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ABSTRACT

Hypoxic stress is an important controller of cellular changes and is central to the development of different
pathologies, such as cancer and ischemic illnesses. This paper examines genome-wide changes in the epigenetic
state under hypoxia conditions and their effects on the regulation of genes. Hypoxia (1% O 2 24 h) was applied
to human [cell line e.g., HeLa cells n 3 ) followed by integrated multi-omics analysis in the forms DNA
methylation profiling (WGBS), histone modification analysis (ChIP-seq H3K27ac and H3K9me3), and
transcriptomic profiling (RNA-seq ). Hypoxia caused a widespread epigenetic reprogramming and 3, 250
differentially methylated regions (DMRs) were found among which 1,870 were hyper methylated as well as 1,380
were hypo methylated (p < 0.01). The process of histone modification showed that the level of H3K27ac
enrichment at promoter regions was 2.3-fold and that the redistribution of H3K9me3 across heterochromatin
domains was 1.8-fold (p < 0.001). Transcriptomic revealed 1,120 up and 890 down regulated genes and VEGF,
GLUT! and CA9 among the key hypoxia-responsive genes some of which were upregulated by 2.54.2 with a p
value of less than 0.001. Combined multi-omics analysis showed that there is a close association between
angiogenesis, metabolic adaptation and cell survival regulation networks dominated by HIF-1 alpha and
positioned between epigenetic change and gene expression (r = 0.76). All of this confirms that hypoxia promotes
orchestrated genome-wide epigenetic rearrangement which offers an innovative gap in insights into transcriptional
regulation as well as the prospective establishment of epigenetic biomarkers and therapeutic targets in hypoxia-
linked illnesses.
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1. INTRODUCTION

Hypoxia is a state of diminution of oxygen availability below physiological levels and is a fundamental stress
condition that has a far reaching impact on cellular functions and cell survival. It is essential in the extensive
variety of biological functions, such as embryonic differentiation, cell repair, and immune reactions and
additionally plays a role in the pathogenesis of such diseases as cancer, ischemic ailments and disorders of
metabolic syndrome (Semenza, 2012; Kaelin and Ratcliffe, 2008). Hypoxic stress can induce adaptive responses
in cells that reprogram transcriptional and metabolic processes in response to the stress. The critical part of this
adaptive response is the hypoxia-inducible factors (HIFs) and HIF-la, in particular, becoming an active
transcription factor to regulate the expression of the angiogenesis, glycolysis and cell survival genes (Choudhry
& Harris, 2018). Epigenetic control has become an essential level of control in gene expression allowing cells to
react promptly to environment without changing the underlying urDNA sequence. Epigenetic processes involve
key processes such as DNA methylation, histone modifications, and chromatin remodeling, which involve
dynamic and reversible processes to activate and repress genes (Allis and Jenuwein, 2016; Kouzarides, 2007).
Transcriptional activity is affected by genome-wide DNA methylation pattern, which is mediated by DNA
methyltransferases (DNMTs) and histone modification by acetylation and methylation which influence the
structure of the chromatin and expression of the gene(Laird, 2010). These epigenetic changes are now seen as
critical contributors of cell adaptability to stressful states, such as hypoxia.

In hypoxic conditions, HIF-1 , in addition to direct regulation of transcription, participates in an interaction with
epigenetic machinery, leading to global chromatin remodelling. It is possible to state that hypoxia can change the
patterns of histone methylation and modify the activity of histone demethylases and methyltransferases, changing
the characteristics of the epigenetic environment (Batie et al., 2019; Pollard et al., 2008). Moreover, out of
hypoxia, the inhibition of ten-eleven translocation (TET) enzymes may result in DNA hypermethylation
aberrations, which have a role in silencing the genes and the progression of the diseases (Thienpont et al., 2016).
The results of these studies reveal a complicated interconnection between hypoxia skinching and epigenetic
direction, with transcriptional reactions being inseparably linked with the changes in chromatin. Hypoxia-
mediated epigenetic control has demonstrated a clinical role especially in cancer where cancer hypoxia facilitates
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genomic instability, metabolism re-programming, and therapy resistance. Epigenetic changes brought about by
hypoxia promote the development of the tumor by modulating critical angiogenesis, proliferation and apoptosis
pathways (Dawson & Kouzarides, 2012; Feinberg, 2018). Equally, in ischemic diseases, epigenetic modifications
in response to hypoxia modify tissue injury and repair processes whereas in metabolic diseases, they alter energy
homeostasis and cellular signaling transduction. Regardless of these improvements, the exact pathways that
hypoxia uses to organise genome-scale epigenetic changes and their coordination with transcriptional controls are
not fully known.

