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Abstract

Background: Hypoxia refers to the condition of low oxygen pressure in the atmosphere and characterization of
response to hypoxia as a biological complex puzzle, is challenging. Previously, we carried out a comparative
genomic study by whole genome resequencing of highland and lowland Iranian native chickens to identify
genomic variants associated with hypoxia conditions. Based on our previous findings, we used chicken as a model
and the identified hypoxia-associated genes were converted to human’s orthologs genes to construct the
informative gene network. The main goal of this study was to visualize the features of diseases due to hypoxia-
associated genes by gene network analysis.

Results: It was found that hypoxia-associated genes contained several gene networks of disorders such as
Parkinson, Alzheimer, cardiomyopathy, drug toxicity, and cancers. We found that biological pathways are involved
in mitochondrion dysfunctions including peroxynitrous acid production denoted in brain injuries. Lewy body and
neuromelanin were reported as key symptoms in Parkinson disease. Furthermore, calmodulin, and amyloid
precursor protein were detected as leader proteins in Alzheimer’s diseases. Dexamethasone was reported as the
candidate toxic drug under the hypoxia condition that implicates diabetes, osteoporosis, and neurotoxicity. Our
results suggested DNA damages caused by the high doses of UV radiation in high-altitude conditions, were
associated with breast cancer, ovarian cancer, and colorectal cancer.

Conclusions: Our results showed that hypoxia-associated genes were enriched in several gene networks of
disorders including Parkinson, Alzheimer, cardiomyopathy, drug toxicity, and different types of cancers. Furthermore,
we suggested, UV radiation and low oxygen conditions in high-altitude regions may be responsible for the variety
of human diseases.
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Background

Hypoxia refers to the condition of low oxygen pressure
in atmosphere, and is also considered as one of the most
important factors that can impact on many biological
pathways of cells [52]. Thus, organisms must adapt to
the low oxygen environment to increase the chance of
survival [66]. It has been demonstrated that there is
close association between abnormal level of oxygen and
human’s disorders and hypoxia is known as the common
symptom among human diseases such as cancers, car-
diovascular, heart failure, ischemia, cerebral edema, and
diabetes [26, 71, 82, 110, 111, 119].

Many studies aimed to explain the role of hypoxia in
diseases and disorders. As an example, in high-altitude
conditions, high doses of UV (ultraviolet) radiation lead
to the DNA damage, cell apoptosis, skin cancer, and tis-
sue injuries in mammals [26, 71, 82, 97, 108, 119]. In
addition, the low oxygen concentration in high-altitude
conditions is another risk factor for diseases [70]. The
lack of normal oxygen level leads to the inadequate
mitochondrial metabolism, and also plays a critical role
in cell survival [41]. Therefore, any alteration or dysfunc-
tion in mitochondrial activity can lead to irreparable in-
juries of the body’s organs, especially in the central
nervous system [15], because the brain is considered as
the most sensitive organ to the consumption of oxygen
and energy.

In this way, cerebral anoxia induces the neuron cell
death and apoptosis, which will lead to hypoxic brain in-
jury including Alzheimer, Huntington, and Parkinson
[100, 116]. It should be noted that numerous investiga-
tions have attempted to identify candidate genes and
molecular mechanisms involved in the process of adap-
tation to hypoxia and incidence of disorders; however,
this process contains complex biological regulatory path-
ways, leader proteins, and different gene expression pat-
terns [53]. Therefore, there is no evidence for integrated
response to hypoxic stress in humans [41].

The network analysis of the hypoxia-regulated proteins
can provide new insight for a better understanding of
the molecular mechanisms of the adaptation to anaer-
obic stress and predict roles of key proteins in human
diseases [52].

Animal models have been widely used in order to ex-
plore diseases and provide novel insights into the mech-
anisms of human diseases. Although biological pathways
of animals do not conform to humans perfectly, many
treatment systems and drugs were developed using ani-
mal models [16].

Many of the features of avian biology and organization
of the chicken genome make it an ideal model organism
for phylogenetics and embryology, along with applica-
tions in agriculture and medicine [11, 25, 28]. Since the
sequencing of the genome and the development of high-
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throughput tools for the exploration of functional ele-
ments of the genome, the chicken has reached model or-
ganism status. Functional genomics and computational
analyses in chickens provide powerful tools in order to
understand the function and regulation of genes and
obtaining new insight into the evolution of gene families
in birds and other organisms [18].

In this study, based on the chicken hypoxia-associated
genes involved in response to hypoxia [51] the biological
network analysis was investigated to clarify the roles of
key candidate genes in the human hypoxia-related
diseases.

Methods

The current study was founded based on the outcomes
of our pervious investigation which were planned to
identified hypoxia-associated genes in native chickens.
Previously, we carried out a comparative population gen-
omic study by whole genome resequencing of highland
and lowland Iranian native chickens to identify genomic
variants associated with hypoxia conditions [51]. In this
way, 80 hypoxia-associated candidate genes were ob-
tained for gene network analysis. Here, to avoid repeti-
tion, the summary of material and method was
described. Supplementary file S1 provides the complete
details of sampling and analyzing data.

Blood sampling, whole genome sequencing, and
phenotypic data

Briefly, blood samples were collected from ten native
chickens in Isfahan (highland, altitude = 2087 m, five
samples) and Sari (lowland, altitude = 54 m, five sam-
ples) provinces in Iran. Total genomic DNA was isolated
from the whole blood and whole genome was sequenced
using Hiseq2000 platform and the length of the provided
paired-end short reads was 125bp. The raw genome
resequencing reads were deposited in the browser of
chickenSD database (http://bigd.big.ac.cn/chickensd/). In
order to classify the highland and lowland chickens
phenotypically, 24 quantitative traits were recorded for
principle component analysis (PCA) and discriminate
analysis in Minitab software (version: 17). The summary
of recorded traits was included body weight (gr), neck
length, body size (between waist and pectoral circumfer-
ence), shank length, body size (between waist and ab-
dominal circumference), wing length, tail length, femur
length, crown length, crown height, back cape length,
body size (between pectoral and cloaca circumference),
head height (height from head to floor), femur diameter
and shank diameter. To reduce measurement error, all
chickens were matured while recording. It should be
noted that the same recording protocol was also used
and all chickens were matured while recording.


http://bigd.big.ac.cn/chickensd/
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Supplementary file S1 gives more detail about pheno-
typic data analysis.

