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Background : Hypoxia inducible factor 1 alpha (HIF1A) is a master regulator of acute

hypoxia; however, with chronic hypoxia, HIF1A levels return to the normoxic levels.

Importantly, the genes that are involved in the cell survival and viability under chronic

hypoxia are not known. Therefore, we tested the hypothesis that chronic hypoxia leads

to the upregulation of a core group of genes with associated changes in the promoter

DNA methylation that mediates the cell survival under hypoxia.

Results : We examined the effect of chronic hypoxia (3 days; 0.5% oxygen) on

human brain micro endothelial cells (HBMEC) viability and apoptosis. Hypoxia caused

a significant reduction in cell viability and an increase in apoptosis. Next, we examined

chronic hypoxia associated changes in transcriptome and genome-wide promoter

methylation. The data obtained was compared with 16 other microarray studies on

chronic hypoxia. Nine genes were altered in response to chronic hypoxia in all 17

studies. Interestingly, HIF1A was not altered with chronic hypoxia in any of the studies.

Furthermore, we compared our data to three other studies that identified HIF-responsive

genes by various approaches. Only two genes were found to be HIF dependent. We

silenced each of these 9 genes using CRISPR/Cas9 system. Downregulation of EGLN3

significantly increased the cell death under chronic hypoxia, whereas downregulation of

ERO1L, ENO2, adrenomedullin, and spag4 reduced the cell death under hypoxia.

Conclusions : We provide a core group of genes that regulates cellular acclimatization

under chronic hypoxic stress, and most of them are HIF independent.

Keywords: epigenetic, hypoxic acclimatization, DNA methylation, CpG islands, HBMEC

INTRODUCTION

Hypoxia is one of the most common and severe stressor to an organism homeostasis. It also
is an important factor associated with the multitude of physiological (high altitude residence)
and pathological conditions (congestive cardiac failure, pulmonary fibrosis, chronic anemia,
cancer). Oxygen sensing is a property of essentially all cell types, and the response to hypoxia
is multidimensional, involving complicated intracellular signal transduction networks (Semenza,
2001; Cummins and Taylor, 2005; Kaelin and Ratcliffe, 2008). Under limiting oxygen concentration,

http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
https://doi.org/10.3389/fphys.2017.00365
http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2017.00365&domain=pdf&date_stamp=2017-05-31
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive
https://creativecommons.org/licenses/by/4.0/
mailto:rgoyal@llu.edu
https://doi.org/10.3389/fphys.2017.00365
http://journal.frontiersin.org/article/10.3389/fphys.2017.00365/abstract
http://loop.frontiersin.org/people/24388/overview


Mata-Greenwood et al. Long-term Hypoxia and Gene Expression Analysis

at the organismal level, others and we have observed fetal
growth restriction (Goyal et al., 2011), and at the cellular level
reduced viability (Su et al., 2015). Under hypoxic condition, cells
undergo several changes to survive, and dysregulation of these
changes makes them vulnerable to death (Zou et al., 2014). The
mechanisms are not entirely known, however.

Studies have demonstrated that under normoxic conditions,
prolyl hydroxylase dioxygenases (PHD) hydroxylate hypoxia
inducible factor 1 alpha (HIF1A) and marks it for degradation
(Ratcliffe et al., 1999). Under hypoxic conditions, PHD becomes
deactivated and HIF1A accumulates (Semenza, 2001). HIF1A is
a transcriptional regulator and its accumulation increases the
expression of several genes involved in anaerobic glycolysis and
those involved in reducing cellular oxygen consumption. As
a result, there is a relative increase in cellular oxygen, which
leads to reactivation of PHD and despite continued hypoxia,
HIF1A returns to the basal (normoxic) levels (Ginouvous
et al., 2008; Watson et al., 2009; Goyal and Longo, 2014).
However, following the return of HIF1A to the normoxic
levels in chronic hypoxia exposure, the cell is able to survive
(Goyal and Longo, 2014). Again, the mechanisms are not
known.

In the present study, we examined the effect of chronic
hypoxia on cell viability and apoptosis of human brain
micro endothelial cells (HBMEC). Also, we conducted a
whole transcriptomic microarray to discover the changes
with hypoxia in HBMEC. We further examined the
genome-wide methylation changes in the same cells to
examine associated methylation changes. We conducted a
signal transduction pathway/networks analysis to identify
pathways altered in response to chronic hypoxia. We also
compared our data to more than 16 other microarray
datasets available through GEO Database to identify a set
of core genes, which are altered in response to hypoxia in
all these studies. Furthermore, we mutated these genes using
CRISPR/Cas9 to identify the crucial genes and their effect on
cell viability and survival under hypoxic conditions. Overall,
we attempted to identify mechanisms, which were responsible
for cell acclimatization and survival under chronic hypoxic
conditions.

Abbreviations: ADM, Adrenomedullin; ASMC, Aortic smooth muscle cells;

CAS9, CRISPR associated endonuclease; CHOP, C/EBP homologous protein;

CM, Cardiomyocytes; COL5A1, Collagen, type V, alpha 1; CpG, Clustered

regularly interspaced short palindromic repeats; CRISPR, Cytosine guanine

phosphodiesters nucleotides; Crna, Complimentary RNA; EGLN3, Egg laying

defective-9 family hypoxia-inducible factor 3; ENO2, Enolase 2; ER, Endoplasmic

reticulum; ERO1L, ERO1-like (S. cerevisiae); GLUT3, Glucose transporter

3; Grna, Guide RNA; HBMEC, Human brain microendothelial cells; HC,

Primary hepatocytes; HIF1A, Hypoxia inducible factor 1 alpha; HUVEC,

Human umbilical vein endothelial cells; IHC, Immunohistochemistry; KDM3A,

Histone lysine (K)-specific demethylase 3A; LEC, Lymphatic endothelial cells;

LOX, Lysyl oxidase; MCF4, Breast carcinoma cell line; P4HA1, Prolyl 4-

hydroxylase, alpha polypeptide I; PBL, Peripheral blood lymphocytes; PHD,

Prolyl hydroxylase deoxygenase; PLOD2, Procollagen-lysine, 2-oxoglutarate 5-

dioxygenase 2; PPARG, Peroxisome proliferator-activated receptor gamma;

PVMEC, Pulmonary vein microendothelial cells; REC, Renal epithelial cells;

SLC2A3, Solute carrier family 2 (facilitated glucose transporter), member 3;

SPAG4, Sperm associated antigen 4; TR, Transcriptional Regulator.

MATERIALS AND METHODS

Experiments were conducted on primary HBMECs obtained
from the Applied Cell Biology Research Institute Cell Systems
Repository (Kirkland, WA). All experiments were conducted on
cells at passage 8. Cells were exposed to 0.5% oxygen for days 1
to 3. Hypoxia was administered in a hypoxic chamber using a
ProOxC21 regulator (BioSpherix Inc. Lacona, NY).

Cell Validation and Characterization
Beside observing cell morphology of endothelial cells
(cobblestone appearance), immunohistochemistry (IHC)
experiments were conducted to detect CD31 (Tachezy et al.,
2010) and FITC conjugated Ulex europaeus I lectin antigen
(Holthöfer et al., 1982), which are specific for endothelial
cells. IHC experiments were conducted using CD31 antibodies
obtained from Abcam Inc. (Cambridge, MA) and ulex antigen
obtained from Sigma-Aldrich Co. LLC (St. Louis, MO).
Additionally, we conducted in-vitro angiogenesis assay to
validate functional endothelial cells by observing tube formation
using matrigel (Corning Inc., Corning, NY).

Viability and Proliferation Assay
For examining cell survival under hypoxic conditions, we
used the Real-Time-GloTM MT Cell Viability Assay using
manufacturer’s protocol (Promega Corporation, Madison, WI).
Cells were cultured in several 96-well plates, and each
experiment was repeated 4 times to examine repeatability and
reproducibility.

Cell Apoptosis Assay
For examining apoptosis, we used the Caspase-Glo 3/7 assay
following manufacturer’s instruction (Cat # G8090, Promega
Corp.). This assay is a luminescent assay thatmeasures caspase−3
and −7 activities. The assay provides a substrate, which glows
following its cleavage by active caspases 3 or 7 (if present in the
cells). Importantly, luminescence is proportional to the amount
of caspase activity present. This apoptosis assay was conducted
on cells exposed to 0.5% hypoxia for 72 h in biological replicates
of 6.

