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Abstract

Astrocytes are critical for the metabolic, structural and functional modulatory
support of the brain. Lipotoxicity or high levels of saturated fatty acid as Palmitate
(PA) has been associated with neurotoxicity, the loss or change of astrocytic func-
tionality, and the etiology and progression of neurodegenerative diseases such as
Parkinson or Alzheimer. Several molecular mechanisms of PAs effect in astrocytes
have been described, yet the role of epigenetic regulation and chromatin architecture
have not been fully explored. In this study, we developed a multi-omic epigenetic-
based model to identify the molecular mechanisms of lipotoxic PA activity in
astrocytes. We used data from nine histone modifications, location of Topological
Associated Domains (TADs) and transcriptional CTCF regions, where we identified
the basal astrocyte epigenetic landscape. Moreover, we integrated transcriptomic data
of astrocytic cellular response to PA with the epigenetic multi-omic model to identify
lipotoxic-induced molecular mechanisms. The multi-omic model showed that chro-
matin conformation in astrocytes treated with PA have response genes located within
shared topological domains, in which most of them also showed either repressive or
enhancing marks in the Chip-Seq enrichment, reinforcing the idea that epigenetic
regulation has a huge impact on the lipotoxic mechanisms of PA in the brain.

Keywords: epigenetic landscape, lipotoxicity, inflammation, astrocyte-neuron
interaction, neurodegeneration
1. Introduction

Obesity is referred to as the excessive accumulation of body fat. It has become a

worldwide public health issue which several studies have linked hormonal impairment
to other diseases like coronary pathologies, diabetes, hypertension, atherosclerosis, and
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certain types of cancer among others [1, 2]. Studies using insulin growth factor-1 (IGF-1)
receptor, insulin receptor substrate-1 (IRS-1), insulin receptor substrate-4 (IRS-4), glial
fibrillary acidic protein, as well as an increase in -actin protein have been associated
with fatty acid excess in the brain [3]. Additionally, recent evidence has linked adiposity
and high fatty acid concentrations to significant brain region-specific dysfunction, atro-
phy, inflammation, and cognitive decline [2, 4, 5], as well as an increased risk in develop-
ing the accumulation of amyloid p and Tau associated with Alzheimer’s disease [3].

Astrocytes are the most versatile glial cells in the central nervous system (CNS)
constituting from 20 to 40% of neuroglia, protecting the brain through so many
signaling [6], demonstrating that these cells effectively engulf dead cells, synapses
and protein aggregates of amyloid p (Af) and a-synuclein, typical of Alzheimer’s
disease (AD) and Parkinson’s disease (PD), respectively. Additionally, astrocytes
have been shown to regulate K+ levels [7] and prevent excitotoxicity in Huntington’s
disease (HD) [8-10]. Nonetheless, evidence suggests that elevated concentrations of
fatty acids can trigger a pro-inflammatory response altering the correct functioning
of astrocytes [11-13]. Recently, authors have proved that metabolic insults produced
by fatty acids can trigger a pro-inflammatory response in astrocytes, due to their high
recruitment and metabolic capacity. Among them is PA, a long-chain saturated fatty
acid, that can trigger an increase in inflammatory cytokines [5] such as Interleukin
(IL)-1B, IL-6 and tumor necrosis factor alpha (TNFa), leading to accelerated cogni-
tive decline, decreased cell viability, increased endoplasmic reticulum stress, inhibi-
tion of autophagy, finally compromising the Blood-Brain Barrier (BBB) integrity and
promoting dementia-like progression in humans and animal models [5, 7, 14, 15].

Recent evidence supports epigenetic responses in astrocytes followed by
PA-lipotoxic exposure [10, 16]. Epigenetic transcriptional regulation such as
chromatin accessibility by histone modifications and chromatin architecture
modulate euchromatin/heterochromatin equilibrium has shown the great potential
of providing groundbreaking insight into the effects of neurotoxic compounds
such as PA [4, 17, 18]. Additionally, the epigenetic modulation in astrocytes
produced by lipotoxic compounds like PA can trigger inflammation, neurotoxic-
ity, astrocyte reactivity, and cell fate determination in the CNS [16, 19]. In this
case, the epigenetic landscape regulatory role and its response in the PA-induced
astrocyte lipotoxicity are both the key to comprehend the loss of cellular function.
Furthermore, several authors have also demonstrated that multi-omic models have
proved to be more efficient than conventional astrocytic models in the evaluation
of non-linearity in chromatin regulation considering regulatory mechanisms such
as enhancers, isolators, epigenetic marks, and non-coding RNA [20-22].