Measurement of UV radiation and atmosphere pressure
Atmosphere pressure and UV dose are different in high-
land and lowland regions. The measurement of UV dose
is associated with environmental conditions such as
earth-to-sun distance, absorption by atmospheric gases,
air pollutions, and also the amount of atmosphere pres-
sure depends on temperature and humidity [50, 85].
Therefore, in order to show the UV dose and atmos-
phere pressure in selected highland and lowland regions,
the recent annual average was reported for Isfahan
(highland; UV: 3228.83 + 51.12 (j/m?), atmosphere pres-
sure: 760.63 + 12.19 (mmHg)) and Sari (lowland; UV:
2569.60 + 41.87 (j/m?), atmosphere pressure: 1015.12 +
16.74 (mmHg)) (www.weather.ir).

Quality control, trimming, and mapping

The function of quality control in CLC Genomic Work-
bench (8.5.1) was applied by the following parameters
for each sample: length distribution, GC content, am-
biguous base content, Phred score, nucleotide contribu-
tion, enrich 5 mers, and duplicate sequences [22]. The
adaptor sequences were removed by Illumina Company;
thereby, trimming was carried out based on other pa-
rameters. The reference genome and annotations were
downloaded from the Ensembl database. Annotations in-
cluded gene annotations and variants (ftp://ftp.ensembl.
org/pub/relase-84/fasta/gallus_gallus). Mapping was per-
formed against the reference genome. Briefly, mapping
parameters were included mismatch cost = 2, insertion
cost = 3, deletion cost = 3, length fraction = 0.7, similar-
ity fraction = 0.8 [69]. More details were provided in
supplementary file S1.

Genetic variants detection and gene ontology enrichment
analysis

The variant detection algorithm was run by CLC genom-
ics workbench (8.5.1). The ploidy level was fixed in
chickens (2n = 78). Therefore, fixed ploidy algorithm
was applied for variant calling based on the following pa-
rameters: minimum count = 2, minimum frequency (%)
= 30, base quality filter = yes, neighborhood radius = 15,
minimum central quality = 30, minimum neighborhood
quality = 25 [22, 23].

After variants calling, variations of highland chickens
were compared to the reads of lowland chickens as a
control tool in order to remove the common variation
between lowland and highland samples. The file of gene
ontology (GO) association, which included gene names
and associated gene ontology terms, was downloaded
from the gene ontology consortium (http://
geneontology.org/) and imported to CLC Genomic
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Workbench (8.5.1). The output of amino acid change
analysis was applied in order to analyze the gene ontol-
ogy enrichment of the biological process, molecular
function, and cellular component. The significance level
of GO analysis was determined to be 0.01. Finally, based
on the results of GO analysis, candidate genes associated
with significant GO term (P < 0.01) were used in the
gene network analysis [51]. The lists of selected genes
are presented in Table S1. The graphic abstract of gen-
etic variants detection and gene network analyses are
briefly depicted in Fig. 1.

Gene network analysis

Gene network analysis was performed based on hypoxia-
associated candidate genes which were reported by com-
parative genomic study between highland and lowland
chickens [51]. Unlike, chicken’s genes a lot of informa-
tion of human’s genes are available in the database of
Studio pathway software web (Elsevier). Therefore, the
identified chicken Ensembl IDs were converted to hu-
man orthologs by BioMart tool in Ensembl database
(https://asia.ensembl.org/) in order to build an inform-
ative gene network (Table S1) [22]. BioMart tool pro-
vides an easy-to-use web-based tool that allows
extraction of data without any programming knowledge
or understanding of the underlying database structure.
Gene network analysis was carried out by Pathway Stu-
dio web (Elsevier), with the purpose of identifying gene
network and upstream neighbors network for diseases
based on parameters of Min overlap = 2, and P value <
0.05 [75].

Results

The complete results of genetic variants detection that
were published in our investigation [51] are provided in
supplementary file S1. However, the summary outcomes
of the previous study describe here in order to clarify
the identification of hypoxia-associated genes.

A total of more than 20 million variations were gener-
ated, including single nucleotide variant (SNV), multi
nucleotide variant (MNYV), insertion, deletion, and re-
placement. In order to remove the common variants be-
tween highland and lowland chickens, total variants of
those samples were compared. A total of 97,610 and 17,
024 genetic variants were detected for both males and
females as the differential variants between highland and
lowland chickens, respectively. The results of gene ontol-
ogy analysis indicated that the most frequent significant
GO terms belonged to DNA repair, histone binding,
pericardium morphogenesis, thalamus development, and
immune response. Finally, 80 candidate genes, associated
with significant GO terms (P < 0.01) were selected for
gene network analysis (Table S1).


http://www.weather.ir
ftp://ftp.ensembl.org/pub/relase-84/fasta/gallus_gallus
ftp://ftp.ensembl.org/pub/relase-84/fasta/gallus_gallus
http://geneontology.org/
http://geneontology.org/
https://asia.ensembl.org/
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The outcomes phenotypic data analysis indicated that
lowland and highland chickens can be classified into two
separated groups, phenotypically. The accuracy was esti-
mated to be 75% (Tables S2-S3).

Gene network analysis

The nomenclature of network figures is given in Table 1,
and the summary results of gene network building are
shown in Table 2.
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Table 2 shows results of gene network construction by
hypoxia-associated genes. “Total gene in database” indi-
cates the count of all available candidate genes for diseases
in the database of Pathway Studio software. As an ex-
ample, 104 candidate genes are available in the database
of Pathway Studio for Parkinson disease. “Total genes in
network” shows the count of genes that were constructed
the network. For instance, 14 candidate genes contributed
to network building for Parkinson disease. In the current

Table 1 The legend of entities and relations types for gene network analysis

Entities and relations types Description

Entities type Description

Disease

Cell process

---------------------- ' — Negative regulation Transcription factor
e [ @i Positive regulation : > & 3 Membrane plasma
ay
Regulation (Unknown) } Mitochondria
-~

Chemical reaction

Direct regulation

Protein modification

Binding

Expression

Promoter binding

Genetic change

Protein kinase

Protein

Nucleolus
r

Golgi system

Treatment

Small molecule

Protein complex

Functional class

Protein ligand

Protein Transporter

Receptor
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study, 80 hypoxia-associated genes were used for network
analysis; therefore, “Enriched genes in network” shows
how many of 80 hypoxia-associated genes were enriched
in network. For Parkinson disease, 9 candidate genes
which we reported as hypoxia-associated genes were
enriched in the network.