Microarray Experiment
Microarrays were conducted on the biological replicates of 6
for each group at day 3 of 0.5% and 21% oxygen exposure
to HBMEC cells. We have described these methods in our
previous publications (Goyal et al., 2010, 2013; Goyal and
Longo, 2012, 2014). Briefly, Agilent Human GE 8X60K V2
arrays (Design ID 039494) were obtained (Agilent Technologies,
Santa Clara, CA) and analysis was conducted by utilizing
commercial services (GenUs Biosystems, Northbrook, IL). RNA
was isolated by the standard Trizol method and quantitated
by UV spectrophotometry (OD260/280). RNAs with a value
of OD260/280 between 1.8 and 2.0 were included in the
study. The quality of the RNA was further assessed using an
Agilent Bioanalyzer (Supplementary Figure 1). Labeled cRNAs
were prepared by linear amplification of the Poly(A)+ RNA
population within the total RNA sample. Briefly, 1 µg of total
RNA was primed with the T7 RNA polymerase promoter with
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a d(T)24 sequence containing DNA oligonucleotides and then
reverse transcribed. After second-strand cDNA synthesis and
purification of double-stranded cDNA, we conducted in vitro
transcription using T7 RNA polymerase. The labeled cRNA
quantity and quality were examined by spectrophotometry and
the Agilent Bioanalyzer (Supplementary Figure 2). We then
fragmented 1 µg of purified cRNA to uniform size and applied
to the microarray chips in hybridization buffer. Processed arrays
were hybridized at 65◦C for 17 h in a shaking incubator
and washed at 37◦C for 1 min. The processed arrays were
then scanned at a 5 µm resolution with an Agilent G2565
Microarray Scanner (Agilent Technologies). We used Agilent
Feature Extraction software to process the scanned images
from arrays for gridding and feature intensity extraction, and
GeneSpring GX v7.3.1 software (Agilent Technologies) was used
to analyze the data. Supplementary Figure 3 demonstrates the
probes with intensity above background in at least 4 replicates
following hypoxia treatment (21,221–21,938 probes). To further
demonstrate the successful clustering of samples (control vs.
hypoxia) differentially expressed genes (>2-folds, p-value< 0.05)
were normalized to the median expression across the 12 samples
and plotted on cluster tree analysis (Supplementary Figure S4).

The annotated genes were analyzed using the Ingenuity
Pathway Analysis Program (IPA; Ingenuity Systems, Redwood
City, CA). We conducted the IPA downstream effects analysis
to predict an activation (increase) or an inactivation (decrease)
in downstream molecular activities occurring in the tissues
being studied. Based on the published studies (indexed in
Pubmed), the expected effects of the gene (upregulation or
downregulation) on a particular biological process was compared
for the observed changes in the mRNA expression in the
present study. The analysis determines how many known
targets of each transcription regulator are present in the user’s
dataset, and compares their direction of change (upregulated
or downregulated) to what is expected from the literature.
If the observed direction of change in the gene expression
is mostly consistent with the literature, then a prediction is
made about that activation state (“activated” or “inhibited”).
For each potential transcriptional regulator (“TR”) we computed
two statistical measures, an overlap p-value and an activation
z-score (Krämer et al., 2014). The purpose of the overlap p-
value was to identify transcriptional regulators that are able to
explain observed gene expression changes. It was calculated using
Fisher’s Exact Test, and significance is attributed to p-values
< 0.01. The primary purpose of the activation z-score was to
infer the activation states of predicted transcriptional regulators.
However, genes can be regulated by a number of upstream
regulators with differing effects on the activation state, and it is
not knownwhich will dominate in a particular system. Therefore,
we took a statistical approach and defined a quantity (z-score)
that determines whether an upstream transcription regulator
has significantly more “activated” predictions (z > 0) or more
“inhibited” predictions (z < 0). Significant z-score means that
we reject the hypothesis that predictions are random with equal
probability. Additionally, the ratio of the total genes altered in
the present system to the total genes known to be the part of a
particular pathway was determined.

Genome-Wide Methylation Analysis
Methylation analysis was conducted at the University of Southern
California Epigenomic Core. The DNA was extracted using a
chloroform based extractionmethod and was bisulphite modified
using the EZ DNA Methylation Kit D5008 (Zymo Research,
Orange, CA) according to the manufacturer’s instructions.
Average DNA concentration was ∼62 ng/µL. For methylation
analysis, we used Illumina Infinium Human Methylation 450K
BeadChip Array. Bisulphite converted DNA was amplified,
fragmented, and hybridized to the array chips (each chip
accommodates 12 samples). We then performed a single base
extension using labeled DNP- and biotin-labeled dNTPs. The
arrays were imaged using a Bead Array Reader and processed
for intensity data extraction according to the manufacturer’s
instructions. On the chip, each CpG locus was represented by two
specific oligomers, one representing methylated DNA (M) and
the other for unmethylated DNA (U). The methylation status of
a specific CpG site is then calculated from the intensity values
of the M and U alleles, as the fraction of fluorescent signals ß =

[M/(M+U+100)]. ß-values were continuous variables between 0
(absent methylation) and 1 (completely methylated) representing
the fraction of combined locus intensity.

Clustered Regularly Interspaced Short
Palindromic Repeats Type II System
(CRISPR/Cas9)-Mediated Gene Editing
Gene silencing experiments were conducted using CRISPR/Cas9
technology. CRISPR/Cas9 consists of two components: a
“guide” RNA (gRNA) and a non-specific CRISPR-associated
endonuclease (Cas9). The gRNA is a short synthetic RNA
composed of a “scaffold” sequence necessary for Cas9
(endonuclease)-binding gene editing. The sequences of gRNA
used to target the 9 genes which produced more than 2-
fold knockdown are provided in Supplementary Table 1.
We generated lentivirus using third generation packaging
plasmids, and to confirm the gene knockdown, we conducted
a High-Resolution Melting (HRM) Curve analysis to detect
wild type vs. mutated transcripts. A representative HRM curve
of EGLN3 mutation following CRIPR/Cas9 experiment is
provided in Supplementary Figure 5. Following mutation, the
knockdown of mRNA levels was validated by real-time PCR;
cells with knockdown of more than 2-fold were included in the
downstream experiments and analysis.

Real-time PCR Validation
To validate the results of the microarray analysis, we chose top-
five upregulated and downregulated genes. We designed primers
with the use of Primer 3 web-based software (http://frodo.wi.
mit.edu/primer3/) using the same probe sequences as those
on the microarray chip. The primers (Supplementary Table 2)
were synthesized by Integrated DNA technologies (Coralville,
CA). We reverse transcribed total RNA (1 ug per reaction)
using Quantitect reverse transcriptase kit (Qiagen, Valencia, CA).
Relative expression was normalized to 18S RNA and fold-changes
were calculated using the 11Ct method with normalization of

Frontiers in Physiology | www.frontiersin.org 3 May 2017 | Volume 8 | Article 365

http://frodo.wi.mit.edu/primer3/
http://frodo.wi.mit.edu/primer3/
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive


Mata-Greenwood et al. Long-term Hypoxia and Gene Expression Analysis

individual PCR efficiencies (Ramakers et al., 2003). Samples were
analyzed on the Rotor-Gene Q (Qiagen Inc.).

Statistics
For all the experiments “n” was 6 in each group. For cell viability
and apoptosis assay, we used one-way ANOVA with post-hoc
Bonferroni’s test to determine significant changes in the mean
value. For microarray analysis, we normalized the raw intensity
data from each gene to the 75th percentile intensity of each
array to compare individual gene expression values across arrays.
The genes with values higher than background intensity for all
samples within each group were considered for downstream
analysis. Differentially expressed genes were identified by 2-fold
change andWelch T-test p-values <0.05 between each treatment
group and its normoxic control. Statistical significance in the
real-time PCR data was determined by Student’s T-Test.

RESULTS

Characterization of Endothelial Cells
We characterized the cells to determine if the cells are endothelial
in origin (Supplementary Figure 6). Supplementary Figure 6A

demonstrates control endothelial cells morphology.
Supplementary Figure 6B demonstrates capillary tube
formation on plating the endothelial cells on Matrigel.
Supplementary Figure 6C demonstrates the green staining
of HBMEC to FITC conjugated Ulex Lectin antigen, and
Supplementary Figure 6D shows red staining to CD31 antigen
and blue staining nuclei. These experiments conclusively prove
that these were endothelial cell type.

Chronic Hypoxia Reduced HBMEC Viability
We conducted cell viability assay using RealTime-GloTM MT
Cell Viability Assay using manufacturer’s protocol (Promega
Corporation, Madison, WI) for examining cell survival under
hypoxic conditions (0.5% oxygen for 72 h). We plated the cells
at increasing density (750, 1,500, 3,000, 6,000, 12,000, and 24,000
cells per well) in a 96-wells plate. Each assay was conducted
in 8 replicates and three different plates at three different
times. Figure 1A demonstrates the luminescence detected with
a different number of cells. As shown in the figure, the real-
time cell viability assay was able to detect linearly up to 24,000
cells per well. Next, we measured the effect of hypoxia (1
to 3 days) on cell viability and proliferation. We observed
that exposure of HBMEC cells to 0.5% oxygen significantly
increased cell death, as compared to control (Figure 1B). To
confirm the effect of hypoxia on cell survival and viability, we
examined the effect of 0.5% oxygen for 72 h on cellular apoptosis.
Figure 1C demonstrates a significant increase (P < 0.05; n =

6) in caspase 3/7 activity in hypoxic cells as compared to that
of the normoxic cell. To examine the mechanisms of hypoxia-
induced apoptosis, we conducted oligonucleotide microarray
experiment.

Chronic Hypoxia and Gene Expression
In response to chronic hypoxia, 1,040 and 713 genes were 2-fold
(P < 0.05) upregulated or downregulated, respectively. On

FIGURE 1 | (A) Demonstrates the luminescence detected by real-time cell

viability assay with a different number of cells/well with 24 h of normoxia and

hypoxia exposure. (B) Demonstrates the changes in luminescence during 1 to

3 days of hypoxia exposure indicating the changes in cell viability and

proliferation. N = 6 in each group. Data is presented as mean and standard

error of mean. (C) Demonstrates a significant increase (P < 0.05; n = 6) in

Caspase 3/7 activity in hypoxic cells as compared to that from normoxic cell.