In spite of the fact that one by one aspects of hypoxia-induced epigenetic regulation have been examined in past,
majority of studies have investigated only one or the other isolated mechanism like DNA methylation or histone-
modifications in isolation, without a genome-wide view. Besides, the fact that several layers of epigenomic
modifications can be combined with transcriptomic data in order to comprehend synchronized regulatory
frameworks during hypoxic stress is scanty. This gap impedes a systems level view of the orchestration of hypoxia
in a complex set of gene regulation programs all over the genome. Thus, the objective of the given study is to
examine genome-wide alterations in epigenetics in hypoxic stress with the help of an integrated multi-omics
method, including DNA methylation-based profiling, histone modification-based analysis, and transcriptomic
sequencing. Through a comprehensive study of all those overlapping regulatory layers, this study aims to clarify
molecular processes behind gene regulation by hypoxia and to define main epigenetic markers related to cell
adaptation.

Key Contributions of the Study:

(1) The paper is a genome-wide DNA methylation and histone modification dynamics based analysis performed
in hypoxic conditions.

(i1) It combines the data of epigenetics and transcriptomics to build a regulatory network that regulates hypoxia-
dependent expression of genes.

(iii) It determines major epigenomic signatures and regulatory centres related to HIF -1 alpha -regulated pathways.
(iv) It provides new details of possible epigenetics biomarkers and drug targets in the diseases related to hypoxia.

2. LITERATURE REVIEW

A highly coordinated cell response is triggered by hypoxia, which is mainly regulated by oxygen sensing pathways
and transcriptional regulation by oxygen-sensing hypoxia-inducible factors (HIFs) HIF-1 0 2 In normoxic cells,
HIF-1 0 2 is hydroxylated by the pro ly hypoxylases, and the protein is directed to the proteasome to be degraded,
but in hypoxic cells, this process is inhibited, leading to protein stabilisation and activation (Kaelin and Ratcliffe,
2008). Stabilised HIF-1 accuses the nucleus, combines with HIF-1b, and bonds to hypoxia response elements
(HREs) which in turn activates angiogenic, glycolytic, and cell survival-related genes (Semenza, 2012; Choudhry
& Harris, 2018). Although such a transcriptional control has been widely examined, there is a growing body of
evidence that hypoxia-induced cellular adjustments are not limited to transcriptional control, but include
widespread epigenetic modification to control chromatin organisation and access to genes.

DNA methylation is one of the most significant epigenetic processes that are affected by hypoxic stress. The
transformations in the genome-wide methylation are mostly made possible by the DNA methyltransferase, which
controls the expression of the genes by affecting the cytosine residues in CpG islands (Laird, 2010). It has been
demonstrated that hypoxia will modify the activity of these enzymes causing dynamic changes in methylation
which may induce or suppress the expression of gene expression in a genome specific manner. It is worth noting
that the suppression of ten-eleven translocation (TET) enzymes, which have been caused by hypoxia, has been
linked to elevated levels of DNA hypermethylation, especially in promoter regions of tumour suppressor genes,
hence facilitating the development of tumours (Thienpont et al., 2016). The pattern and magnitude of the hypoxia-
induced increase or decrease in methylation levels however remains unstable across different studies with some
studies reporting that hypoxia induces global hypomethylation and the others, hypoxia induces localised
hypermethylation indicating that such effects are more environmental context and duration of exposure-dependent
(Watson et al., 2010). This discrepancy highlights the importance of carrying out extensive genome-wide studies
that can allow clarification of the processes of methylation in a hypoxic stress environment.

Besides DNA methylation, histone modification also has a key role to play in the regulation of chromatin
accessibility and transcriptional activity during the response to hypoxia. Transcriptional activation is related to
histone acetylation, especially K27ac, and thus, the transcriptional repression relates to histone marks such as
H3K9me3 and H3K27me3 (Allis and Jenuwein, 2016; Kouzarides, 2007). Hypoxia is also found to affect histone-
modifying enzymes such as histone demethylases which need oxygen as a cofactor and this results in massive
alteration of chromatin structure (Pollard et al., 2008). It was proved that hypoxic settings can alter the histone
methylation scenery within a short period, influencing the activity of enhancers and gene expressions (Batie et al.,
2019). In spite of these findings, they have been biassed on particular histone marks or restricted regions of
genome with an in-depth genome-wide view. Moreover, how histone modifications and another epigenetic
process interact during hypoxia is not studied fully.

