down-regulated as
conditions change, and these proteins were annotated
“up/down” (Figure 5A and B). In general, the protein expres-
sion quantifications obtained in LTEs were reliable, and those
obtained in HTEs needed further validation; therefore, we
curated the expression quantifications from LTEs and HTEs
separately. In this study, for five mammals, we obtained
1944 and 33,559 unique proteins whose expression levels
showed changes in response to hypoxia in LTEs (Figure 5A)

and HTEs (Figure 5B), respectively. Regardless of whether
the proteins were obtained from HTEs or LTEs, proteins
detected in humans, mice, and rats accounted for most pro-
teins, and few proteins were found in cows and pigs. We
observed that 82.72% (1608/1944) of the proteins identified
in LTEs were also detected in HTEs (Figure 5C), and 13,007
proteins showed altered expression at both the protein and
transcription levels (Figure 5D). The distributions of experi-
mental types used to identify proteins in LTEs and HTEs are
shown in Figure SE and F, respectively. PCR and arrays were
the most commonly used techniques for the detection of
hypoxia-related protein expression. As shown in Figure 5G
and H, we observed that cancer cell lines and tissues such as
hippocampus tissue were frequently used to study hypoxia
responses. Furthermore, 8788 candidate genes associated with
hypoxia adaptation by the genomic analysis were derived from
diverse species inhabiting low-oxygen environments, such as
Tibetan antelope and pika (Table S1). More than 1900 candi-
date genes showed altered expression at both the protein and
transcription levels. In addition, because the data for one spe-
cies should be helpful for studies in another species because
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Figure 5  Data statistics of iHypoxia

A. Distribution of proteins identified from LTEs. B. Distribution of proteins identified from HTEs. C. Overlap between proteins identified
from LTEs and HTEs. D. Overlap between collected proteins identified at transcript and protein levels. E. Number of proteins identified
by different LTE methods. IDA, IMP, and IEP are the experimental evidence codes in the GO database. F. Number of proteins identified
by different HTE methods. G. Number of proteins identified in different cell lines. H. Number of proteins identified in different tissues.
Smaller amounts of data are not shown in the figure. PCR, polymerase chain reaction; WB, Western blot; ELISA, enzyme linked
immunosorbent assay; NB, Northern blot; IDA, inferred from direct assay; IMP, inferred from mutant phenotype; IEP, inferred from
expression pattern; NGS, next generation sequencing; SILAC, stable isotope labeling by amino acids in cell culture; iTRAQ, isobaric tag
for relative and absolute quantitation; 2D, two-dimensional gel electrophoresis.

cells might utilize the same or similar mechanisms across spe-
cies, we further increased 394,141 proteins in 48 animals based
on an ortholog search (Table S2), which could provide helpful
information for non-model animals that scientists might be
interested in.

To further understand the biological and functional proper-
ties of LTE-identified proteins that are differentially expressed
in hypoxia, we performed GO [23] and KEGG [26] pathway
enrichment analyses. For simplicity, only the top 10 significant
GO biological process (P adjust < 9.33E-39), cellular
component (P adjust < 7.09E-22), and molecular function
(P adjust < 6.33E-11) terms and KEGG terms
(P adjust < 1.03E-15) are shown in Figure 6. The enriched
biological process terms were regulation of vasculature
development (GO:1901342), regulation of angiogenesis
(GO:0045765), response to oxidative stress (GO:0006979),
and GO terms related to oxygen levels such as response to
decreased oxygen levels (G0O:0036293), response to hypoxia
(GO:0001666), and  cellular response to  hypoxia
(GO:0071456) (Figure 6). Many studies have found that the
levels of reactive oxygen species (ROS) increase during
hypoxia [45]. Systemically, organisms have evolved many vital
mechanisms to adapt to hypoxia, and these mechanisms
include blood vessel growth, which delivers as much oxygen
and nutrients as possible to meet the metabolic demand
[4,46]. With respect to cellular component terms, most of the
proteins were enriched in the terms proteasome complex
(G0O:0000502), endopeptidase complex (GO:1905369), and

vesicle lumen (GO:0031983). The enriched molecular function
terms were growth factor binding (GO:0019838), growth fac-
tor activity (GO:0008083), cytokine receptor binding
(G0O:0005126), and others. The prevalence of “binding” terms
suggests that proteins that respond to hypoxia play extremely
important roles in complex protein interactions. In addition,
the most enriched GO molecular function term was “‘growth
factor binding”, which plays a momentous role in modulating
angiogenic processes in response to hypoxia [47].

Hypoxia is a complex condition and a feature of physiolog-
ical and pathological states. Organisms sense and adapt to
hypoxic stress via various intricate pathways [1]. In addition
to the classical and well-known HIF-1 signaling pathway
(hsa04066), the top enriched KEGG pathway terms included
proteasome (hsa03050) [48], AGE-RAGE signaling pathway
in diabetic complications (hsa04933) [49], pancreatic cancer
(hsa05212) [50], prostate cancer (hsa05215) [51], proteoglycans
in cancer (hsa05205) [52], and the PI3K-AKT signaling path-
way (hsa04151) [53]. In particular, many cancer-related path-
ways were found to be enriched in human proteins identified
from LTEs.