N = 6 in each group; *Denotes P < 0.05. Data is presented as mean and

standard error of mean.

analysis with Ingenuity Pathway Analysis, we observed the top
canonical pathways altered included cell cycle checkpoint
regulation, nitric oxide signaling and VEGF signaling
(Figure 2A) and the chief cellular function affected were

Frontiers in Physiology | www.frontiersin.org 4 May 2017 | Volume 8 | Article 365

http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive


Mata-Greenwood et al. Long-term Hypoxia and Gene Expression Analysis

FIGURE 2 | Demonstrates the chief canonical pathways (A) and the chief functional pathways (B) identified by Ingenuity Pathway Analysis on genes altered by

exposure to 0.5% oxygen (hypoxic) and 21% oxygen (normoxic) for 3 days. N = 6 in each group.

cell cycle, cellular assembly and organization, cell death
and survival (Figure 2B). The molecules most affected
included PTGIS, IGFBP3, adrenomedullin and other. The
top downregulated molecules included, PRSS35, FABP4,
etc. A complete list of upregulated genes is provided in
the Supplementary Table 3, and downregulated genes are
provided in the Supplementary Table 4. We then compared
the genes altered in the present study with 16 other microarray
studies on different cells. We identified 9 genes common
to the 17-microarray studies including the present study
(Table 1).

Chronic Hypoxia and HIF1A mRNA
Expression
Previously, others and we have demonstrated that with chronic
hypoxia (≥ 2 days) HIF1A levels were equivalent to those of
normoxic (Ginouvous et al., 2008; Goyal and Longo, 2014).
However, studies have demonstrated that HIF1A upregulation
is critical for cell survival in during first 24 h (Tanaka et al.,
2011). To identify the known HIF-responsive genes, we analyzed
data from three different studies, which conducted an integrative
genome-wide expression and chromatin immunoprecipitation
using HIF antibodies, and/or computational strategies with
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experimental validation (Benita et al., 2009; Mole et al., 2009;
Ortiz-Barahona et al., 2010). In the first study, the investigators
examined 19 microarray datasets (obtained from GEO and
ArrayExpress repositories) and ranked the genes based on their
response to hypoxia and HIF-binding sites (Benita et al., 2009).
This study identified 500 genes, which may be the target of HIF.
In the second study, the investigators conducted genome-wide
chromatin immunoprecipitation using antibodies to two major
HIFA subunits (HIF1A and HIF2A), and correlated the results
with genome-wide transcript profiling (Mole et al., 2009). In
the third study, the investigators conducted phylogenetic foot
printing and transcription profiling meta-analysis to identify
HIF-target genes (Ortiz-Barahona et al., 2010). This study
identified 216 genes, which may be the targets of HIF. On
comparison of these three studies, we observed only 19 genes
common to all the three studies (Supplementary Table 5).
Interestingly, only two of the 19 genes were also present among
the 9 genes common to the 17-microarray studies including
the present study (Table 2). These were endoplasmic reticulum
oxidoreductin like protien 1 (ERO1L) and procollagen-lysine 2-
oxoglutarate 5-dioxygenase 2 (PLOD2). The other seven genes
that were common to all chronic hypoxia studies are not HIF1A
dependent.

Hypoxia and DNA Methylation
Because with prolonged hypoxia, HIF levels return to
normal, we hypothesized that HIFA leads to changes in
DNA methylation, which leads to changes in chronic hypoxia
associated transcriptome. To test this hypothesis, we conducted
a genome-wide methylation analysis using the Illumina Infinium
HumanMethylation450 (450K) BeadChip. We calculated
the Beta value (Intensity of Methylated CpG/(Intensity of
Methylated CpG+Intensity of Unmethylated CpG+100)
for each probe in 8 control and 8 hypoxic samples. In
response to chronic hypoxia 356 and 16 genes were >1.5-
fold (P < 0.05) hypermethylated (Supplementary Table 6)
or hypomethylated (Supplementary Table 7). On comparing
the genes with altered methylation and mRNA, we observed
that 17 downregulated genes (Table 3) were associated with
significant hypermethylation in the promoter regions. Notably,
none of the upregulated genes were associated with significant
hypomethylation. Apparently, chronic hypoxia-mediated gene
upregulation is not dependent on DNA methylation.

Comparison of the Present Data with Other
Studies
To identify the core genes that are altered in response to hypoxia,
irrespective of the cell type, we compared the dataset of the
present study with 16 othermicroarray studies examining cellular
hypoxia. These studies were selected from the GEO Omnibus
Repository. The studies included were restricted to human cells
with oxygen levels between 0.5 and 1%. Studies, where CoCl2 or
other chemicals were used to mimic hypoxia were excluded. We
compared our data with human studies, which administered 0.5
to 1% hypoxia for different time durations starting from 1 to 48
h. Other than the present study there were three other studies
with hypoxia of 48 h. We have identified 9 molecules which
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TABLE 2 | Enlist the presence (P) or absence (Ab) of the core hypoxic genes in

the three studies on HIF1A target identification.

Benita et al Mole et al Ortiz-Barahona et al

ADM Ab Ab P

EGLN3 P Ab P

ENO2 P P Ab

ERO1L P P P

LOX P Ab P

P4HA1 P Ab P

PLOD2 P P P

SLC2A3 Ab Ab Ab

SPAG4 P Ab Ab

TABLE 3 | Shows the genes with correlative changes in mRNA levels and DNA

methylation in response to hypoxia.

Gene symbol mRNA ratio

hypoxia/control

Methylation ratio

hypoxia/control

MYBL2 0.18 1.52

MFSD2A 0.23 1.57

NCAPG 0.24 1.52

C17orf53 0.25 1.58

HELLS 0.25 1.52

MAD2L1 0.25 2.45

KIFC1 0.25 1.58

NOS3 0.26 1.58

FAM111B 0.32 1.73

CIT 0.33 1.55

SFPQ 0.37 1.51

TXNDC11 0.37 1.51

FSTL5 0.44 1.63

ENSA 0.48 1.58

ZNF207 0.48 1.57

PGBD4 0.48 1.51

KPNA2 0.49 1.84

upregulated in all the studies (Table 1). Of note, none of the
study (including the present study) with hypoxia more than 48
h demonstrated upregulation of HIF1A or HIF2A at the mRNA
level. Also, none of the downregulated genes were common in all
the studies examined.

CRISPR/Cas9 Mediated Knockdown of the
9 Common Genes Identified in
Comparative Studies
To establish the functional significance of the 9 genes
identified in the above-mentioned comparative studies, we
conducted knockdown experiments using CRISPR/Cas9
technique. First, we validated significant knockdown by
conducting real-time PCR. The guideRNA showing more
than 2-fold knockdown were included in the further studies
(Supplementary Table 1). As shown in Figure 3, we observed

a significant cell death during 48 h under hypoxic conditions
in EGLN3 and PLOD2 knockout cells (as compared to
control cells). Importantly, at 72 h in adrenomedullin,
ENO2, ERO1L and SPAG4 knockout cells significant
increase in the cell viability as compared to the control
cells (Table 4).

DISCUSSION

The key findings of the present study were: (1) The viability of
endothelial cells reduced and apoptosis increased under hypoxic
stress. (2) Microarray examination supports that hypoxic stress
is associated with changes in gene expression responsible for
cell cycle arrest and cell death. (3) Hypoxia-induced changes
in gene upregulation do not correlate necessarily with changes
in DNA methylation. (4) In response to chronic hypoxia, there
was a core group of 9 genes, which were upregulated in several
human studies. (5) Of these 9 genes, only two genes ERO1L and
PLOD2 were HIF1A dependent, whereas, the other seven genes
were not. (6) EGLN3 is crucial for cell survival under hypoxic
conditions. (6) Knockdown of ERO1L and LOX may prevent
hypoxia-induced cell death.

Hypoxia is a major stressor in an organisms’ life and probably
the most physiologically and clinically relevant stress. Of note,
human development starts in a hypoxic environment which
has been referred as “Mount Everest in Utero” (Eastman, 1954;
Longo, 1987). Importantly, the effects of hypoxia are dependent
on the severity of the hypoxic stress. Mild to moderate hypoxia
may be beneficial in improving human health and may even
prevent obesity and lower the mortality from coronary heart
disease and stroke (Heinonen et al., 2016). However, at present,
the definitions of mild, moderate, and severe hypoxia are not
well defined. Evidence shows that the O2 levels in different
human tissues are between 0.5 and 7% (Table 5). In the brain,
under normal physiological conditions, depending on the depth
of measurement the O2 levels were recorded between 0.55 and
8% (Table 4). Nonetheless, clinical conditions such as stroke,
traumatic brain injury, skin wounds, and myocardial infarction
result in severe hypoxic stress for the cell associated with the
injury site and in the surrounding regions. Evidence suggests that
in the brain regions associated with TBI the partial pressure of O2

can fall as low as 4 to 10 mm Hg (Dings et al., 1998; Hlatky et al.,
2004) which corresponds to 0.5 to 1.5% O2 levels. For adequate
healing of the injured tissue, it is critical for the endothelial cells
to survive and create new blood vessels and provide oxygen.
In the present study, we attempted to identify the genes which
may prolong the survival of the brain microendothelial cells
under severe hypoxic conditions and may provide better healing
response following stroke or traumatic brain injury.