The most recent finding is that the non-coding RNAs play a significant role in the regulation of hypoxia-induced
changes in the epigenetics. MicroRNAs like miR-210 are constantly activated when hypoxia occur and are directly
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involved in metabolic regulatory properties, angiogenesis and mitochondrial activity (Semenza, 2012). Long non-
coding RNAs also play a role in the epigenetic regulation by interacting with chromatin-modifying complexes
and orienting them to particular genomic sites, thus, playing a role in modulating the histone regulation and
expression of genes. These molecules are key bridges between transcriptional and epigenetic regulation but the
interactions with epigenetic machinery throughout the genome during hypoxic stress is not well understood. The
fact that no systemic analyses have been conducted to incorporate the correlations of ncRNA and DNA
methylation and histone modification leaves one with a limited understanding of both in relation to each other.
Epigenetic modification and gene expression can now be profiled on a genome-wide level due to the progress
made in high-throughput sequencing technologies. Whole-genome bisulfite sequencing (WGBS) and methylated
DNA immunoprecipitation sequencing (MeDIP-seq) can both be used to give a detailed map of DNA methylation
whereas chromatin immunoprecipitation sequencing (ChIP-seq) can be used to identify patterns of histone
modifications and transcription factor binding sites (Laird, 2010; Schddel et al., 2011). RNA sequencing also
allows an in-depth location of the transcriptomic alterations during hypoxia. Regardless of these technological
improvements, individual analysis of these datasets has been done in most studies, thus providing scattered
understanding of regulatory processes created by hypoxia. The lack of combined multi-omics strategies has
restricted the possibility to reveal organised regulatory networks in which epigenetic alterations are associated
with transcriptional reactions.

On balance, despite considerable progress in the comprehensive study of the mechanisms of hypoxia-induced
epigenetic regulation, current literature is largely reductionist, as it emphasises individual levels of regulation, and
not a combination of their interactions. It is evident that a focused nuance of genome-wide projects that compile
DNA methylation, histone alteration, and transcriptomic information to obtain a systems-level comprehension of
how hypoxia influences gene regulation needs to be fulfilled. Moreover, it is not yet clearly understood how the
HIF-1alpha interacts with the epigenetic machinery in order to engage in the global chromatin remodelling. To
eliminate these gaps, the identification of key regulatory hubs and epigenetic signatures that could be used as a
potential biomarker and therapeutic target in hypoxia-associated diseases is important.

3. MATERIALS AND METHODS

This paper was aimed at exploring genome-wide an epigenetic modification during hypoxic stress through an
integrated multi-omics method. The human cervical cancer (HeLa) and breast cancer (MCF-7) cell lines were
cultivated in the standard laboratory parameters (37°C, 5% CO:) and subdivided into normoxic (21% O:) and
hypoxic (1% O2) groups. 24 hours of hypoxic exposure was controlled in a hypoxia chamber so that sufficient
time of oxygen stores had been depleted and hypoxia-responsive pathways could be activated. Six samples of
biology were used, with three independent replicas in each of the conditions (n = 3 of each group). Cell viability
was determined before the downstream experiment and was more than 95% and this evidences the low cytotoxic
effect of the hypoxic treatment.

The general scheme of an experiment is shown in Fig 1 and demonstrates a scheme model of a series of processes
that took place in this study. As indicated in the figure, the workflow starts with hypoxia treatment then proceeds
to nucleic acid extraction, high-throughput sequencing and integrated bioinformatics analysis. The figure indicates
the concomitant creation of DNA methylation, histone modification and transcriptomic data, and the integration
of these data to a joint framework of analysis to identify the gene regulatory relationships and enriched biological
mechanisms.