Brain damages

Hypoxic brain injuries occur when the brain receives less
oxygen than its requirements. Generally, the brain needs
the continuous supply of oxygen for its survival and uses
20% of the body’s oxygen intake. Mitochondrion plays
an important role in cell respiration and ATP produc-
tion, while there is a close relationship between mito-
chondrial oxygen consumptions, neuronal activity, and
aerobic metabolisms. Therefore, any interruption of cell
respiration can lead to brain injuries [48].
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Our findings suggested that there was an association
between hypoxia and mitochondrion functions such as
glucose metabolism, ATP production, respiratory chain,
and Tricarboxylic acid cycle (Fig. 2). Hypoxia, which is
considered as an environmental stress, can reduce the
cells’ pH level; thus, it will lead to the increased lactate.
More importantly, it is proved that the transports process
in plasma membrane depends on cellular pH. Therefore,
the level of Ca®" increases in cytoplasm. Figure 2 shows
that Ca>* can lead two processes in the cell. First, it en-
hances MPTP complex (mitochondrial permeability tran-
sition pore) and causes the ATP depletion, mitochondria
damage, and apoptosis. Additionally, it was found that
MPTP has a regulatory role in ubiquinol-cytochrome c re-
ductase and NADH dehydrogenase activities, and leads to
DNA degradation which itself results in the superoxide
and peroxynitrous acid productions. Second, Ca** has a

cell pH reduction

Tricarboxylic acid

®7

Respiratory chain

ATP production

Glucose metabolism

necrotic cell death

DNA degradation - @i @D
Fig. 2 The effect of hypoxia on mitochondrial damage. Hypoxia reduces the level of pH in cells, which will result in the increased lactate. The
process of transferring that exists in plasma membrane depends on the cellular pH. Thus, the level of Ca’* increases in the cytoplasm. The high
concentration of Ca®* contributes in two processes of the cell. First, it enhances MPTP complex (mitochondrial permeability transition pore) and
leads to the ATP depletion, mitochondria damage, and apoptosis. Additionally, MPTP has a regulatory role in superoxide and peroxynitrous acid
productions and DNA degradation. Second, Ca®* contributes in the peroxynitrous acid production of superoxide, indirectly. This figure shows the
important role of Peroxynitrous acid in necrotic cell death by several pathways. Peroxynitrous acid can enter the nucleus and leads to the DNA
damage and mutations. DNA degradation is, directly and indirectly, responsible for several varieties of cell processes including necrotic cell death,
glucose metabolism, and ATP production
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positive effect on NOS1 (Nitric Oxide Synthase 1) and
contributes in peroxynitrous acid production from super-
oxide, indirectly. We found that hypoxia induces the
HIF1A (hypoxia-inducible factor 1-alpha) transcription
factor and also contributes in the peroxynitrous acid pro-
duction by activating NOS1 and NOS2 (Nitric Oxide Syn-
thase 2), indirectly. It is observed that hypoxia involves in
the process of producing peroxynitrous acid and necrotic
cell death by applying several approaches (Fig. 2). Peroxy-
nitrous acid is known as a potent oxidant that reacts with
many macro molecules including proteins and lipids.
Moreover, peroxynitrous acid can enter the nucleus and
cause the DNA damage and mutations [36]. DNA degrad-
ation is both directly and indirectly responsible for several
varieties of cell processes including necrotic cell death,
glucose metabolism, and ATP production. We also found
that hydroxyl radicals are generated in cell by the key roles
of peroxynitrous acid, superoxide, and SOD2 proteins. It
was observed that hydroxyl radicals indicate the apoptosis
and cell damages [88].

Parkinson disease

Parkinson disease (PD) is defined as a neurodegenerative
disorder impacts on movements. It is recognized that
the incidence of PD has overshadowed; however, several
risk factors including age, family history, pesticide expos-
ure, and environmental chemicals were suggested for PD
[4]. Substantia nigra, as a long nucleus, is the most im-
portant part of the midbrain that plays a critical role in
movements of the body. Figure 3 shows that superoxide
contributes in neuron apoptosis in the Substantia nigra;
it is also found that the Superoxide can lead to oxidative
stress and DNA damage by increasing ROS (Reactive
oxygen species). Results show that ROS are known as
normal forms of oxygen in the process of metabolism;
however, the abnormal levels of ROS contribute in the
cell damage. Figure 3 illustrates that the CYCS protein
can lead to neuron apoptosis. CYCS gene encodes the
cytochrome ¢, which is a member of the electron trans-
port chain in the mitochondrion. Cytochrome ¢, which
is recognized as the electron carrier between the cyto-
chrome c1 subunit of cytochrome reductase and cyto-
chrome oxidase complex, has a very significant role;
however, releasing cytochrome c¢ into the cytosol can
lead to the activation of the apoptosis process in the cell
(UniProtKB - P99999). Lewy bodies are well-known as
the main symptom of PD [109]. Lewy bodies are associ-
ated with unusual deposits of proteins in Substantia
nigra. It is believed that a-synuclein (a-Syn or SNCA)
contributes in the lewy body formation and clumps of a-
Syn also have a significant role in PD. We found that
neuromelanin is considered as another important
marker of PD (Fig. 3). Neuromelanins are known as
complex structures that contain granules of melanin

(2021) 19:100 Page 8 of 24

polymer; however, they are actually dark pigments that
are deposited with aging in substantia nigra [91]. It is re-
ported that the loss of Neuromelanin could be consid-
ered as an effective symptom of PD. Interestingly, it is
suggested that there is a close association between the
degeneration of dopamine neuron and high amounts of
Neuromelanin. Dopaminergic neurons are recognized as
the most significant sources of dopamine in brain, and
their dysfunctions are also associated with different types
of neurological disorders, especially PD [2, 37, 120]. We
also found that rotenone inhibits mitochondrion respira-
tory chain complex, and induces cell damages. Rotenone
is known as a natural plant toxin produced by tropical
plants and has been used for more than 150 years in the
world because of its insecticide properties. It is proved
that levels of rotenone toxicity vary in different animals.
For example, it is highly toxicant for aquatic organisms,
while has a low degree of toxicity for birds and mam-
mals [61]. It is recognized that rotenone, which is con-
sidered as an oxygen sensor, is a key component of
hypoxia sensing [103].