It is well established that the transcription factors HIF1A and
HIF2A are the key regulators responsible for the induction of
genes that facilitate adaptation and survival of cells/organism
from normoxia (21% O2) to hypoxia (1% O2; Wang and
Semenza, 1993). Studies have established that under hypoxic
conditions HIF1A and 2A bind to the hypoxic response element
(HRE; 5′-A/GCGTG-3′) as a heterodimeric complex consisting
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FIGURE 3 | Demonstrates the effect of 0.5% oxygen (hypoxic) and 21% oxygen (normoxic) for 3 days on normal cells and the cells with mutated genes by

Crispr/Cas9. N = 6 in each group.
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TABLE 4 | Showing % Viability in control vs. knockout cells following 0.5% hypoxia exposure.

48 H 72 H

Mean viability (%) SEM P-Value* Mean viability (%) SEM P-Value*

Control (WT) 93.72 23.07 10.11 7.56

ADM Knockout 66.49 19.8 0.40 47.27 5.22 0.01

EGLN3 Knockout 0 0 0 0 0 0

ENO2 Knockout 50.1 13.49 0.15 35.6 6.71 0.04

ERO1L Knockout 82.72 13.65 0.70 36.92 6.34 0.03

LOX Knockout 67.75 13.42 0.37 18.9 2.92 0.39

P4HA1 Knockout 40.26 6.06 0.11 0.50 5.15 0.29

PLOD2 Knockout 40.49 4.29 0.01 3.50 3.90 0.69

SLC2A3 Knockout 171.51 11.79 0.02 22.04 11.62 0.41

SPAG4 Knockout 96.95 26.68 0.93 67.29 17.16 0.02

*P-value, compared to control hypoxic cells at the same time point.

of a subunit HIF-1α and HIF-1β (Wang et al., 1995). HIF-
1β is also known as the aryl hydrocarbon nuclear translocator
(ARNT), which was originally identified as a binding partner
of the aryl hydrocarbon receptor (Hoffman et al., 1991).
These proteins belong to the basic helix-loop-helix–Per-ARNT-
Sim (bHLH–PAS) protein family (Wang et al., 1995). The
bHLH and PAS motifs are required for heterodimer formation
between the HIF-1α and HIF-1β subunits and binding to HRE.
Two transactivation (stimulation of transcription) domains, N-
terminal (N-TAD) and C-terminal (C-TAD) have been identified
in the C-terminal of HIF1α (Ruas et al., 2002). Importantly,
HIF-1α also contains an oxygen-dependent degradation domain
(ODDD) that mediates oxygen-regulated stability (Pugh et al.,
1997). HIF exists in three other isoforms HIF2α, HIF3α, and
inhibitory PAS (IPAS). However, HIF1α is the major isoform
expressed in most of the tissues.

Under normoxic conditions, O2 binds to EGLN proteins
(containing a PHD) and activates them. Activated EGLN
hydroxylates two proline residues (P402 and P564) of HIF1α, and
following its hydroxylation HIF1α is recognized and degraded by
Von Hippel-Lindau protein (pVHL) E3-ligase complex (Ratcliffe
et al., 1999). However, in hypoxic conditions, EGLN dissociates
from O2 and becomes deactivated and is unable to hydroxylate
HIF1α. In the absence of hydroxylation, HIF1α is not recognized
by degradation complex pVHL E3 ligase and accumulates.
HIF1α then dimerizes with HIF1β and binds to the hypoxia
response element (HRE; 5′′A/GCGTG3′′) sequence triggering
transcription of a number of genes required for cell survival
(Semenza, 2001).

In the present study, we observed that with chronic hypoxia
HIF1A was significantly downregulated. Moreover, we observed
that EGLN1 and EGLN3, which are downregulated in acute
hypoxia (first 24 h), were upregulated with continued hypoxic
exposure (for 72 h). Furthermore, HIF3A, which is a negative
regulator of HIF1A and HIF2A (Heikkila et al., 2011), was
also upregulated in the present study. Thus, acute hypoxia
activates HIF pathway; however, the present study indicates
that with chronic hypoxia HIF pathway is downregulated
despite continued low oxygen levels. Similar findings have been

demonstrated by others (Ginouvous et al., 2008). However,
the mechanisms are not completely known. Furthermore, on
analyzing different studies predicting HIFA targeting genes, there
appears to be little consensus. On comparing three such studies
that claimed to identify HIF1A targeting genes (Benita et al.,
2009; Mole et al., 2009; Ortiz-Barahona et al., 2010), we found
the overlap of only 19 genes among the three studies. Of these 19
genes, only 6 genes were present in our dataset of chronic hypoxia
altered genes. This observationmay indicate that chronic hypoxia
induces different pathways than acute hypoxia in which HIFA
plays a crucial role. At present, we do not know the molecules or
pathways, which play a critical role in maintaining cell survival
under chronic hypoxia. However, the present study identified
nine key molecules associated with chronic hypoxia, which may
be the successor of HIF pathway with continued hypoxia.

In the present study, we knockdown the 9 common genes
(Spag4, adrenomedullin, P4HA1, ENO2, EGLN3, SLC2A3,
ERO1L, LOX, PLOD2) observed by the comparative study.
Of importance, knockdown of all except PLOD2 reduced the
proliferation of HBMECs under normoxic condition. Also, we
observed that following 72 h of hypoxia exposure no cells
were alive in the control group. In contrast, following Spag4,
adrenomedullin, ENO2, and ERO1L knockdown, we observed
a significant number of viable cells present following 72 h of
hypoxia. However, there was still a considerable amount of cell
death in each of the knockout cells, which suggests that multiple
gene knockout need to be investigated. The most significant
finding of the present study was to observe a 100% cell death
following 48 h of hypoxia exposure in EGLN3 knockout cells.

Sperm Associated Antigen 4 and Chronic
Hypoxia
Sperm associated antigen 4 (SPAG4) was identified in sperm tail
and is known to play a crucial role in sperm motility (Tarnasky
et al., 1998; Shao et al., 1999). Notably, the recent studies have
also implicated SPAG4 in cell cycle regulation (Shoji et al., 2013).
The upregulation of SPAG4 with chronic hypoxia may be crucial
in both cell-cycle arrest and cell migration which are critical
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TABLE 5 | Oxygen concentration in various body tissues.

Oxygen

%

Oxygen partial

pressure

(mm Hg)

References

Air 21.0 160

Alveolus 14.4 110

Arterial blood 13.1 100

Venous blood 5.3 40

Superficial skin 1.1 8 Wang et al., 2003

Dermal papillae 3.2 24 Wang et al., 2003

Sub-papillary plexus 4.6 35 Wang et al., 2003

Brain regions 0.55 to

8

4.1 to 60 Panchision, 2009

Brain – Duramater 6.3 48 Meixensberger

et al., 1993

7–12 mm below duramater 4.3 33 Dings et al., 1998

17–22 mm below duramater 3.4 26 Dings et al., 1998

22–27 mm below duramater 3.2 24 Dings et al., 1998

Kidney – Cortex 6.6 50 Brezis and Rosen,

1995

Kidney medullary region 1.3 to

2.6

10 to 20 Brezis and Rosen,

1995

Medial head of gastrocnemius 3.8 28.9 Bylund-Fellenius

et al., 1981

Vastas lateralis 4.2 32 Beerthuizen et al.,

1989

Biceps 3.3 25 Boekstegers et al.,

1990

Deltoid 4.5 34 Ikossi et al., 2006

Tibialis anterior 2.8 21 Kiaer and

Kristensen, 1988

Bone marrow 6.7 51 Ishikawa and Ito,

1988

Bone marrow 7.2 55 Harrison et al.,

2002

Human renal carcinoma 1.3 9.6 Lawrentschuk

et al., 2005

Human liver tumor 0.8 6 Vaupel et al., 2007

Human primary brain tumors 1.7 13 Vaupel et al., 2007

steps in hypoxia-induced angiogenesis and other acclimatization
responses.

Adrenomedullin and Chronic Hypoxia
Adrenomedullin is one of the molecules, which was altered with
chronic hypoxia in each of the microarray studies analyzed. On
conducting a PubMed search with keywords “Adrenomedullin”
and “Hypoxia” in the Title/Abstract of the studies indexed, we
found 198 studies in which adrenomedullin was upregulated
in response to hypoxia. Adrenomedullin was discovered in
1993 from human pheochromocytoma and was regarded as one
of the major circulating vasodilator peptides with therapeutic
potential. Adrenomedullin is secreted by many cells and has well
established smooth muscle relaxing property. It may play an
important role in the hypoxia-induced increase in blood flow.
Moreover, hypoxia-induced adrenomedullin is implicated in

various processes including inhibition of apoptosis-mediated cell
death, tumor metastasis, angiogenesis, and inhibition of immune
surveillance (Larrayoz et al., 2014). Based on adrenomedullin
upregulation in hypoxia, and its effect on angiogenesis as
well as prevention of apoptosis, studies have been conducted
to evaluate its usefulness in cancer treatment. Several animal
studies have demonstrated that inhibition of adrenomedullin
leads to a reduction in tumor growth and size. Furthermore,
adrenomedullin has been shown to be protective against hypoxia-
induced pulmonary vascular remodeling (Matsui et al., 2004).
However, there are no studies utilizing adrenomedullin over-
expression in stroke or another brain ischemia/hypoxia model.
Furthermore, adrenomedullin is predicted to be a HIF1A
responsive gene. However, others and we have observed that with
chronic hypoxia HIF1A is not upregulated. Thus, it is not clear
what maintains the upregulated transcription of adrenomedullin.
Other conditions in which adrenomedullin is upregulated
include the administration of cytokines such as tissue necrosis
factor alpha, interleukin 1, angiotensin II, endothelin, and
neurotransmitter such as the atrial natriuretic peptide (Beltowski
and Jamroz, 2004). It also is upregulated by hyperglycemia
(Beltowski and Jamroz, 2004). Nonetheless, further investigations
are needed to identify mechanisms involved in chronic hypoxia-
induced adrenomedullin upregulation.