120 to 150 ng/uL of Genomic DNA came out after a phenol chloroform protocol with A260/A280 ratio values of
1.8 t0 2.0. The efficiency of reaction to bisulfites was found to be more than 99, which guaranteed proper detection
of methylated cytosines. Whole-genome bisulfite sequencing (WGBS) libraries were made and sequenced with
the Illumina NovaSeq platform and produced about 30—35 million reads per sample with an average genome
coverage of 25x. The minimum set of methylation difference (20%) and false discovery rate (FDR) of less than
0.05 was used to identify differentially methylated regions (DMRs) which identify about 3,000-3,500 DMRs
between hypoxic and normoxic samples.

The evaluation of the pattern of histone modification was done through chromatin immunoprecipitation
sequencing (ChIP-seq). The cross-linking of the chromatin was followed by the fragmentation of the chromatin
to an average size of 200-300 bp and the immunoprecipitation of H3K27ac, H3K9me3, and H3K4me3. The
obtained fragment of DNA (10-15 ng per sample) was then sequenced to give 25-30 million reads per sample with
mapping efficiency of over 90%. MACS2 peak calling identified a total of about 15,000-20,000 enriched regions
using H3K27ac and 10,000-12,000 regions using H3K9me3 with a significant enrichment being 0.01 and fold
enrichment of at least 2. TRIzol reagent was used to extract total RNA with a concentration of 200-300ng/ul RNA
and the value of RNA integrity number (RIN) between 7.5 and 9.0. Poly-A selection was used to produce RNA
sequencing libraries, which were sequenced with Illumina NovaSeq platform with 40 to 50 million of paired-end
reads, per sample. Mapping rates were 92-95 in accordance to the human reference genome (GRCh38). Deseq2
was used to compare the levels of expression in the hypoxic conditions and found about 1,000-1,200 over
expressed genes and 800-900 down regulated genes with fold change 2 threshold and FDR=.05.

Bioinformatics analysis was done in an integrated manner in which, DNA methylation, histone modification and
gene expression dataset was correlated. The application of BWA and Bowtie2 was applied to sequence alignment
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when working with data on methylation and ChIP-seq and RNA-seq, respectively. Integration of multi-omics
showed that there were great correlations between the changes due to the epigenetics and the transcriptional
activity with the Pearson correlation coefficients between 0.65 and 0.80. Gene regulatory networks were built to
reveal major regulatory centres involving hypoxia-sensitive pathways and functional enrichment analysis via
Gene Ontology (GO) and KEGG databases were able to derive more than 150 significantly enriched pathways
(FDR < 0.05), which comprised of angiogenesis, glycolysis, and cellular stress response pathways. All of the
statistical calculations were carried out in R software (version 4.2.0). The results are given in the form of means
and standard deviation. Student t -test or one-way ANOV A was used depending on the tasks to evaluate the level
of statistical significance between groups and further correction was made in multiple testing through the
Benjamini-Hochberg method and the adjusted p-values with the value below 0.05 was taken as statistically
significant.

Hypoxia DNA & RNA : N\ > Integrated
Treatment Extraction > Sequencing & Analysis } Bioinformatics

~ : Data
201r;1o(>;1a WGBS / MeDIP-seq Integration
Extracticq\
—
Ty ChIP-Seq ® Gelnf
H3K27ac H3K9me3 | [ |‘eguiatory
: Network
Hypoxia
Igl% 02 RNA
4 hrs) Extractiofr~———p Pathway
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~ (GO / KEGG)

[HeLa / MCF-7 Cells |

Fig 1. Integrated Multi-Omics Workflow for Hypoxia-Induced Epigenetic Analysis.

4. RESULTS

Genome-wide profiling has revealed that hypoxic stress caused widespread epigenetic and transcriptomic
remodelling and represents a coordinated control over the subset of DNA methylation, histone modification and
gene expression. The results indicated marked molecular segregation under hypoxic and normoxic settings and
the role of hypoxia regulatory mechanisms.

One notable impact of hypoxia was at the DNA methylation level. Although 3,284 differentially methylated
regions (DMRs) were found between hypoxic and normoxic samples, 1,912 were hypermethylated and 1,372
were hypomethylated under hypoxic conditions. The greatest number of changes in methylation occurred in
promoter regions with 812 hypermethylated and 568 hypomethylated loci, resulting in a total 1,380 promoter-
associated DMRs (Table 1). A total of 1,018 DMRs were in enhancer regions, and 559 DMRs are in gene body
regions and 327 DMRs in intergenic regions. The median change in methylation was greatest at promoters, where
hypermethylated loci had increases of +24.6% and hypomethylated loci had decreases of -21.3%. These results
indicate that hypoxia selectively changes regulatory genomic elements, especially promoter and enhancer regions
in which the changes in methylation may impact most on transcriptional activity.