It has been demonstrated that epigenetic data such as Chip-Seq and Hi-C with
transcriptomics allows the detailed identification of specific molecular mechanisms
associated with impairment conditions. In the present study, we report a multi-
omic model to describe the epigenetic baseline of astrocytes as well as the astrocytic
response to PA-lipotoxicity over specific astrocytic processes such as inflammation,
autophagy, endoplasmic reticulum stress, energetic metabolism, mitochondrial
dysfunction, and astrocyte-neuron interaction pathways, herein described here as
astrocytic PA response (APAR) mechanisms.

2. Materials and methods
2.1 Hi-C, ChiP-Seq and transcriptomics datasets acquisition

Hi-C has been adopted as a method to measure pairwise contacts between pairs
of genomic loci and allows a mapping of the three-dimensional conformation of
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chromatin within a population of cells, as well as to detect the structural variation
and corrects assembly of chromosomal missed junctions [23]. Chip-Seq data also
allows the analysis of histone marks interaction with DNA in an activation/repres-
sion mechanism. In this study, we analyzed nine treatments which were controls,
H3K36me3, H3K27me3, H3K9ac, H3K9me3, H3K79me2, H4K20mel, H3K4mel and
CTCF (entry: GSM733678, GSM733751, GSM733729, GSM1003534, GSM1003491,
GSM1003490, GSM1003525, GSM733710 and GSM733765 respectively). Tissue-
specific datasets for astrocyte Hi-C from cerebellum and spinal cord were
downloaded from the Encyclopedia of DNA Elements (ENCODE), as part of the
ENCODE project consortium with ID numbers 200105194 and 200105957, respec-
tively [24-26]. From ChiP-Seq data we obtained nine astrocyte datasets from NHA
cells culture from the ENCODE database. Moreover, the whole human genome
GRC version hg19 was obtained from ENSEMBL (https://www.ensembl.org/index.
html) to map and enrich all the datasets. Transcriptomic data was experimentally
obtained in the laboratory of Experimental and Computational Biochemistry of the
Pontificia Universidad Javeriana, Bogotd D.C, Colombia.

2.2 Transcriptomic data

We used Normal Human Astrocytes (NHA; Lonza, CC-2565) divided in three
different batches (#0000612736, #00005656712, #0000514417), which were
cultured according to the manufacturer’s specifications. All batches were cultured
in a supplemented medium with SingleQuots supplements. In order to induce PA
toxicity, NHA cells were seeded in 48, 24, 12, and 6-well plates and incubated in
a humidified incubator for 12 days at 37°C and 5% CO2. Then the NHA cells were
washed with PBS 1x and starved in medium with serum-free DMEM without
phenol red, L- and supplements (Lonza, Basel, Switzerland) for 6 h.

RNA extraction was performed using mini kit RNeasy (Qiagen, USA). The RNA
quantification of the preparations was performed with NanoDrop (Thermo Fisher
Scientific, Waltham, Ma, 174 USA). To remove possible DNA contamination, RNA
was treated with DNase I. The RNA integrity (RIN) and 28S/18S ratio were determined
with the RNA Nano 6000 Assay Kit of the Agilent Bioanalyzer 2100 system (Agilent
Technologies, CA, USA). Transcriptomic datasets were obtained for NHA astrocytes
treated in DMEM medium. RNA-seq libraries were prepared using the TruSeq Stranded
mRNA library prep kit following the manufacturer’s protocol (Illumina, Cat# RS-122-
2101) [27, 28]. The RNA-seq libraries were sequenced in HiSeq platform (Illumina) using
protocol 2x150bp paired-end configuration, single index per lane. Scores and nucleo-
tide composition were assessed with FastQ to evaluate accuracy using the Nextflow
(V18.10.1) pipeline QUARS (https://github.com/TainVelasco-Luquez/QUARS).