Chronic Hypoxia and SLC2A3
SLC2A3 encodes glucose transporter 3 (GLUT3) involved in
facilitated glucose transporter. Homozygous deletion of the gene
is embryonic lethal (Schmidt et al., 2008). Under hypoxic stress,
cells are more dependent on anaerobic glycolysis and the demand
of glucose increases. Thus, upregulation of SLC2A3 is crucial
to prevent relative glucose deprivation. Moreover, studies have
demonstrated that under hypoxic condition HIF1 enhances
the interaction of histone lysine (K)-specific demethylase 3A
(KDM3A) to the SLC2A3 promoter and modifies the chromatin
conformation to upregulate SLC2A3 expression. This may
explain the upregulation of SLC2A3 and other HIF1A regulated
genes even when HIF1A levels return to normal. Moreover,
KDM3A is a dioxygenase with Jumonji C domain-containing
histone demethylation protein whose activation is dependent
on cellular oxygen levels. Clearly, the mechanisms are not
completely understood.

Chronic Hypoxia and Endoplasmic
Oxidoreductin-1 like Protein
Second to mitochondria, the endoplasmic reticulum (ER) is
the highest user of molecular oxygen. In the ER, newly
translated proteins undergo post-translational modifications,
such as folding, disulfide bond formation, glycosylation etc.
These modifications are important in proper function and
long-term stability of the proteins. ERO1L protein acts as a
catalyst for oxidative disulfide bridge formation and plays an
important role in oxidative protein folding and ER stress.
This protein is known to be upregulated with hypoxia in rats,
mice, and humans (Gess et al., 2003). Thus, when the oxygen
levels are reduced, ERO1L act as an important mechanism to
prevent protein misfolding and ER stress. ERO1L is a known
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transcriptional target of HIF1A; however, it remains unclear
that how it remains elevated despite reduced HIF1A under
chronic hypoxic conditions. However, other mechanisms that
lead to upregulated ERO1L are adipogenesis and ER stress
resulting from factors other than hypoxia. During adipogenesis,
peroxisome proliferator-activated receptor gamma (PPARG) has
been involved in ERO1L upregulation. Similarly, during ER stress
C/EBP homologous protein (CHOP) is known to bind to its
promoter. Both PPARG and CHOP may be involved in hypoxia-
induced ERO1L upregulation; however, investigations are needed
to examine these possibilities.

Chronic Hypoxia and Collagen Synthesis
and Crosslinking
Hypoxia is known to induce collagen synthesis and crosslinking
(Horino et al., 2002; Tabima et al., 2012; Liu et al., 2013;
Makris et al., 2014). The important steps in collagen synthesis
include hydroxylation of proline and lysine by prolyl and lysyl
hydroxylases (Smith and Rennie, 2007). In the present study
(with several other microarray studies analyzed), we observed a
significant upregulation of both prolyl hydroxylase (P4HA1) and
lysyl hydroxylase (PLOD2). Lysyl hydroxylase has been shown
to be upregulated in whole blood in patients with severe sleep
apnea (Perry et al., 2013). Similarly, several other studies have
demonstrated that hypoxia induces prolyl and lysyl hydroxylase
upregulation (Brinckmann et al., 2005; Eisinger-Mathason et al.,
2013; Gilkes et al., 2013). Following collagen synthesis, the next
major step is the crosslinking of the newly formed collagen
strands. In the present study, we identified lysyl oxidase (LOX) to
be significantly upregulated with chronic hypoxia. Lysyl oxidase
plays an important role in collagen crosslinking (Makris et al.,
2014). Importantly, hypoxia-induced LOX upregulation has been
shown to be beneficial for cardiovascular tissue engineering (Van
Vlimmeren et al., 2010) as well as engineered articular cartilage
(Makris et al., 2015). Furthermore, in the microarray studies with
more than 48 h of hypoxic exposure, we observed a significant
upregulation of collagen, type V, alpha 1 (COL5A1). Moreover,
several other studies also demonstrate upregulation of COL5A1
with chronic hypoxia (Evens et al., 2010; Ramirez et al., 2012).
Importantly, COL5A1 forms collagen 5, which is a regulatory
fibril-forming collagen critical for fibrillogenesis (Sun et al.,
2011). Based on these findings it is apparent that chronic hypoxia
leads to upregulation of collagen synthesis, which may be critical
in hypoxia-induced angiogenesis.

Chronic Hypoxia and DNA Methylation
Evidence suggests that HIF1A rise initially with hypoxia, but
it degrades with continued hypoxia, and may not be the
master regulator of chronic hypoxia (Ginouvous et al., 2008;
Watson et al., 2009; Goyal and Longo, 2014). However, HIF1A
is critical for cell survival in the initial phase of hypoxia
(acute hypoxia; Tanaka et al., 2011). HIF1A may lead to
epigenetic changes, which persist even after HIF1A is no longer
upregulated with continued hypoxic stress. The present study
demonstrates that chronic hypoxia is associated with changes
in DNA methylation. However, only hypermethylation changes
were correlating with downregulated genes, and there was no

correlation between hypomethylation and upregulated genes.
Similarly, another genome-wide methylation study using a short-
term (24 h) hypoxia (1% O2) demonstrated very few genes were
correlating with changes in DNA methylation (Hartley et al.,
2013). Thus, it appears that DNA methylation may not be the
major mechanism regulating chronic hypoxia-mediated changes
in the transcriptome.

EGLN3 is Crucial for Cell Survival under
Hypoxic Conditions
Crispr/Cas9-mediated knockdown of EGLN3 has the most
dramatic effect on cell survival under hypoxic conditions.
Importantly, there was a significant effect of EGLN3 knockout
on cell viability under hypoxic conditions even during first 24
h. EGLN3 is the chief isoforms, which hydroxylate HIF1A and
mark it for degradation. Under hypoxic conditions, EGLN3 is
unable to hydroxylate HIF1A and leads to its accumulation. We
observed a significant upregulation of EGLN3 expression with
hypoxia, which might be crucial for balancing HIF1 pathway
over activation. Similar findings of EGLN3 upregulation have
been demonstrated by several other studies. Moreover, the
role of HIF1A is not well established in EGLN3 upregulation
under hypoxic condition. Several studies have demonstrated
that EGLN3 upregulation is dependent on HIF1A (Del Peso
et al., 2003; Marxsen et al., 2004), whereas other studies
have demonstrated that EGLN3 upregulation is independent of
HIF transcription factors (Tanaka et al., 2014). Moreover, on
comparing the three studies which predicted HIFA targeting
genes (Benita et al., 2009; Mole et al., 2009; Ortiz-Barahona et al.,
2010) EGLN3 was not identified as one of the HIF1A regulated
genes. Furthermore, EGLN3 has been shown to be upregulated in
a number of cancers, which show significant tolerance to hypoxic
insult. Thus, it appears that EGLN3 will be an excellent target for
hypoxia-tolerant tumors.

CONCLUSION AND PERSPECTIVE

In the present study, we have identified a core group of 9 genes,
which were upregulated with continued hypoxia in a number of
human cell lines. Importantly, EGLN3 is the most crucial gene
for cell survival under hypoxic conditions and may prove to
be an excellent target to kill hypoxic tumor cells. Additionally,
Spag4, adrenomedullin, ENO2, ERO1L and LOX knockdown
were able to provide a relative protection against hypoxia and
may be useful to protect cell death under hypoxia-ischemia
pathologies including heart disease and stroke. Moreover, the
exact mechanisms of ERO1L, LOX, and other genes upregulated
despite normal levels of HIF raises the possibility of the
HIF-independent mechanism involved in cell survival under
prolonged hypoxia.
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Supplementary Figure 1 | Figure demonstrates the total RNA quality analysis

blot.

Supplementary Figure 2 | Figure demonstrates the cRNA quality analysis. (A)

Blot showing adequate fragmentation of cRNA, and (B) cRNA electropherograms

of the 12 samples.

Supplementary Figure 3 | Figure demonstrate the Scatter Plot Analysis of the

probes which demonstrated intensity above background in at least 4 replicates

following hypoxia treatment (21,221–21,938 probes). Each spot is the mean of 6

replicate samples. Intensity values are normalized to the 75th percentile intensity

of each array. Diagonal lines indicate 2-fold differential expression. Red/Orange,

High expression; Yellow, Medium expression; Blue, Low expression.

Supplementary Figure 4 | Figure demonstrates the Condition and Gene Tree

Clustering of the differentially expressed genes (>2-fold, T-test p-value <0.05,

6,328 probes) control vs. hypoxia, which were normalized to median expression

across 12 samples. Red/Orange, High expression; Yellow, Medium expression;

Blue, Low expression.

Supplementary Figure 5 | Figure demonstrates the exemplary trace of the High

Resolution Melting Curve Analysis of EGLN3 gene knockout.