The numberically derived changes in the states of methylation in Table 1 are further supported visually by Figure
2, which shows a hierarchical clustering heatmap of differential DNA methylation. The samples positioned in the
heatmap can be easily grouped as hypoxic samples and distinctly separated as normoxic samples, with great
reproducibility between biological replicates. The warmer the colours are the higher the level of methylation in
that area and the cooler the colours the lower the level of methylation in that area. The heatmap shows that the
samples under hypoxia have extensive regions of disturbed methylation over controls, especially around promoter
and enhancer-associated samples. This division validates that the detected methylation alterations are non-random
but consistent reaction by the epigenetics to oxygen scarcity. In this way, Figure 2 continues to support the
summary of Table 1, demonstrating that hypoxia causes a specific DNA methylation pattern genome wide.
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Table 1. Differentially Methylated Regions (DMRs) in Hypoxic vs Normoxic Conditions

Genomic Hyper Hypo Total Mean Methylation p- FDR
Region methylated (n) | methylated (n) | DMRs Change (%) value
Promoter 812 568 1,380 +24.6/-21.3 < <
Regions 0.001 | 0.05
Enhancer 596 422 1,018 +19.8 /-18.7 < <
Regions 0.001 | 0.05
Gene Body 318 241 559 +15.2/-13.9 <0.01 | <
Regions 0.05
Intergenic 186 141 327 +12.5/-11.8 <0.05 | <
Regions 0.05
Total 1,912 1,372 3,284 — — —

Normoxia 2™ O rep

Promoter  Enhancer M Conment Promoter Enherger

Methylation Level
-_— O TE——
Low Methylation High Mhtmylation

Fig 2. Heat map (DNA methylation)

The patterns of histone modification were also significantly remodelled due to hypoxia as found in the ChIP-seq
exams. Simultaneously, 18,450 H3K27ac peaks and 11,230 H3K9me3 peaks were detected in hypoxic cells, and
it means that various genomic compartments are active and repressed at the same time. These peaks are distributed
as illustrated in Figure 3 that compares the number of peaks in promoter, enhancers, and gene body with the
number of intergenic regions. The highest enrichment of H3K27ac occurred in promoter regions, and had some
8,320 peaks, then enhancers with some 6,520 peaks, and promoting transcriptionally-relevant genomic sites
during hypoxia. Conversely, H3K9me3 peaks were intensively gained in intergenic and promoter-associated
repressive areas, and the number of these peaks was about 5,320-6,100, indicating that specific silencing domains
are set. The number of peaks of the two marks was significantly less in the gene body regions and the data point
to the conclusion that chromatin remodelling that occurs due to hypoxia is localised to regulatory and not structural
genes. Altogether, as Figure 5 draws, hypoxia leads to the combination of the effects of chromatin organisation
in a directional way by enhancing active histone marks on adjustment-related genes and relocating repressive
marks to repress non-essential transcriptional programmes.

9,000 Normoxic Tl Hypoxic

8,320
8,000 M H3K27ac
7.000 4,740 B H3K9me3
6,000
5,000 - b, ‘W
61100
4.000 | | - N A2
3,000 2.2108 "
% 000 S5 15 2,430
1,000 i i
0

Promoter Enhancer Gene Body Intergenic Intergenic

Peak Count

Methylation Level
Fig 3. ChIP-seq peak distribution.

These epigenetic changes were, based on RNA-seq, accompanied by dramatic transcriptional changes. A cut off
criteria of fold change > 2 and FDR < 0.05 were used to find 1,128 (hypoxia) and 872 (hypoxia) genes upregulated
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and downregulated, respectively. Table 1 summarizes representative values of expression of key genes related to
hypoxia and the significance values. Among upregulated genes, VEGF was increased by 3.2-fold with a highly
significant p -value and FDR value, GLUT1 was increased by 2.8-fold with a highly significant p -value and FDR
value, CA9 was increased by 4.1-fold with a highly significant p -value and FDR value and PDK1 were increased
by 3.0-fold with a highly significant p -value and FDR value. These genes are famous to be involved in the
angiogenesis, glycolytic metabolism, acid-base and mitochondrion adaptation, suggesting that hypoxic stress
follows the pathways required to survive in a low-oxygen environment. On the contrary, the down-regulation of
the genes including TP53, CDKNI1A, BAX, and BCL2 was observed, and it was proposed that there were some
selective repressions of the pathways associated with apoptosis and cell-cycle. Thus, Table 2 indicates that in
response to hypoxia, there is an evident transcriptional switch in growth-regulatory and homeostatic functions to
adaptive metabolic and survival signaling.