Salmon package was used for mapping and quantifying the expression level
(https://combine-lab.github.io/salmon/, V0.13.1) on the genome assembly GRCh38
(patch 12) from the NCBI without ALT regions using Gencode [26, 29]. NOISeq
was used to import data into R (V3.6.1) and assessed sequence plot quality diagnosis
[5]. Gene level Ensembl IDs were used with tximport function to create the count
matrix. We used DESeq?2 for modeling the average expression in function of the
treatments correcting for sex (design formula: ~ sex + condition) [30]. Moreover,
DESeq2 was used for normalization by size, variance shrinkage, outliers filtering,
and hypothesis testing. The Wald test was used for assessing genes differentially
expressed above |LFC| > = 0.5 with an alpha cutoff at 0.05.

The overlap analysis was performed using Fisher’s exact test using alpha at 0.05
implemented in the package GeneOverlap. To correct for multiple testing, p-values
were adjusted using the Benjamini-Hochberg method [31]. Additionally, we lever-
aged the GeneOverlap’s Odds Ratio and Jaccard Index as measures of the strength of
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association and the similarity, respectively. Odds ratio equal to or less than 1 means
no associations and greater than 1 represents strong associations. Jaccard Index

is a measure of similarity that varies between 0, no similarity, and 1, completely
identical lists. The package WGCNA from the platform iDEP (V0.90) was used to
perform the co-expression analysis, employing the 1000 more variable genes across
all samples, with a soft threshold of 16 and minimum module size of 20 [32]. The
Pearson’s correlation was used on the count matrix, normalized and regularized
using the log transformation of the DESeq2 library.

2.3 Epigenetics data analysis

To create the multi-layer model, first we obtained the ChIP-Seq data of an
astrocyte in homeostatic conditions from the ENCODE database, then re-analyzed
the BED/BAM files using ChIP-Seq model-based analysis implemented in MACS?2.
We integrated H3K4me3, H3K27ac, H3K27me3, H3K9ac, H3K4mel, H4K20mel,
H3K36me3, and H3K79me2 to the human genome, in order to identify the core active
regulatory and repressed genes in astrocyte, H3K27me3, H4K20mel and H3K9me3.
The active genes were also identified by the integration of H3K4me3, H3K4mel,
H3K79me, 2H3K9ac, H3K27me3, and H3K27ac [33] to the same genome (hg19) and
those who shared both repressing and enhancing modifications were identified as
bivalent genes. All the individual samples, the core activation, repression and biva-
lent samples were enriched using the cutoff p-value set at 0.01 for both molecular
function and biological process excluding redundant gene ontology (GO) terms.

Hi-C data was obtained from the ENCODE database. In this database, it can be
found up to 80% of the annotated genome, in which for the interest of the investiga-
tion cerebellum and spinal cord data with ID numbers 200105194 and 200105957
respectively [24]. Hi-C data of spinal cord and cerebellum were compared to identify
the potential tissue-specific differences in astrocyte functioning. All the individual
samples, the core activation, repression, and bivalent samples were enriched using the
cutoff p value set at 0.01. Molecular enrichment was performed using ShinyGO [34].

2.4 Data integration

In order to identify euchromatin and heterochromatin regions in astrocyte, we
overlapped all activation/repression specific histone modifications covering regions.
With this approach, it was possible to identify activation, repression and bivalent core
genomic regions. Thus, both the omic and epigenetic integrations were performed
through the adjudication of the data described above into a multi-omic model. The
model consisted in three different layers of the Chip-seq and Hi-C of an astrocyte
under homeostatic conditions and the transcriptomic data of an astrocyte under the
lipotoxic effects of PA, where these three layers were used to make an inference about
the possible epigenetic effects of PA in an astrocyte. Considering that there are no
Hi-C or Chip-Seq data for astrocytes under the effects of PA, the integration of the
transcriptomic data allows the identification and analysis of genes associated with PA
response. Accordingly, the identification of changes in the epigenetic regulation of
genes was performed as follows: first the differentially expressed genes in the tran-
scriptome presented within the TADs of euchromatin and with the groups of genes
were identified. Then, the proteomic data was sought to identify whether gene expres-
sion patterns are correlated with histone modification data sets [35-37]. Also, both the
core regions and the specific histone marks with the Hi-C were overlapped with the
TADs of an astrocyte in order to identify patterns between chromatin architecture and
modulation of histone expression [37, 38]. Later, the Chip-Seq core regions integrated
with TADs were compared with gene expression and proteomic data.
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To identify the role of chromatin conformation in the expression and the effect
of TADs in PA activity, gene expression and gene localization were associated with
each other. This approach allowed us to identify additional epigenetic regulatory
events related with TAD genes [39]. Subsequently non-coding regions such as
enhancers and promoter regions were identified to be able to explain the patterns of
expression of PA lipotoxicity. All data analysis was developed using R-Bioconductor
suite (https://www.bioconductor.org/) as well as publicly available databases to
ensure reproducibility and robustness. All the resulting sets of genes were enriched
for molecular processes and biological functions.