Alzheimer disease

Alzheimer’s disease (AD) is related to the central
nervous system that impacts on the memory and
leads to the cognitive decline [27, 92]. Results indi-
cated that there are two main complexes including
TOM (translocase of the outer mitochondrial mem-
brane) and MPTP, which play a critical role in AD
(Fig. 4). TOM complex is well-known as the protein
translocator of the outer membrane of mitochon-
drion. Most of the mitochondrion proteins are pro-
duced in the cytoplasm and are imported to the
mitochondrion by the TOM complex [39]. Figure 4
shows that APP (amyloid precursor protein) inhibits
the TOM complex and leads to the mitochondrial
damage. We found that there are associations be-
tween APP, OPA1l, DNMIL, which contribute in the
mitochondrion fusion and fission. However, their ac-
curate role in mitochondrial dynamics remains to be
determined [40]. It is believed that mitochondrion is
dynamic organelle in cells and is also able of fission/
fusion. In fact, fission/fusion is related to the quality
control of mitochondrion. Therefore, it is recognized
that any alteration in mitochondrial fusion/fission
and related proteins contribute in AD and PD disor-
ders [1, 44]. The accumulation of B-amyloid peptide
(AP) is considered as one of the hallmark features of
AD, and is produced by the degeneration of protein
tau; however, it contributes in the process of regulat-
ing synaptic scaling and synaptic vesicle release,
physiologically [73]. Based on our results mitochon-
drial calcium is overloaded by A and MCU (mito-
chondrial calcium uniporter). MCU is located on
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Fig. 3 The role of hypoxia in Parkinson's disease by neuron apoptosis, DNA damage, and oxidative stress. Results illustrated that Substantia nigra
is the most important part of the midbrain that plays a critical role in the development of Parkinson's disease (PD). In Substantia nigra,
Superoxide contributes in the neuron apoptosis, and Superoxide can also lead to oxidative stress and DNA damage by increasing ROS (Reactive
oxygen species). Results show that CYCS (cytochrome ¢) protein can lead to the neuron apoptosis. In fact, it has an important role as the electron
carrier between the cytochrome c1 subunit of cytochrome reductase and cytochrome oxidase complex, but releasing cytochrome c into the
cytosol can activate the apoptosis process in cells. Lewy bodies and Neuromelanin are found as the main symptoms of PD. Lewy bodies are
associated with unusual deposits of proteins in Substantia nigra, and Neuromelanins are also considered as complex structures containing
granules of melanin polymer. In addition, loss of neuromelanin can be considered as effective symptoms of PD

mitochondrial inner membrane and involves the cal- mitochondria damage in this situation [38]. Calmodulin is

cium uptake (Uniprot: Q8NE86). According to Fig. 4,
there is an association between mitochondrial cal-
cium overload and MPTP activity. MPTP is related
to mitochondrial dysfunction because it is opened in the
inner mitochondrial membrane; we also found that mole-
cules of < 1.5 KDa, including protons, could be transferred
to mitochondria and lead to the ATP depletion and

known as a calcium-binding protein involves in the process
of regulating different protein targets’ multitude; therefore,
it impacts on many cellular functions. Calmodulin is
considered as a specific biomarker in AD; thus, blood’s
Calmodulin levels are increased significantly in AD cells,
but it is not reported in other neurodegenerative disorders
[29]. Additionally, it is demonstrated that calmodulin-



Kharrati-Koopaee et al. Journal of Genetic Engineering and Biotechnology

(2021) 19:100 Page 10 of 24

mitochondrial damage

T i1 T T sLcas
111 N 11! iy it nman

MCU

)
(AN (AN

MICUL

mitochondrial

inter-membrane —

Caz+. ®

dysfunction

space

=
e
—-—

000000000000004
‘ +)

=
———
———
N —

X

NI,
<)()l)l)l)()()()()()()()()()l)()()()() )<)
) 0 )
(4

X
NI,
{)l)()l)l)l)()()()()()()()()()()()()()()( )0 )gl

) 1100 111
(4

——
N
N
=

matrix

neuron apoptosis.

Fig. 4 Gene network analysis to identify the roles of hypoxia-associated genes in Alzheimer's disease (AD). This figure shows two main protein
complexes including TOM (translocase of the outer mitochondrial membrane) and MPTP (mitochondrial permeability transition pore) that play a
critical role in AD. Most of the proteins of mitochondrion are produced in the cytoplasm, and then, they are imported to the mitochondrion by
the TOM complex. However, APP (amyloid precursor protein) inhibits the TOM complex and leads to the mitochondrial damage. The
accumulation of 3-amyloid peptide (AB) is recognized as one of the main features of AD. Mitochondrial calcium is overloaded by AR and MCU
(mitochondrial calcium uniporter). Based on our results, there is an association between mitochondrial calcium overloads that induces the activity
of MPTP, which is related to mitochondrial dysfunction because it is opened in the inner mitochondrial membrane. It is recognized that protons
can cross into the mitochondria and lead to the ATP depletion and mitochondria damage
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binding proteins play a significant role in the formation of
AB [72].