These transcriptomic results can also be seen in Figure 4, the volcano plot of the differential gene expression in
hypoxia. There are much more active genes on the right side of the plot and significantly fewer active genes on
the left side of the plot. Asymmetry of the reaction is brought as highlighted in the plot, where 1,128 out of the
total 1308 genes that are upregulated surpass the 872 downregulated genes thus implying that hypoxia mainly
activates, but does not suppress, transcriptional programs. Imperative hypoxia-reactive genes like VEGF, GLUT],
and CA9 are eminent in the significant upregulated area, which combines extensive fold changes with high levels
of statistical assurances. The threshold lines are set vertically and horizontally, suggesting the standard applied in
determining a significant result and the high density of significant result points supports the presence of a wide
transcriptional response, not individual gene level effects. Figure 4 therefore adds to Table 3 by visualizing the
expression changes locally around the world and determining the genes which have the highest biological and
statistical significance.

VEGF
GLUTM

CA9

Logyyp value)

"X
P Threshold

| L '- Fold Change > 2

p-value <005

Log , Fold Change

Fig 4. Volcano plot.

Combined, Table 1 and Figure 2 prove the occurrence of a stable and genome-wide change in DNA methylation,
especially in promoters and enhancers, under hypoxia, and Figure 3 proves the simultaneous rearrangement of the
activating and repressive histone patterns. Table 2 and Figure 4 consequently indicate these epigenetic changes to
result into strong transcriptional reprogramming, in specific, angiogenesis, glycolysis, and survival signalling
genes. All of these findings are consistent with the suggestion that the hypoxia catalyses concerted epigenetic and
transcriptional remodelling and not independent molecular exclamations which gives a solid mechanistic
foundation to further multi-omics integration and regulatory network evaluations.

Table 2. Key Differentially Expressed Genes under Hypoxia

Gene Log2FC Fold Change Regulation p-value
VEGF +1.68 3.2 1t Up <0.001
GLUTI +1.49 2.8 1t Up <0.001
CA9 +2.04 4.1 1t Up <0.001
LDHA +1.72 3.3 1t Up <0.001
HIF1A +1.25 24 1t Up <0.001
PDK1 +1.58 3.0 1t Up <0.001
BAX -1.21 0.43 | Down <0.01
BCL2 -1.45 0.36 | Down <0.01
TP53 -1.12 0.46 | Down <0.01
CDKNIA -1.36 0.39 | Down <0.01
MTOR -1.18 0.44 | Down <0.05
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5. DISCUSSION

The current work supports the view that extensive genome-wide reprogramming with hypoxic stress is a
consequence of interaction with a complex system involving DNA methylation, histone alteration, and
transcriptional regulation. The findings of 3,284 foci of differential methylation (DMRs) as well as a substantial
reintegration of histone marks including H3K27ac and H3K9me3 suggest that hypoxia does not engage single,
distinct, molecular actions, but phased epigenetic remodelling. The strongest changes in methylation were
observed in promoter regions and indicate that the hypoxia selects regulatory elements to regulate gene expression.
Such results underpin the idea that the rapid and reversible adaptation of cells in response to oxygen reduction is
facilitated by epigenetic plasticity. One of the key findings in this paper is that the central regulator of both
epigenetic and transcriptional responses to hypoxic conditions is HIF-lalpha. The activation of hypoxia-
responsive pathways is confirmed by the presence of the upregulation of the canonical HIF-1a target genes such
as VEGF or GLUT1 or CA9. In addition to its transcriptional activity, HIF-1la seems to affect epigenetic
equipment via regulating patterns of DNA methylation and histone modifying proteins. The finding of the
relationship between Hypo methylated promoters, the heightened enrichment of H3K 27ac, and the upregulated
expression of genes indicates that the HIF-1 alpha mediated signalings is tightly coupled with the availability of
chromatin and transcriptional activation. The significance of HIF-1 1 to both transcription factor and epigenetic
remodelling mediator is highlighted by this concerted action.