3. Results
3.1 Chromatin/Histone expression regulation

Considering the functional importance of histone modifications in the cellular
behavior [40], we identified a set of 34852 genes with known activation roles across
the seven ChiP-Seq samples. Histone marks H3K4me3, H3K27ac, H3K9ac, H3K4mel,
H4K20mel, H3K36me3, and H3K79me2 and the number of genes per activation mark
were 2432, 3034, 3773, 5133, 8228, 6766 and 5486, respectively, with a non-homoge-
nous pattern. We obtained a set of 11214 genes enhanced between the 7 studied active
histone modifications with at least each gene included in two or more of the samples.
Moreover, samples H3K27me3 and H3K9me3 showed 6276 and 6747 repressed genes,
respectively. We identified a set of 9796 genes repressed in astrocytes based on
H3K27me3 and H3K9me3 data with the condition that each gene should be present
in at least one of the ChiP samples. Considering that a bivalent region is due to the
presence of a repressor and an enhancer in the modifications of histones H3K4me3
and H3K27me3, we identified 7608 genes in bivalent sites. Moreover, shared genes for
both activation and repression were identified as coding regions present in at least
one of the mark datasets in each group for the specific markers [33].

In general, we performed a functional enrichment of the dataset where it was
possible to identify the biological process and molecular functions associated
with GO terms. As a result, 30 biological processes relevant to APAR biological
mechanisms were presented (Table 1). Among these biological processes identified
for the activation of ChIP-Seq datasets, glutamate-cysteine ligase activity, CD4
receptor binding, ion channel binding, and extracellular matrix binding were the
top-enriched functions. Besides, functional groups associated with the homeostatic
astrocytic activity were identified as highlighting transferase activity, carbohydrate
derivative binding, hydrolase activity, DNA-binding transcription factor activity,
molecular function regulator, transporter activity, oxidoreductase activity, enzyme
regulator activity, transmembrane transporter activity, signaling receptor activ-
ity, extracellular matrix structural constituent, lipid binding, extracellular matrix
binding, electron transfer activity, and lyase/ligase activity. The genes that encode
the molecular functions mentioned above, are associated with metabolic support in
astrocytic activity and neural functionality present in euchromatin regions.

It was also possible to identify active coding regions tightly regulated for cellular
ion maintenance and response to stimuli that are essential for astrocytes well-
functioning [7]. Additionally, we were able to associate the presence of constant
euchromatin regions with genes that encode for metabolic and cellular exchange
mechanisms necessary for astrocyte function [41]. Therefore, the model demon-
strated that the presence of genes in regular euchromatin regions are often associated
with many regulatory elements such as promoters, enhancers, insulators and silenc-
ers, all related with cell adhesion, support and exchange processes [42, 43].
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Category Process Gene number

Function Regulation of biological quality 4319
Homeostatic processes 2004

Ion homeostasis 836

Response to nutrients 730

Regulation of membrane potential 450

Apoptotic mitochondrial changes 130

Membrane depolarization 88

Regulation of membrane depolarization 44

Mitochondrial depolarization 24

Regulation of mitochondrial depolarization 21

Non-ribosomal peptide biosynthetic process 19

Glutathione biosynthetic process 17

Group Immune response 45

Regulation of biological quality 32

Response to stress 23

Regulation of response to stimulus 20

Regulation of molecular function 20

Response to external stimulus 17

Regulation of signaling 15

Cell adhesion 11

Catabolic processes 11

Table 1.

Top biological processes associated with the core activation dataset from the histone markers H3Kqme3,
H3K2zac, H3K9ac, H3K4me1, H4K20me1, H3K36me3, and H3K79me2. Accordingly, biological processes were
separated into functions and groups, in terms associated with GO for a more detailed analysis.