Supplementary Figure 6 | (A) Demonstrates the cobble-stone appearance of

human brain micro-endothelial cells. (B) Demonstrates capillary tube formation on

plating the endothelial cells on Matrigel. (C) Demonstrates the green staining of

HBMEC to FITC conjugated Ulex Lectin antigen, and (D) shows red staining to

CD31 antigen.

Supplementary Table 1 | Table lists the crispr gRNA used in the present study.

Supplementary Table 2 | Table lists the primers used in the present study.

Supplementary Table 3 | Table lists the genes upregulated by hypoxia exposure.

Supplementary Table 4 | Table lists the genes downregulated by hypoxia

exposure.

Supplementary Table 5 | Genes common to three studies analyzed to identify

HIF-responsive genes.

Supplementary Table 6 | Genes hypermethylated with chronic hypoxia

exposure.

Supplementary Table 7 | Genes hypomethylated with chronic hypoxia exposure.

REFERENCES

Beerthuizen, G. I., Goris, R. J., and Kreuzer, F. J. (1989). Skeletal muscle Po2

during imminent shock. Arch. Emerg. Med. 6, 172–182. doi: 10.1136/emj.6.

3.172

Beltowski, J., and Jamroz, A. (2004). Adrenomedullin–what do we know 10 years

since its discovery? Pol. J. Pharmacol. 56, 5–27.

Benita, Y., Kikuchi, H., Smith, A. D., Zhang, M. Q., Chung, D. C., and Xavier, R. J.

(2009). An integrative genomics approach identifies Hypoxia Inducible Factor-

1 (HIF-1)-target genes that form the core response to hypoxia. Nucleic Acids

Res. 37, 4587–4602. doi: 10.1093/nar/gkp425

Boekstegers, P., Riessen, R., and Seyde, W. (1990). Oxygen partial

pressure distribution within skeletal muscle: indicator of whole body

oxygen delivery in patients? Adv. Exp. Med. Biol. 277, 507–514.

doi: 10.1007/978-1-4684-8181-5_57

Brezis, M., and Rosen, S. (1995). Hypoxia of the renal medulla–its implications for

disease. N. Engl. J. Med. 332, 647–655. doi: 10.1056/NEJM199503093321006

Brinckmann, J., Kim, S., Wu, J., Reinhardt, D., Batmunkh, C., Metzen, E., et al.

(2005). Interleukin 4 and prolonged hypoxia induce a higher gene expression

of lysyl hydroxylase 2 and an altered cross-link pattern: important pathogenetic

steps in early and late stage of systemic scleroderma?Matrix Biol. 24, 459–468.

doi: 10.1016/j.matbio.2005.07.002

Bylund-Fellenius, A. C., Walker, P. M., Elander, A., Holm, S., Holm, J.,

and Schersten, T. (1981). Energy metabolism in relation to oxygen partial

pressure in human skeletal muscle during exercise. Biochem. J. 200, 247–255.

doi: 10.1042/bj2000247

Cummins, E. P., and Taylor, C. T. (2005). Hypoxia-responsive transcription

factors. Pflugers Arch. 450, 363–371. doi: 10.1007/s00424-005-1413-7

Del Peso, L., Castellanos, M. C., Temes, E., Martin-Puig, S., Cuevas, Y., Olmos, G.,

et al. (2003). The von Hippel Lindau/hypoxia-inducible factor (HIF) pathway

regulates the transcription of the HIF-proline hydroxylase genes in response to

low oxygen. J. Biol. Chem. 278, 48690–48695. doi: 10.1074/jbc.M308862200

Dings, J., Meixensberger, J., Jager, A., and Roosen, K. (1998). Clinical experience

with 118 brain tissue oxygen partial pressure catheter probes. Neurosurgery 43,

1082–1095. doi: 10.1097/00006123-199811000-00045

Eastman, N. (1954). Mount Everest in utero. Am. J. Obstet. Gynecol. 67, 701–711.

doi: 10.1016/0002-9378(54)90098-8

Eisinger-Mathason, T., Zhang, M., Qiu, Q., Skuli, N., Nakazawa, M.,

Karakasheva, T., et al. (2013). Hypoxia-dependent modification of collagen

networks promotes sarcoma metastasis. Cancer Discov. 3, 1190–1205.

doi: 10.1158/2159-8290.CD-13-0118

Evens, A., Sehn, L., Farinha, P., Nelson, B., Raji, A., Lu, Y., et al. (2010).

Hypoxia-inducible factor-1 α expression predicts superior survival in patients

with diffuse large B-cell lymphoma treated with R-CHOP. J. Clin. Oncol. 28,

1017–1024. doi: 10.1200/JCO.2009.24.1893

Gess, B., Hofbauer, K., Wenger, R., Lohaus, C., Meyer, H., and Kurtz,

A. (2003). The cellular oxygen tension regulates expression of the

endoplasmic oxidoreductase ERO1-Lα. Eur. J. Biochem. 270, 2228–2235.

doi: 10.1046/j.1432-1033.2003.03590.x

Gilkes, D., Bajpai, S., Wong, C., Chaturvedi, P., Hubbi, M., Wirtz, D.,

et al. (2013). Procollagen lysyl hydroxylase 2 is essential for hypoxia-

induced breast cancer metastasis. Mol. Cancer Res. 11, 456–466.

doi: 10.1158/1541-7786.MCR-12-0629

Ginouvous, A., Karine, L., Macias, N., Pouyssegur, J., and Berra, E. (2008).

PHDs overactivation during chronic hypoxia “desensitizes” HIFα and

protects cells from necrosis. Proc. Natl. Acad. Sci. U.S.A. 105, 4745–4750.

doi: 10.1073/pnas.0705680105

Goyal, R., Lister, R., Leitzke, A., Goyal, D., Gheorghe, C. P., and Longo,

L. D. (2011). Antenatal maternal hypoxic stress: adaptations of the

placental renin-angiotensin system in the mouse. Placenta 32, 134–139.

doi: 10.1016/j.placenta.2010.11.004

Goyal, R., and Longo, L. (2014). Acclimatization to long-term hypoxia:

gene expression in ovine carotid arteries. Physiol. Genomics 46, 725–734.

doi: 10.1152/physiolgenomics.00073.2014

Goyal, R., and Longo, L. D. (2012). Gene expression in sheep carotid arteries:

major changes with maturational development. Pediatr. Res. 72, 137–146.

doi: 10.1038/pr.2012.57

Goyal, R., Mittal, A., Chu, N., Arthur, R. A., Zhang, L., and Longo,

L. D. (2010). Maturation and long-term hypoxia-induced acclimatization

responses in PKC-mediated signaling pathways in ovine cerebral arterial

contractility. Am. J. Physiol. Regul. Integr. Comp. Physiol. 299, R1377–R1386.

doi: 10.1152/ajpregu.00344.2010

Goyal, R., Van, W., Jonathan, G. D., Matei, N., and Longo, L.D. (2013).

Antenatal maternal long-term hypoxia: acclimatization responses with altered

Frontiers in Physiology | www.frontiersin.org 12 May 2017 | Volume 8 | Article 365

http://journal.frontiersin.org/article/10.3389/fphys.2017.00365/full#supplementary-material
https://doi.org/10.1136/emj.6.3.172
https://doi.org/10.1093/nar/gkp425
https://doi.org/10.1007/978-1-4684-8181-5_57
https://doi.org/10.1056/NEJM199503093321006
https://doi.org/10.1016/j.matbio.2005.07.002
https://doi.org/10.1042/bj2000247
https://doi.org/10.1007/s00424-005-1413-7
https://doi.org/10.1074/jbc.M308862200
https://doi.org/10.1097/00006123-199811000-00045
https://doi.org/10.1016/0002-9378(54)90098-8
https://doi.org/10.1158/2159-8290.CD-13-0118
https://doi.org/10.1200/JCO.2009.24.1893
https://doi.org/10.1046/j.1432-1033.2003.03590.x
https://doi.org/10.1158/1541-7786.MCR-12-0629
https://doi.org/10.1073/pnas.0705680105
https://doi.org/10.1016/j.placenta.2010.11.004
https://doi.org/10.1152/physiolgenomics.00073.2014
https://doi.org/10.1038/pr.2012.57
https://doi.org/10.1152/ajpregu.00344.2010
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive


Mata-Greenwood et al. Long-term Hypoxia and Gene Expression Analysis

gene expression in ovine fetal carotid arteries. PLoS ONE 8:e82200.

doi: 10.1371/journal.pone.0082200

Harrison, J. S., Rameshwar, P., Chang, V., and Bandari, P. (2002). Oxygen

saturation in the bone marrow of healthy volunteers. Blood 99:394.

doi: 10.1182/blood.V99.1.394

Hartley, I., Elkhoury, F., Heon Shin, J., Xie, B., Gu, X., Gao, Y., et al. (2013).

Long-lasting changes in DNA methylation following short-term hypoxic

exposure in primary hippocampal neuronal cultures. PLoS ONE 8:e77859.

doi: 10.1371/journal.pone.0077859

Heikkila, M., Pasanen, A., Kivirikko, K., and Myllyharju, J. (2011). Roles of the

human hypoxia-inducible factor (HIF)-3α variants in the hypoxia response.