Drug toxicity

Many pathways of drug metabolisms such as oxida-
tion, sulfation, and acetylation depend on the oxygen
availability; thereby, the investigation of drugs and
their metabolism pathways can provide beneficial in-
formation about optimal drug therapy and avoidance
of drugs’ side effects in plateau regions [57]. Results
of this study showed that Dexamethasone under hyp-
oxia condition induces diabetes, osteoporosis, and
neurotoxicity. Dexamethasone is a corticosteroid that
prevents the release of substances in the body that

cause inflammation. We found that similar networks
were constructed for diabetes and neurotoxicity (Figs.
5 and 6). In the first step, dexamethasone induces the
transcription factor (TF) NR3C1l (Nuclear Receptor
Subfamily 3 group C member 1). It has been demon-
strated that the NR3CI gene plays two critical roles.
First, it encodes glucocorticoid receptor as a tran-
scription factor that binds to glucocorticoid response
elements in the promoters of glucocorticoid respon-
sive genes in order to activate their transcription. Sec-
ond, it is known as the regulator of other
transcription factors [32]. We found that the NR3C1
gene blocks two receptors (LRP6 and LRPS) placed in
the cell membrane by activating SGK1 (Serine/
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Fig. 5 The role of dexamethasone in the process of inducing diabetes in hypoxia condition. This figure illustrates that the NR3CT gene activates SGK7
(Serine/threonine-protein kinase) and other TFs block two receptors (LRP6 and LRP5) in the cell membrane. In fact, SGKT gene is well known as the
regulator for many biological pathways such as TFs, receptors, and transporters. Thus, WNT-FZD (Wingless/Int1-Frizzled) and LRP6 activate protein
kinase GSK38. We found that it has a positive effect on the SLC2A4 gene, indirectly. It is proved that the SLC2A4 gene encodes the glucose transporters
family (GLUTSs) in diabetes, which is considered as an insulin-sensitive transporter. GLUTs contribute in glucose hemostasis and diabetes diseases

threonine-protein kinase) and other TFs. In fact, the
SGK1 gene is well known to be a regulator of many
biological pathways including TFs, receptors, prolifer-
ation, cellular enzymes, and transporters (Uniprot:
000141). Finally, WNT-FZD (Wingless/Intl-Frizzled),
and LRP6 activate the protein kinase GSK38. These
described pathways are common between diabetes
and neurotoxicity. In diabetes (Fig. 5), the SLC2A4
gene encodes glucose transporters family (GLUTs),
which is known as an insulin-sensitive transporter.
GLUTs contribute in glucose hemostasis and diabetes
diseases [99]. Figure 6 illustrates that the development
of the neurotoxicity process is related to axonogen-
esis, neruite outgrowth, microtubule bundling, and
microtubule cytoskeleton assembly. Neurotoxicity oc-
curs when neurotoxins affect the normal activity of
the nervous system and ultimately, damages the

nervous tissue. In the other words, any biological
process that develops the nervous system is inhibited
[81]. Generally, the function of the nervous system
depends on neurite (axons and dendrites) outgrowth.
In the case of neurotoxicity, the number and length
of neurites and axonogenes are decreased [14]. MAPT
provides microtubule-associated protein tau that is
found in the nervous system and is involved in the
process of stabilizing microtubules, and structures the
cytoskeleton [13]. Figure 5 suggests that dexametha-
sone inhibits the MAPT gene and decreases the
growth of neurons in the nervous system, and leads
to neurotoxicity. Bone resorption is observed as an-
other side effect of dexamethasone (Fig. 7). We found
that the RUNX2 (Runt-related transcription factor 2)
transcription factor contributes in the osteoblast dif-
ferentiation, bone  resorption, and  osteoclast
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Fig. 6 The development of neurotoxicity process in hypoxia condition by drug toxicity of Dexamethasone. Neurotoxicity occurs when
neurotoxins affect the normal activity of the nervous system and ultimately, damage the nervous tissue. In the other words, all biological
processes that lead to the development of the nervous system are inhibited. Generally, the function of the nervous system depends on neurite
(axons and dendrites) outgrowth. In neurotoxicity, the number and length of neurites and axonogenes are decreased. MAPT provides
microtubule-associated protein tau found in the nervous system and contributes in the process of stabilizing microtubules and structures the
cytoskeleton. Figure 6 suggests that dexamethasone inhibits MAPT gene and decreases the growth of neurons in the nervous system and leads

to neurotoxicity

differentiation. RUNX2 gene is the member of RUNX
transcription factors, which is closely associated with
the skeletal morphogenesis [10]. Figure 7 shows that
RUNX2 inhibits the osteoclast differentiation by acti-
vating the tumor necrosis factor receptor superfamily
(TNERSEF), while osteoclasts are considered as special-
ized cells that play a significant role in the bone
matrix development [9]. Moreover, the RUNX2 tran-
scription factor induces the tumor necrosis factor
superfamily (TNFSF) ligand, TNFRSF, and bone re-
sorption. It is found that TNF/TNFR molecules con-
tribute in a variety of biological functions including
the cell death, inflammation, brain function, and
chemo-attractants for natural killer, monocytes, and
neutrophils [84, 106]. TNF/TNFR proteins are classi-
fied as cytokines and it is also demonstrated that cy-
tokines might directly contribute in the bone
resorptions by increasing the proliferation and activity
of cells in the osteoclast lineage [8]. TNFRSF11A
gene encodes the osteoprotegerin (OPG) protein,
which is also known as the osteoclastogenesis inhibi-
tory factor (OCIF). OPG and receptor activator of nu-
clear factor-kappaB ligand (RANKL) are classified into
two main regulators of bone resorptions. In fact,
many factors, including hormones and cytokines, can
change the ratio of RANKL to OPG and impact on
the bone resorption rate [55].

Raynaud disease

We found that hypoxia condition can lead to Raynaud
disease (RD), or Raynaud’s phenomenon. It is classified
as a type of disorder in which the blood flow to different
parts of the body, specially the fingers, are restricted by
narrowing (contracting) the arteries and leads to the dis-
coloration of fingers. It is proved that RD is related to
the vasospasm (arterial spasm), and can decrease the ra-
tio of blood flow to various organs [90]. Figure 8 shows
the significance of blocking relaxation pathways. There
are two factors that impact on the severity of the RD in-
cluding stress and emotional upsets; therefore, it could
be very beneficial to use relaxation techniques and man-
age stress as the alternative treatments. Our results indi-
cate that NO (nitric oxide) and ADMA (Asymmetric
dimethylarginine) are signaling pathways that contribute
in Raynaud disease. ADMA is known as an endogenous

analog of l-arginine, which is metabolized to L-citrulline
and dimethylamine by NG, NG-dimethylarginine
dimethylaminohydrolase (DDAH). DDAH1 and DDAH2
are two isoforms of DDAH that regulate levels of blood’s
ADMA [58, 83]. Moreover, ADMA has a negative impact
on the endothelial-NO synthase 3 (NOS3) based on the
dysfunction of endothelial cells associated with a variety
of diseases including coronary artery disease, diabetes
mellitus, and hypertension. In fact, Endothelium refers
to the interior surface of blood vessels and has a signifi-
cant role in the maintenance of body’s vascular structure
[83, 87]. It is also observed that the ARG2 gene (Argi-
nase-2), which is recognized as a mitochondria enzyme,
might regulate the urea cycle arginine metabolism and
biosynthesis of arginine, and contributes in the process
of NO production in endothelia cells. Low levels of NO
production are made because of the inhibition of NOS3.
It can also lead to the increase of oxygen free radical for-
mation and endothelial dysfunction [21, 105]. Contrac-
tion was another outcome of Fig. 7. It should be noted
the cold temperature is one of the important factors that
can play a role in Raynaud attack. In high altitude condi-
tions by decreasing the temperature, the body restricts
blood flow to the skin to save heat body and to sustain
the core body temperature. However, in this situation,
the probability of constricting blood vessels will increase
and it may lead to further limiting blood flow and finally
Raynaud attack [68].