In the case of bivalent expression regions, 30 biological processes were identi-
fied corresponding with APAR mechanisms, highlighting transcription regulation,
sequence-specific DNA binding, RNA polymerase II/III distal enhancer, regulatory
region, and proximal promoter sequence-specific DNA binding, gamma-amino-
butyric acid transmembrane transporter activity, nerve growth factor binding,
ubiquitin-protein transferase activator activity, mannosyl-transferase activity and
cofactor, corepressor and coactivator transcription binding (Table 2). Additionally,
these same genes that were also associated with specific functional groups such
as macromolecule binding (i.e., carbohydrates, sulfurates, lipids, amides), DNA-
binding transcription factor activity, cofactor binding, extracellular matrix struc-
tural constituent, structural constituent of ribosome, structural constituent of
cytoskeleton, extracellular matrix binding, neurotransmitter binding and structural
constituent of myelin sheath and activity of hydrolase, transferase, peroxidase, oxi-
doreductase, isomerase, lyase/ligase signaling, transmembrane transporters,
enzyme regulation, antioxidant, electron transfer, neurotransmitter transport,
cytochrome-c oxidase, MAPKK, and glutathione dehydrogenase functionality.

Further, we identified all the specific genes associated with the APAR mecha-
nisms in astrocytes under homeostatic conditions (Figure 1). It was possible to
clarify the epigenetic basal response of astrocytes and identify the gene activation/
expression profiling under homeostatic conditions of these cells to elucidate the
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potential response to PA detrimental conditions. Both activation and bivalent pro-
cesses and functions made it possible to understand the expression and regulatory
mechanisms associated with an epigenetic chromatin landscape in astrocytes [4].
For both activation and bivalent datasets, the biological processes and functions
were consistent with the basal astrocytic activity (Tables 1 and 2).

Category Process Gene number
Function Positive regulation of biosynthetic process 4091
Positive regulation of nucleic acid-templated transcription 3293
Positive regulation of cellular biosynthetic process 2082
Positive regulation of RNA metabolic process 1789
Positive regulation of RNA biosynthetic process 1695
Extracellular matrix assembly 28
Negative regulation of autophagy of mitochondrion 9
Interleukin-23-mediated signaling pathway 9
Positive regulation of axon extension involved in axon guidance 7
Group Regulation of response to stimulus 1409
Regulation of biological quality 1360
Response to stress 1312
Regulation of signaling 1242
Immune system process 973
Catabolic process 863
Response to external stimulus 793
Cell proliferation 708
Table 2.

Biological processes associated with histone markers H3K4me3 and H3K27me3 were separated between
Sfunctions and groups. All the terms were associated with GO terms for further analysis [33].

AN Intéraction Auto:;hagy ER S'tress Inﬂam;nation Mit Dys'function
Process

100 1

751

State

. Activation
. Bivalent
. Repression

GeneCount

25+

Figure 1.

Graphical vepresentation of activation, vepression, and bivalent genes present in every APAR categories.
Specifically, AN interaction has 42%, 25% and 31%; autophagy has 42%, 20% and 37%; ER Stress has
33%, 23% and 43%; inflammation has 39%, 28% and 31% all for activation, bivalent and repression genes
respectively. Note: the colors corvespond to Green-Activation, Orange-Bivalent, and Purple-Repression.
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3.2 Chromatin architecture involvement in APAR

Overexpressed genes in NHA astrocytes exposed to lipotoxic PA concentrations
were fully integrated to ChIP-Seq data, APAR-related data and the chromatin con-
formation in order to identify co-regulated genomic regions in astrocytes [44]. We
identified 328 molecular processes that were found overexpressed when astrocytes
are exposed to PA, of which 27 molecular APAR associated processes were selected
based on the role and significance (Table 3).

Although comparing specific TAD regions from Hi-C experiments and differen-
tially expressed genes associated with APAR mechanisms in astrocytes, we identified
clusters sharing the same TAD (Table A1). In this regard, we identified 3039 and
3048 TAD regions for spinal cord and cerebellum astrocytes, respectively. We focused
on differentially expressed genes present among the APAR gene sets, located in the
corresponding TAD regions to identify co-regulated genes or regulatory profiles.
Moreover, due to the CTCF role in the conformation of chromatin folding architecture,