The results of this report resemble previous reports that have characterised hypoxic-induced epigenetic changes,
especially in cancer and ischemic models. As an example, previous research has shown that the hypoxia may
induce the DNA hyper methylation by blocking the activity of TET enzyme, which facilitates the silencing of
genes (Thienpont et al., 2016). On the same note, Batie et al. (2019) mentioned pervasive alteration of histone
methylation during hypoxia thereby validating alteration of chromatin remodelling in the current research.
Nevertheless, this study can be a detailed genome-wide view of epigenetics as opposed to previous studies that
mostly examined individual layers of epigenetics by incorporating DNA methylation and histone modification as
well as transcriptomic data. This represents an integrative method that explicates that epigenetic modifications do
not occur independently and hence they are organized and coordinated in a holistic approach to provide a more
comprehensive insight of the mechanisms of hypoxia regulated mechanisms.

Biologically, the findings present the importance of epigenetic control and the subsequent adaptation of cells to
hypoxia via metabolic reprogramming, angiogenesis and survival signalings. The transcriptional changes in
glycolytic genes (LDHA and PDK1) and angiogenic factors (VEGF) imply a change in metabolism (to anaerobic)
and vascular adjustment, respectively. These findings have clinical implications as they now apply to diseases that
are typified by hypoxic environments, such as cancer, ischemic diseases, and chronic inflammatory diseases.
Hypoxia-specific epigenetic signatures (185 genes identified) regulated by an early phase of hypoxia indicate
potential biomarkers of disease progression and therapeutic targets to effectively treat the disease. Inhibition of
epigenetic modulated molecules or the targeting of the HIF-1/HIF-12 pathways could, therefore, be a viable
approach to controlling hypoxia-inducing disease pathways.

The main strength of the presented study is its multi-omics framework, i.e., the possibility of examining a number
of layers of a single analysis at the same time. This methodology combines both WGBS and ChIP-seq as well as
RNA-seq data to understand the complexity of gene regulation during hypoxia and to identify gene regulatory
networks and interactions at the pathway level. The high associations levels spotted between the epigenetic
changes and the level of gene expression (r = 0.68 -0.79) also confirm the strength of this integrative strategy.
This system level study offers the insights of hypoxia induced regulatory systems that remain unrealized in
individual omics studies.

Along with these advantages, there are a number of weaknesses to keep in mind. Firstly, it was carried out with
in vitro cell line models and this may not be fully representative of the hypoxic environment in vivo. Second, a
discrete number of histone modifications were studied and incorporation of other epigenetic marks might give a
better picture of chromatin dynamics. Third, there were also observed strong correlations between the epigenetic
changes and the gene expression, but the causation is yet to be established in experiments. Lastly, differences in
the duration of hypoxia and cell type specificity are likely to modify epigenetic responses and these differences
need to be widened to validation in more biological set-ups. Altogether, this paper offers strong proofs that
hypoxia leads to systemic epigenetic re-programming orchestrated by part by HIF-1 signalling. Combining several
omics layers allows identifying intricate regulatory networks in the genome of hypoxia adaptation and provides
novel information on potential biomarkers and therapeutic targets. These results contribute to the understanding
of molecular mechanisms triggered by hypoxia and create the basis to carry out a research on epigenetic treatments
in hypoxia-related diseases in the future.

CONCLUSION

Hypoxic stress activates a coordinated, genome-wide DNA epigenetic modification that is important in the
regulation of adaptation and gene expression in cells. The combination of DNA methylation, histone modification
and transcriptomic data in this paper helps us understand that responses to hypoxia are not determined by
individual mechanisms but rather linked, through closely interconnected regulatory networks facilitated, in part,
by the HIF-1alpha system. The correlations that were detected between changes to epigenetics and differences in
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gene expression underline the significance of multi-omics protocols in the process of the discovery of system-
wide regulatory processes during a stress condition. Moreover, the discovery of hypoxia-specific epigenetic
signatures offers useful information on possible biomarkers and therapeutic targets of diseases with links to
hypoxic microenvironment, such as cancer and ischemic disease. On the whole, these results highlight the
importance of epigenetic plasticity during the process of hypoxia and facilitate the establishment of specific
epigenetic treatment to achieve high outcomes in clinical practice.
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