Cell. Mol. Life Sci. 68, 3885–3901. doi: 10.1007/s00018-011-0679-5

Heinonen, I. H., Boushel, R., and Kalliokoski, K. K. (2016). The circulatory

and metabolic responses to hypoxia in humans - with special reference

to adipose tissue physiology and obesity. Front. Endocrinol. 7:116.

doi: 10.3389/fendo.2016.00116

Hlatky, R., Valadka, A. B., Goodman, J. C., Contant, C. F., and Robertson, C. S.

(2004). Patterns of energy substrates during ischemia measured in the brain by

microdialysis. J. Neurotrauma 21, 894–906. doi: 10.1089/0897715041526195

Hoffman, E., Reyes, H., Chu, F., Sander, F., Conley, L., Brooks, B., et al. (1991).

Cloning of a factor required for activity of the Ah (dioxin) receptor. Science

252, 954–958. doi: 10.1126/science.1852076

Holthöfer, H., Virtanen, I., Kariniemi, A., Hormia,M., Linder, E., andMiettinen, A.

(1982). Ulex europaeus I lectin as a marker for vascular endothelium in human

tissues. Lab. Invest. 47, 60–66.

Horino, Y., Takahashi, S., Miura, T., and Takahashi, Y. (2002). Prolonged hypoxia

accelerates the posttranscriptional process of collagen synthesis in cultured

fibroblasts. Life Sci. 71, 3031–3045. doi: 10.1016/S0024-3205(02)02142-2

Ikossi, D. G., Knudson, M. M., Morabito, D. J., Cohen, M. J., Wan, J. J., Khaw,

L., et al. (2006). Continuous muscle tissue oxygenation in critically injured

patients: a prospective observational study. J. Trauma. 61, 780–788; discussion:

788–790. doi: 10.1097/01.ta.0000239500.71419.58

Ishikawa, Y., and Ito, T. (1988). Kinetics of hemopoietic stem cells in a hypoxic

culture. Eur. J. Haematol. 40, 126–129. doi: 10.1111/j.1600-0609.1988.tb00808.x

Kaelin, W. G. J., and Ratcliffe, P. J. (2008). Oxygen sensing by metazoans:

the central role of the HIF hydroxylase pathway. Mol. Cell 30, 393–402.

doi: 10.1016/j.molcel.2008.04.009

Kiaer, T., and Kristensen, K. D. (1988). Intracompartmental pressure, PO2, PCO2

and blood flow in the human skeletal muscle. Arch. Orthop. Trauma. Surg. 107,

114–116. doi: 10.1007/BF00454498

Krämer, A., Green, J., Pollard, J., and Tugendreich, S. (2014). Causal analysis

approaches in ingenuity pathway analysis. Bioinformatics 30, 523–530.

doi: 10.1093/bioinformatics/btt703

Larrayoz, I., Martinez-Herrero, S., Garcia-Sanmartin, J., Ochoa-Callejero, L., and

Martinez, A. (2014). Adrenomedullin and tumourmicroenvironment. J. Transl.

Med. 12:339. doi: 10.1186/s12967-014-0339-2

Lawrentschuk, N., Poon, A. M., Foo, S. S., Putra, L. G., Murone, C., Davis, I.

D., et al. (2005). Assessing regional hypoxia in human renal tumours using

18F-fluoromisonidazole positron emission tomography. BJU Int. 96, 540–546.

doi: 10.1111/j.1464-410X.2005.05681.x

Liu, S., Wang, H., Tang, J., and Zhou, X. (2013). Hypoxia-induced collagen

synthesis of human lung fibroblasts by activating the angiotensin system. Int.

J. Mol. Sci. 14, 24029–24045. doi: 10.3390/ijms141224029

Longo, L. (1987). Physiologic assessment of fetal compromise: biomarkers of toxic

exposure. Environ. Health Perspect. 74, 93–101. doi: 10.1289/ehp.877493

Makris, E., Gomoll, A., Malizos, K., Hu, J., and Athanasiou, K. (2015). Repair and

tissue engineering techniques for articular cartilage. Nat. Rev. Rheumatol. 11,

21–34. doi: 10.1038/nrrheum.2014.157

Makris, E., Responte, D., Paschos, N., Hu, J., and Athanasiou, K. (2014).

Developing functional musculoskeletal tissues through hypoxia and lysyl

oxidase-induced collagen cross-linking. Proc. Natl. Acad. Sci. U.S.A. 111,

E4832–E4841. doi: 10.1073/pnas.1414271111

Marxsen, J. H., Stengel, P., Doege, K., Heikkinen, P., Jokilehto, T., Wagner, T.,

et al. (2004). Hypoxia-inducible factor-1 (HIF-1) promotes its degradation

by induction of HIF-α-prolyl-4-hydroxylases. Biochem. J. 381, 761–767.

doi: 10.1042/BJ20040620

Matsui, H., Shimosawa, T., Itakura, K., Guanqun, X., Ando, K., and

Fujita, T. (2004). Adrenomedullin can protect against pulmonary

vascular remodeling induced by hypoxia. Circulation 109, 2246–2251.

doi: 10.1161/01.CIR.0000127950.13380.FD

Meixensberger, J., Dings, J., Kuhnigk, H., and Roosen, K. (1993). Studies of tissue

PO2 in normal and pathological human brain cortex. Acta Neurochir. Suppl.

(Wien). 59, 58–63. doi: 10.1007/978-3-7091-9302-0_10

Mole, D., Blancher, C., Copley, R., Pollard, P., Gleadle, J., Ragoussis, J., et al. (2009).

Genome-wide association of hypoxia-inducible factor (HIF)-1α and HIF-2α

DNA binding with expression profiling of hypoxia-inducible transcripts. J. Biol.

Chem. 284, 16767–16775. doi: 10.1074/jbc.M901790200

Ortiz-Barahona, A., Villar, D., Pescador, N., Amigo, J., and Del Peso, L. (2010).

Genome-wide identification of hypoxia-inducible factor binding sites and

target genes by a probabilistic model integrating transcription-profiling data

and in silico binding site prediction. Nucleic Acids Res. 38, 2332–2345.

doi: 10.1093/nar/gkp1205

Panchision, D. M. (2009). The role of oxygen in regulating neural stem cells in

development and disease. J. Cell. Physiol. 220, 562–568. doi: 10.1002/jcp.21812

Perry, S., Schueckler, J., Burke, K., Arcuri, G., and Brown, E. (2013). Stromal matrix

metalloprotease-13 knockout alters Collagen I structure at the tumor-host

interface and increases lung metastasis of C57BL/6 syngeneic E0771 mammary

tumor cells. BMC Cancer 13:411. doi: 10.1186/1471-2407-13-411

Pugh, C., O’Rourke, J., Nagao, M., Jm, G., and Ratcliffe, P. J. (1997).

Activation of hypoxia-inducible factor-1; definition of regulatory domains

within the α subunit. J. Biol. Chem. 272, 11205–11214. doi: 10.1074/jbc.272.17.

11205

Ramakers, C., Ruijter, J. M., Deprez, R. H. L., and Moorman, A. F. M. (2003).

Assumption-free analysis of quantitative real-time polymerase chain reaction

(PCR) data. Neurosci. Lett. 339, 62–66. doi: 10.1016/S0304-3940(02)01423-4

Ramirez, T., Jourdan-Le Saux, C., Joy, A., Zhang, J., Dai, Q., Mifflin, S., et al.

(2012). Chronic and intermittent hypoxia differentially regulate left ventricular

inflammatory and extracellular matrix responses. Hypertens. Res. 35, 811–818.

doi: 10.1038/hr.2012.32

Ratcliffe, P. J., Maxwell, P. H., Wiesener, M. S., Chang, G.-W., Clifford, S. C.,

Vaux, E. C., et al. (1999). The tumour suppressor protein VHL targets hypoxia-

inducible factors for oxygen-dependent Proteolysis. Nature 399, 271–275.

Ruas, J. L., Poellinger, L., and Pereira, T. (2002). Functional analysis of hypoxia-

inducible factor-1α -mediated transactivation. Identification of amino acid

residues critical for transcirptional activation and/or interaction with CREB-

binding protien. J. Biol. Chem. 277, 38723–38730. doi: 10.1074/jbc.M205051200

Schmidt, S., Richter, M., Montag, D., Sartorius, T., Gawlik, V., Hennige, A.,

et al. (2008). Neuronal functions, feeding behavior, and energy balance

in Slc2a3+/− mice. Am. J. Physiol. Endocrinol. Metab. 295, E1084–E1094.

doi: 10.1152/ajpendo.90491.2008

Semenza, G. L. (2001). Hypoxia-inducible factor 1: control of oxygen

homeostasis in health and disease. Pediatr. Res. 49, 614–617.

doi: 10.1203/00006450-200105000-00002

Shao, X., Tarnasky, H., Lee, J., Oko, R., and Van Der Hoorn, F. (1999).

Spag4, a novel sperm protein, binds outer dense-fiber protein Odf1 and

localizes to microtubules of manchette and axoneme. Dev. Biol. 211, 109–123.

doi: 10.1006/dbio.1999.9297

Shoji, K., Murayama, T., Mimura, I., Wada, T., Kume, H., Goto, A., et al. (2013).