Carcinogenesis

We found that hypoxia conditions might contribute in
the tumorigenesis such as breast cancer, ovarian cancer,
and colorectal cancer. The UV radiation in highlands
leads to the DNA damage in high-altitude conditions; it
is also proved that there is a close association between
DNA damages and cancers. Moreover, hypoxia-
inducible factors (HIFs) are attributed to multiple steps
of tumorigenesis including tumor formation, progres-
sion, and response to therapy [79].

Results indicated that the VEGF (Vascular endothelial
growth factor), known as a protein ligand, is involved in
the ovarian carcinoma (OC) (Fig. 9). The VEGF gene
family encodes five polypeptide growth factors including
VEGF-A, VEGF-B, VEGF-C, VEGF-D, and VEGF-E,
characterized by angiogenic and lymphangiogenic
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Fig. 7 The association between drug toxicity of dexamethasone and bone resorption in low oxygen conditions. Bone resorption is known as another
side effect of dexamethasone. According to our findings, the RUNX2 (Runt-related transcription factor 2) gene is associated with the skeletal
morphogenesis by activating the tumor necrosis factor receptor superfamily (TNFRSF) that inhibits the osteoclast differentiation. Additionally, RUNX2
transcription factor induces tumor necrosis factor superfamily (TNFSF) ligand and bone resorption. TNF/TNFR proteins are classified as the cytokine, and
it is also demonstrated that cytokines might contribute in bone resorptions directly by increasing proliferation and activity of cells in the osteoclast
lineage. TNFRSF11A gene encodes osteoprotegerin (OPG) protein, which is also known as osteoclastogenesis inhibitory factor (OCIF)

properties in neoplasms [94]. VEGF enhances the cancer
cell mobility, and also promotes the cancer cell metasta-
sis [93]. It was observed that LRP1B, which is identified
as a receptor, contributes in OC. LRPIB gene encodes
low-density lipoprotein receptor-related protein 1B,
which plays several significant roles in the normal cell
function and development due to their interactions with
multiple ligands. The disruption of LRP1B is based on
several types of cancers and can be considered as the
tumor suppressor [62]. Deletion or downregulation of
LRP1B is associated with chemotherapy resistance in
OC [20].

Colorectal cancer (CRC) is known as the most common
cancer in the world and makes 9% of all types of cancers
[77]. We found that 11 candidate genes including ligands,
receptors, and protein kinases are involved in CRC. Figure
10 illustrates that ATR serine/threonine kinase is related
to CRC. ATR serine/threonine kinase is known as the
DNA damage sensor which is activated in the conditions
of genotoxic stresses such as ionizing radiation, ultraviolet
light, and DNA replication stalling. For instance, it has a
regulatory role in response to DNA double-strand breaks
[6]. It is reported that mutation in ATR serine/threonine
kinase leads to wide types of tumors [113].

Our gene network analysis indicated that two protein
transporters including APOB and CLCA2 contribute in
the breast cancer (Fig. 11). APOB (Apolipoprotein B) is
recognized as an important member of body’s lipid pro-
file, which is an essential factor of cholesterol hemostasis
[64]. The abnormal level of APOB is associated with dif-
ferent diseases such as cardiovascular, inflammation, and
tumorigenesis [7, 30]. Furthermore, Liu et al. [63] re-
ported that rs693 and rs1042031 polymorphisms that
existed in the APOB gene increased the risk of breast
cancer.

We also found that the CLCA2 gene can be considered
in breast cancer. Investigations have shown the associ-
ation of CLCA2 with the development of breast cancer
and metastasis [59, 76]. This protein is contained in the
calcium-activated chloride channel regulator family that
regulates transferring chloride across the plasma mem-
brane. Moreover, the CLCA2 gene is known as the
tumor suppressor. When the CLCA2 gene was over-
expressed in negative cell lines for CLCA2, the tumori-
genicity and metastasis capability of cell lines were sig-
nificantly reduced [59]. It should be noted that CLCA2

plays a critical role in the epithelial differentiation of
breasts and the process of promoting methylation will
also lead to the downregulation of CLCA2 in breast can-
cers [78].

Metastasis is recognized as the main complex problem
of cancer treatments and is defined as the extension of
cancer cells from an initial tumor to different parts of
the body [31, 43]. Results indicate that PRKDC, CD200,
SYTL2, and BDKRB2 enhanced the metastasis event
(Fig. 12). PRKDC encodes DNA-PKcs protein that par-
ticipates in the development of the immune system and
is usually overexpressed in the cancer metastasis. Kotula
et al. [56] demonstrated that there are 103 secretion pro-
teins controlled by DNA-PKcs, and most of them are as-
sociated with metastasis. Therefore, the PRKDC gene
contributes in the invasion of cancer cells by regulating
secretion proteins [56]. SYTL2 (synaptotagmin like 2) is
contained in the C2 domain-containing protein family.

It has been demonstrated that SYTL2 contributes in
the ovarian cancer, and can also promote the metastatic
potential in ovarian cancer when it is overexpressed
[95]. Immunoglobulin superfamily (IgSF) contains two
domains of extracellular and intracellular, including
CD200 and CD200-R; their interaction is also involved
in functions of myeloid cells [98]. The overexpression of
CD200 in breast cancer can be considered as an import-
ant risk factor of metastasis [35]. The receptor of Brady-
kinin is encoded by the BDKRB2 gene. Bradykinin
contains nine amino acid peptide chains, and is impli-
cated in many responses including vasodilation, edema,
smooth muscle spasm, and pain fiber stimulation [111].)
showed that the expression of BDKRB2 is negatively as-
sociated with miR-129-1-3p in the gastric cancer, while
miR-129-1-3p inhibits metastasis by targeting BDKRB2.