We then performed an enrichment analysis with a hyperge-
ometric test by mapping the human proteins identified in LTEs
to the druggable proteins acquired from the DrugBank data-
base [43] and to cancer genes found in COSMIC [44]. As a
result, 449 and 122 proteins identified in LTEs were found to
match with drug targets and cancer genes, respectively
(Table 1). Therefore, the dysregulated proteins identified in



274 Genomics Proteomics Bioinformatics 21 (2023) 267-277

Response to oxidative stress

Response to hypoxia

Regulation of vasculature development
Cellular response to hypoxia
Response to decreased oxygen levels
Cellular response to decreased oxygen levels
Cellular response to oxygen levels
Response to oxygen levels

Positive regulation of kinase activity
Regulation of angiogenesis

HIF-1 signaling pathway § &-_

Proteasome
Pancreatic cancer
Prostate cancer
Proteoglycans in cancer
Epstein-Barr virus infection
PI3K-Akt signaling pathway
Lipid and atherosclerosis
Spinocerebellar ataxia

AGE-RAGE signaling pathway in diabetic complications

esicle lumen
FicoliX—1-riLh granule
Peptidase complex
Endopeptidase complex
Proteasonie 'accessory complex

Cytoplasmic vesicle lumen
Secretory granule lumen

Membrane microdomain
Membrane raft

Cell%
,.

o -Log,, adjusted P

140
119

%
%
[+)
>
-
=
S
LN Receptor ligand activity
,b{ Ubiquitin-like protein ligase binding

N DNA-binding transcription factor bjndin
Mo\eo\) Pepﬁdase reSuIator activity -

Growth factor activity
Growth factor binding
Cytokine receptor binding
Ubiquitin protein ligase binding
RNA polymerase |I-specific DNA-binding transcription factor binding
Signaling receptor activator activity
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Table 1 Enrichment analyses of drug targets and cancer genes for human LTE proteins
Human proteins in LTEs Proteins in human proteome E-ratio P value
(total count n = 1096) (total count n = 22,784)
No. of matched drug proteins 449 2895 3.22 1.28E-129
No. of matched cancer genes 122 711 3.57 1.21E-35

Note: LTE, low-throughput experiment.

LTEs may be essential in tumorigenesis and tumor develop-
ment and may be therapeutic targets.

PTMs play vital roles in regulating a wide range of biolog-
ical processes. One of the remarkably enriched KEGG path-
ways from our analysis, the PI3K-AKT signaling pathway, is
mainly regulated by phosphorylation. In the iHypoxia data-
base, we provide abundant annotations derived from several
PTM resources (Figure 1). We performed PTM analysis by
mapping known PTM sites from six databases to proteins
identified in LTEs. In total, we obtained 58,790 PTM sites
on 1643 substrates, affecting 84.52% (1643/1944) of the pro-
teins identified in LTEs (Figure 7A). More than 30 PTMs were
found to be involved, and these included 39,224 phosphoryla-
tion sites of 1590 proteins, 12,777 ubiquitination sites of 1110
proteins, and 6662 acetylation sites of 942 proteins (Figure 7B;
Table S3). Different PTMs can engage in crosstalk with each
other to synergistically orchestrate specific biological pro-
cesses, and we found that a fairly large number of the proteins
identified in LTEs could be regulated by multiple PTMs (Fig-
ure 7C). Numerous studies have reported that PTMs can reg-
ulate relevant pathways to respond to hypoxia and also can be
regulated by hypoxia [54-56].

Discussion

Oxygen is vital to life on Earth. However, hypoxia is a com-
mon stress frequently encountered by aerobic species, for
example, in high altitudes, aquatic habitats, and underground
burrows. In addition, cells/tissues within the body are also
exposed to a hypoxic microenvironment. Therefore, mammals
have evolved adaptive mechanisms to cope with hypoxia [2-5].
Hypoxia is also associated with human diseases such as can-
cers, cardiovascular diseases, and anemia [15,16,57]. The devel-
opment of high-throughput technologies has greatly enhanced
the large-scale identification of proteins whose expression at
the transcript or protein levels is modified during hypoxia,
and an increasing number of proteins involved in regulating
hypoxia have been verified. Considering that the data from
these studies are scattered throughout the literature and are
difficult to obtain and utilize, a resource housing the expres-
sion dynamics of proteins in response to hypoxia is needed.
In this study, we developed iHypoxia, an integrated data-
base for storing the expression dynamics of proteins that
respond to hypoxia in animals. At present, iHypoxia contains
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identified in LTEs.

2589 expression events of 1944 proteins identified in LTEs,
422,553 quantitative expression events of 33,559 proteins iden-
tified in HTEs, 8788 candidate genes, and 394,141 computa-
tionally detected proteins. Compared with previous
databases, iHypoxia not only contains more data but also
has several advanced features. First, iHypoxia is the first inte-
grated animal database focused on the expression dynamics of
proteins in response to hypoxia and provides evidence from
HTEs and LTEs at the transcript and protein levels for five
mammals. Moreover, this resource is well annotated and can
provide abundant information on collected proteins, including
the hypoxic experimental conditions, expression patterns, sam-
ple types, and other information from the original studies, as
well as PTMs, protein—protein interactions, drug—target rela-
tions, and other information from public databases. Further-
more, the iHypoxia website is convenient and user-friendly,
and users can rapidly and accurately find the information of
interest or download datasets.

In the future, iHypoxia will be regularly maintained and
updated when new hypoxia data are published. Additionally,
we plan to adopt computational methods such as text mining
to establish an automated system that extracts LTE-related
data from the literature. Furthermore, hypoxia not only tran-
scriptionally and translationally activates genes to modulate
cellular adaptations but also influences many other processes,
such as protein PTMs and non-coding RNA expression
[53,58,59]. Therefore, additional expression data and data

derived from more species will be integrated to provide a more
comprehensive and useful resource to facilitate related
research.

Data availability
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