Sperm-associated antigen 4, a novel hypoxia-inducible factor 1 target, regulates

cytokinesis, and its expression correlates with the prognosis of renal cell

carcinoma. Am. J. Pathol. 182, 2191–2203. doi: 10.1016/j.ajpath.2013.02.024

Smith, K., and Rennie, M. (2007). New approaches and recent results concerning

human-tissue collagen synthesis. Curr. Opin. Clin. Nutr. Metab. Care 10,

582–590. doi: 10.1097/MCO.0b013e328285d858

Su, J., Zhou, H., Tao, Y., Guo, Z., Zhang, S., Zhang, Y., et al. (2015). HCdc14A

is involved in cell cycle regulation of human brain vascular endothelial cells

following injury induced by high glucose, free fatty acids and hypoxia. Cell.

Signal. 27, 47–60. doi: 10.1016/j.cellsig.2014.10.003

Sun, M., Chen, S., Adams, S., Florer, J., Liu, H., Kao, W., et al. (2011). Collagen V

is a dominant regulator of collagen fibrillogenesis: dysfunctional regulation of

structure and function in a corneal-stroma-specific Col5a1-null mouse model.

J. Cell Sci. 124, 4096–4105. doi: 10.1242/jcs.091363

Tabima, D., Roldan-Alzate, A., Wang, Z., Hacker, T., Molthen, R., and

Chesler, N. (2012). Persistent vascular collagen accumulation alters

hemodynamic recovery from chronic hypoxia. J. Biomech. 45, 799–804.

doi: 10.1016/j.jbiomech.2011.11.020

Frontiers in Physiology | www.frontiersin.org 13 May 2017 | Volume 8 | Article 365

https://doi.org/10.1371/journal.pone.0082200
https://doi.org/10.1182/blood.V99.1.394
https://doi.org/10.1371/journal.pone.0077859
https://doi.org/10.1007/s00018-011-0679-5
https://doi.org/10.3389/fendo.2016.00116
https://doi.org/10.1089/0897715041526195
https://doi.org/10.1126/science.1852076
https://doi.org/10.1016/S0024-3205(02)02142-2
https://doi.org/10.1097/01.ta.0000239500.71419.58
https://doi.org/10.1111/j.1600-0609.1988.tb00808.x
https://doi.org/10.1016/j.molcel.2008.04.009
https://doi.org/10.1007/BF00454498
https://doi.org/10.1093/bioinformatics/btt703
https://doi.org/10.1186/s12967-014-0339-2
https://doi.org/10.1111/j.1464-410X.2005.05681.x
https://doi.org/10.3390/ijms141224029
https://doi.org/10.1289/ehp.877493
https://doi.org/10.1038/nrrheum.2014.157
https://doi.org/10.1073/pnas.1414271111
https://doi.org/10.1042/BJ20040620
https://doi.org/10.1161/01.CIR.0000127950.13380.FD
https://doi.org/10.1007/978-3-7091-9302-0_10
https://doi.org/10.1074/jbc.M901790200
https://doi.org/10.1093/nar/gkp1205
https://doi.org/10.1002/jcp.21812
https://doi.org/10.1186/1471-2407-13-411
https://doi.org/10.1074/jbc.272.17.11205
https://doi.org/10.1016/S0304-3940(02)01423-4
https://doi.org/10.1038/hr.2012.32
https://doi.org/10.1074/jbc.M205051200
https://doi.org/10.1152/ajpendo.90491.2008
https://doi.org/10.1203/00006450-200105000-00002
https://doi.org/10.1006/dbio.1999.9297
https://doi.org/10.1016/j.ajpath.2013.02.024
https://doi.org/10.1097/MCO.0b013e328285d858
https://doi.org/10.1016/j.cellsig.2014.10.003
https://doi.org/10.1242/jcs.091363
https://doi.org/10.1016/j.jbiomech.2011.11.020
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive


Mata-Greenwood et al. Long-term Hypoxia and Gene Expression Analysis

Tachezy, M., Reichelt, U., Melenberg, T., Gebauer, F., Izbicki, J., and Kaifi, J. (2010).

Angiogenesis index CD105 (endoglin)/CD31 (PECAM-1) as a predictive

factor for invasion and proliferation in intraductal papillary mucinous

neoplasm (IPMN) of the pancreas. Histol. Histopathol. 25, 1239–1246.

doi: 10.14670/HH-25.1239

Tanaka, A., Sakurai, K., Kaneko, K., Ogino, J., Yagui, K., Ishikawa, K., et al.

(2011). The role of the hypoxia-inducible factor 1 binding site in the induction

of aquaporin-1 mRNA expression by hypoxia. DNA Cell Biol. 30, 539–544.

doi: 10.1089/dna.2009.1014

Tanaka, T., Torigoe, T., Hirohashi, Y., Sato, E., Honma, I., Kitamura, H., et al.

(2014). Hypoxia-inducible factor (HIF)-independent expression mechanism

and novel function of HIF prolyl hydroxylase-3 in renal cell carcinoma. J.

Cancer Res. Clin. Oncol. 140, 503–513. doi: 10.1007/s00432-014-1593-7

Tarnasky, H., Gill, D., Murthy, S., Shao, X., Demetrick, D., and Van Der Hoorn, F.

(1998). A novel testis-specific gene, SPAG4, whose product interacts specifically

with outer dense fiber protein ODF27, maps to human chromosome 20q11.2.

Cytogenet. Cell Genet. 81, 65–67. doi: 10.1159/000014990

Van Vlimmeren, M., Driessen-Mol, A., Van Den Broek, M., Bouten, C., and

Baaijens, F. (2010). Controlling matrix formation and cross-linking by

hypoxia in cardiovascular tissue engineering. J. Appl. Physiol. 109, 1483–1491.

doi: 10.1152/japplphysiol.00571.2010

Vaupel, P., Hockel, M., and Mayer, A. (2007). Detection and characterization of

tumor hypoxia using pO2 histography. Antioxid. Redox Signal. 9, 1221–1235.

doi: 10.1089/ars.2007.1628

Wang, G., Jiang, B., Rue, E., and Semenza, G. (1995). Hypoxia-inducible

factor 1 is a basic-helix-loop-helix-PAS heterodimer regulated by cellular

O2 tension. Proc. Natl. Acad. Sci. U.S.A. 92:5510. doi: 10.1073/pnas.92.

12.5510

Wang, G., and Semenza, G. (1993). Characterization of hypoxia-inducible factor

1 and regulation of DNA binding activity by hypoxia. J. Biol. Chem. 268,

21513–21518.

Wang, W., Winlove, C. P., and Michel, C. C. (2003). Oxygen partial pressure

in outer layers of skin of human finger nail folds. J. Physiol. 549, 855–863.

doi: 10.1113/jphysiol.2002.037994

Watson, J. A., Watson, C. J., Mccrohan, A. M., Woodfine, K., Tosetto, M., Mcdaid,

J., et al. (2009). Generation of an epigenetic signature by chronic hypoxia in

prostate cells. Hum. Mol. Genet. 18, 3594–3604. doi: 10.1093/hmg/ddp307

Zou, W., Yang, S., Zhang, T., Sun, H., Wang, Y., Xue, H., et al. (2014).

Hypoxia enhances glucocorticoid-induced apoptosis and cell cycle arrest via

the PI3K/Akt signaling pathway in osteoblastic cells. J. Bone Miner. Metab. 33,

615–624. doi: 10.1007/s00774-014-0627-1

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2017 Mata-Greenwood, Goyal and Goyal. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) or licensor are credited and that the original publication in this

journal is cited, in accordance with accepted academic practice. No use, distribution

or reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org 14 May 2017 | Volume 8 | Article 365

https://doi.org/10.14670/HH-25.1239
https://doi.org/10.1089/dna.2009.1014
https://doi.org/10.1007/s00432-014-1593-7
https://doi.org/10.1159/000014990
https://doi.org/10.1152/japplphysiol.00571.2010
https://doi.org/10.1089/ars.2007.1628
https://doi.org/10.1073/pnas.92.12.5510
https://doi.org/10.1113/jphysiol.2002.037994
https://doi.org/10.1093/hmg/ddp307
https://doi.org/10.1007/s00774-014-0627-1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

	Comparative and Experimental Studies on the Genes Altered by Chronic Hypoxia in Human Brain Microendothelial Cells
	Introduction
	Materials and Methods
	Cell Validation and Characterization
	Viability and Proliferation Assay
	Cell Apoptosis Assay
	Microarray Experiment
	Genome-Wide Methylation Analysis
	Clustered Regularly Interspaced Short Palindromic Repeats Type II System (CRISPR/Cas9)-Mediated Gene Editing
	Real-time PCR Validation
	Statistics

	Results
	Characterization of Endothelial Cells
	Chronic Hypoxia Reduced HBMEC Viability
	Chronic Hypoxia and Gene Expression
	Chronic Hypoxia and HIF1A mRNA Expression
	Hypoxia and DNA Methylation
	Comparison of the Present Data with Other Studies
	CRISPR/Cas9 Mediated Knockdown of the 9 Common Genes Identified in Comparative Studies

	Discussion
	Sperm Associated Antigen 4 and Chronic Hypoxia
	Adrenomedullin and Chronic Hypoxia
	Chronic Hypoxia and SLC2A3
	Chronic Hypoxia and Endoplasmic Oxidoreductin-1 like Protein
	Chronic Hypoxia and Collagen Synthesis and Crosslinking
	Chronic Hypoxia and DNA Methylation
	EGLN3 is Crucial for Cell Survival under Hypoxic Conditions

	Conclusion and Perspective
	Author Contributions
	Funding
	Supplementary Material
	References