Cardiomyopathy

It is reported that cardiomyopathy is related to the ab-
normal formation of muscle heart that leads to the
hypertrophic muscle. Heart muscle cells are sensitive to
low oxygen concentration, which itself results in the
death of cardiac myocytes [47]. Results of the current
study showed that MKI67 induces cardiomyopathy, and
BDKRB?2 inhibits the disorder (Fig. 13). MKI67 gene en-
codes the nuclear protein, which is related to cellular
proliferation and might also play a critical role in the
chromatin organization; however, it is poorly understood
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Fig. 8 Gene network analysis in order to identify the association between hypoxia condition and Raynaud disease (RD). According to our results,
NO (nitric oxide) and ADMA (Asymmetric dimethylarginine) are considered as signaling pathways thatcontribute in RD. DDAH1 and DDAH2 are
two isoforms of DDA that regulate the levels of ADMA in blood. Moreover, ADMA has a negative impact on endothelial-NO synthase 3 (NOS3)
and is based on the dysfunction of endothelial cells associated with RD. It was observed that the ARG2 gene (Arginase-2), known as a
mitochondria enzyme, contributes in the process of NO production in endothelia cells. The inhibition of NOS3 will lead to the low level of NO
production; it can also lead to the increase of oxygen free radical formation and endothelial dysfunction. This figure highlights the importance of
relaxation pathways' block. It has been demonstrated that stress and emotional upsets impact on the severity of the RD
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Fig. 9 Gene network construction of hypoxia-associated genes for the description of the ovarian cancer (OC). Results show that VEGF (vascular

LRPPRC

endothelial growth factor), considered as the protein ligand, is involved in ovarian carcinoma. VEGF enhances cancer cell mobility and promotes the
cancer cell metastasis. LRP1B gene encodes low-density lipoprotein receptor-related protein 1B, which plays several important roles in the normal cell
function and development due to their interactions with multiple ligands. The disruption of LRP1B is based on several types of cancers and could be

considered as the tumor suppressor. Deletion or downregulation of LRP18 is associated with the chemotherapy resistance in OC

(Uniprot: KI67_HUMAN). As we described earlier,
BDKRB2, known as the receptor of Bradykinin, contrib-
utes in edema, smooth muscle spasm, and pain fiber
stimulation. Moreover, Gohlke et al. [33] demonstrated
that Bradykinin involved in cardiac protection by blood
pressure reduction, changes in renal blood flow and
tubular function, inflammatory reactions. The regulatory
roles of other enriched genes in cardiomyopathy net-
works (including SYNE2, APOB, XIRP1, ALPK3, and
LRPPRC) are not clear (Fig. 13).

Discussion

Several attempts have been made to describe the associ-
ation between high-altitude conditions and the incidence
of diseases. However, adaptation mechanisms to high-
altitude conditions are complex and include several bio-
logical pathways such as gene networks, epigenetic regu-
lation, and different gene expression patterns. Moreover,
there are irregular patterns for disorders to occur [17,
46, 49]. Therefore, we tried to identify candidate genes

for diseases and explore biological pathways between
hypoxia-associated genes and human diseases by gene
network analysis.

High-altitude conditions can be investigated like harsh
environments because there are factors including two-
point perspective, low oxygen concentration, and UV ra-
diation. The low level of oxygen is considered as the
most important problem of high-altitude conditions. Re-
sults of this study showed that several hypoxia-
associated genes are enriched in brain injury disorders
including PD and AD. It is recognized as a possible ex-
planation that the normal activity of the nervous system
is extremely dependent upon normal levels of oxygen.
Any disruption of oxygen consumption by brain neurons
can lead to mitochondrion dysfunction and neuron ne-
crosis. This result is in accordance with findings of
Winklhofer and Haass [114] who showed that the mito-
chondrial dysfunction plays a central role in PD, and
several PD-associated genes impact on biological path-
ways are associated with mitochondrial integrity.
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Fig. 10 The role of the hypoxia-regulated gene in colorectal cancer. We found that ATR serine/threonine kinase is known as the DNA damage
sensor, and is also activated upon genotoxic stresses such as ionizing radiation, ultraviolet light, and DNA replication stalling. For instance, it has a
regulatory role in the response to DNA double-strand breaks. It is reported that the mutation in ATR serine/threonine kinase leads to a wide

variety of types of tumors
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Furthermore, a strong relationship between the function
of the central nervous system and supply of oxygen has
been reported by Mukandala et al. [67], who indicated
that the effect of low levels of oxygen is based on the
release of inflammation’s agents (including cytokines
of neuron cells) in the early response to hypoxia that
will lead to cell death. However, it was hypothesized
that the inflammation response plays a protective role
against brain damages. Inflammatory reactions could
be having contrasting dual roles. For instance, re-
leased cytokines could improve the synaptic plasticity,
modulate neuronal excitability, and also and stimu-
lated neurogenesis and neurite outgrowth. However, a
strong inflammation response in neuron cells induces
overexpression or dysregulation of cytokine, which ac-
celerates neurodegeneration [89]. It has been demon-
strated, neurodegenerative disorders such as PD and

AD are related to the irreversible loss of structure
and dysfunction of neurons [19, 54]. Furthermore, the
comparable results indicated that there is an associ-
ation between the hypoxic condition and PD-related
protein including a-synuclein (a-Syn), and is also
considered as a key protein to understand PD based
on the following reasons. First a-Syn protofibrils con-
tributes in lewy bodies’ formation and it is believed
that the clump of a-Synuclein plays a critical role in
PD [118]. Second, the over-expression of a-Syn is
based on the death of neuron cells and third, the mu-
tation in a-Syn gene encoding is responsible for the
autosomal dominant PD [54].

Another problem in high-altitude conditions is UV ra-
diation. It is shown that high-dose UV radiation can lead
to DNA damage, cell apoptosis, and tissue injury of
mammals [96, 117]. Similarly, our results support
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Fig. 11 Gene network analysis for the identification of roles of key candidate genes in breast cancer. Our gene network analysis indicated that
two protein transporters including APOB (Apolipoprotein B) and CLCA2 genes are involved in breast cancer. APOB is one important member of
body’s lipid profile and is considered as an essential factor for cholesterol hemostasis. The abnormal level of APOB is associated with different
diseases including cardiovascular, inflammation, and tumorigenesis. Furthermore, it was reported that rs693 and rs1042031 polymorphisms that
existed in the APOB gene increased the risk of breast cancer. Another result showed that CLCA2 is involved in the calcium-activated chloride
channel regulator family and regulates transferring the chloride across the plasma membrane. The over-expression of the CLCA2 gene in negative
cell lines of CLCA2 will lead to the reduction of metastasis and tumorigenesis
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previous researches by enriching the gene associated-
hypoxia in cancer networks. DNA damages are respon-
sible for the variety of human diseases. For example,
there is a close association between tumorigenesis and
DNA damages and consequently, numerous investiga-
tions aimed to explore the association between high-
altitude and cancer mortality [12, 101, 102]. This study
showed that metastasis, breast, ovarian and colorectal
cancers occur in high-altitude conditions frequently.
Findings of the current study are consistent with those
of Hongo et al. [42] who recognized that hypoxia en-
hances the colon cancer through the activation of
epithelial-mesenchymal transition in colon cancer cells.
It is demonstrated by McEvoy et al. [65] that there is an

association between hypoxia and features of cancers
such as metastasis, abnormal cellular proliferation, and
prevention of apoptosis. Additionally, they describe the
effect of hypoxia on chemo-resistance in an ovarian can-
cer model.

This study indicates that many pathways of drug
metabolisms are markedly altered under hypoxia condi-
tions. Reviewing the literature, many investigations tried
to describe the effect of hypoxia on pathways of drug
metabolisms [45, 57, 74, 107]. There are several explana-
tions for these results. First, for instance, many pathways
of drug metabolisms such as oxidation, sulfation, and
acetylation depend on the oxygen availability; therefore,
the study of drug metabolism pathways in high-altitude
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Fig. 12 Identification of regulatory roles of candidate genes in metastasis under hypoxia condition. We found that PRKDC, CD200, SYTL2, and
BDKRB2 enhanced the metastasis event. PRKDC encodes DNA-PKcs protein that participates in the development of the immune system and is
usually overexpressed in cancer metastasis. SYTL2 (synaptotagmin like 2) is one of the members of C2 domain-containing protein family. It is
demonstrated that SYTL2 contributes in ovarian cancer and its overexpressed one can promote the metastatic potential in ovarian cancer.
Immunoglobulin superfamily (IgSF) contains two domains including CD200 and CD200-R, and their interaction is also involved in functions of
myeloid cells. The overexpression of CD200 in breast cancer can be considered as an important risk factor for metastasis. Bradykinin contains nine
amino acid peptide chains and is implicated in many responses including vasodilation, edema, smooth muscle spasm, and pain fiber stimulation

Fig. 13 The candidate genes involved in cardiomyopathy and their regulation roles in the low oxygen concentration. Cardiomyopathy is related
to the abnormal formation of muscle heart and leads to the hypertrophic muscle. Heart muscle cells are sensitive to the low oxygen
concentration that results in the death of cardiac myocytes. Results of this study showed that MKI67 induces cardiomyopathy, and BDKRB2
inhibits the disorder. MKI67 gene encodes the nuclear protein, which is related to cellular proliferation and might also play a role in the
chromatin organization; however, it is poorly understood. The regulatory roles of other enriched genes in cardiomyopathy networks (including
SYNE2, APOB, XIRP1, ALPK3, and LRPPRC) are not clear
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conditions can explain the side effect of drugs [57]. Sec-
ond, hypoxia can impact on the pharmacokinetic fea-
tures of some drugs [34]. Third, the delivery of cytotoxic
drugs can be insufficient because of the negative effects
of hypoxia on blood vessels and fluctuating blood flow.
Thus, the concentration of cytotoxic drugs in normal tis-
sues is higher than in cancerous tissues and will lead to
the drug resistance and the destruction of normal cells.
Consequently, the tumor will be resistant to chemother-
apeutic treatments [115].

We found that hypoxia-associated genes can be con-
sidered in heart failure diseases. Several studies obtained
evidences about the role of hypoxia in cardiomyopathy
[24, 104, 112]. In addition, this study showed that
MKI67 had a positive impact on cardiomyopathy. It is re-
ported by comparable results that cardiomyocytes are able
to karyokinesis (division of a cell nucleus during mitosis)
in the absence of cytokinesis and are based on the in-
creased polyploidy. Also, MKI67 proteins are expressed in
the S, G1 S, and G2 phases of mitosis [80]. Furthermore,
HIF expression in low oxygen conditions induced the cel-
lular proliferation proteins such as MKI67 [5]. Consider-
ing evidences together, the polyploidy of cardiomyocytes
and induced nuclear proteins of cell proliferation have sig-
nificant roles in the myocardial hypertrophy disease [86].
In contrast, our results showed that BDKRB2 genes inhibit
cardiomyopathy. Similar results were obtained by Alves
et al. [3] who showed that BDKRB2 polymorphisms are
associated with cardiovascular phenotypes and suitable
performance. This could be explained by the fact that the
abnormal structure of BDKRB2 gene is related to heart
failures [60]. In addition, the existence of mutation in
BDKRB2 gene leads to an increase in the number of re-
ceptors of Bradykinin on the cell surface membrane and
vasodilation [3].

Conclusion

The gene network analysis was carried out based on
hypoxia-associated genes using an animal model in this
study. We found that hypoxia-associated genes were
enriched in several gene networks of disorders including
Parkinson, Alzheimer, cardiomyopathy, drug toxicity, and
different types of cancers. There are two main reasons that
can be described for human diseases in high-altitude con-
ditions. First, UV radiation is known as one of the most
important problems in high-altitude conditions and is also
responsible for a variety of human diseases. Second, low
oxygen concentration influences many biological path-
ways, especially mitochondrion organelle. The existence of
alterations in mitochondrion functions could be consid-
ered as the key symptom of human’s diseases. Using the
gene network analysis, this study visually presents the
mechanism of disorders; it also provides new insights
about key candidate genes of diseases.
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