Molecular process Adjusted Negative log10 Gene
p-value adjusted p-value number
Inflammatory response 1.0487E-16 15.979344 53
Response to external stimulus 9.8873E-13 12.0049202 101
Response to lipid 1.8892E-11 10.7237215 51
Response to stress 8.5056E-11 10.070294 121
Response to stimulus 3.438E-09 8.46369645 205
Regulation of lipid metabolic process 4.1334E-08 7.38369637 29
Cellular response to stimulus 1.0314E-05 4.98659017 169
Regulation of biological quality 1.8704E-05 4.72806228 107
Regulation of immune response 0.0001047 3.98004731 43
Regulation of cell activation 0.00018219 3.73947057 30
Positive regulation of inflammatory response 0.00029935 3.52381953 14
Regulation of inflammatory response 0.00057697 3.23884686 22
Regulation of response to stress 0.00213314 2.67098006 50
Cellular lipid metabolic process 0.00528208 2.27719528 38
Positive regulation of biological process 0.00848563 2.07131588 136
Neuroinflammatory response 0.0114169 1.94245175 9
Regulation of ERK1 and ERK?2 cascade 0.01342102 1.8722145 17
Glial cell activation 0.01563567 1.8058835 8
Interleukin-1 secretion 0.01762805 1.75379577 8
Positive regulation of metabolic process 0.01849939 1.7328425 89
Regulation of response to stimulus 0.02555143 1.59258475 101
ERK1 and ERK?2 cascade 0.0278352 1.55540561 17
Positive regulation of immune response 0.03214889 1.49283399 32
Hippocampal neuron apoptotic process 0.0381717 1.41825855 3
Regulation of hippocampal neuron apoptotic 0.0381717 1.41825855 3
process
Negative regulation of transport 0.04292557 1.36728396 23
Synapse pruning 0.04548992 1.34208479 4
Table 3.

Differentially expressed biological processes associated with the APAR mechanisms of PA-lipotoxicity in
astrocytes. All considered processes have p > 0.05 as a threshold value of significance.
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TAD regions were overlapped with CTCF in order to identify true TAD regions. In this
sense, these results elucidated some of the potential role of epigenetic modulation in
the APAR molecular mechanisms in astrocytes in response to PA-lipotoxicity [45-47].

4, Discussion

In the present study, our model showed that astrocytes regulate enzymatic and
protein activity from the genomic to the protein level, considering the protein func-
tional modulation at different molecular levels. Additionally, during normal condi-
tions, the enzymatic activity of hydrolase, transferase, peroxidase, oxidoreductase,
isomerase and lyase/ligase were identified as constantly regulated due to elevated
metabolic rates and plasticity in astrocytes [48, 49]. In this case, metabolic main-
tenance and support are not permanently regulated by epigenetic processes due to
a dynamic environmental-dependent mechanism in astrocytes. Nevertheless, the
presence of metabolic processes in bivalent regions implies the presence of highly
active metabolic processes that change across time due to the fact that a genomic
region can present both marks and become active or repressed [43, 50]. In terms
of astrocyte-neuron interaction, we identified the presence of antioxidant activity
associated with glutathione biosynthetic processes, reductase activity, as well as the
activity of structural constituents of myelin sheath [51, 52]. Relationship between
astrocytes and neurons in the context of antioxidant defense to ensuring neuronal
well-being during pathological conditions play a significant role in metabolic
support by neuroprotective capacity from oxidative stress, supply of glutathione to
neurons, modulation of the extracellular matrix assembly, among others [52, 53].

To examine the molecular response to PA or APAR mechanism in astrocytes, we
integrated the epigenetic data with the transcriptomic data from NHA to elucidate
the potential damaging conditions by the PA activity in the brain. The shared TAD
regions from both cerebellum and spinal cord astrocyte Hi-C data were compared to
each other in order to establish the differences and possible considerations associ-
ated with tissue-specific stimuli. Thus, our multi-omic model showed that during
PA lipotoxicity in astrocytes, inflammatory and stress responses are overexpressed.
Our results also indicated that lipid droplets are epigenetically regulated in order to
respond to free fatty acid concentrations in homeostatic conditions by the presence
of apolipoprotein-E (APOE) gene in euchromatin regions [4, 40]. For instance,
recent evidence has shown that maintenance of the homeostasis between astrocytes
and neurons mitigate the lipotoxic effects of fatty acids as well as modulating
APOE-lipid particles becomes of vital importance [54].

The presence of PA is associated with the overexpression of biological processes
such as response to cellular lipid metabolism, which can lead to disease [5, 55].
Moreover, high concentrations of PA induce the expression of markers involved in
pro-inflammatory response where the secretion of IL-1 activates endothelial cells
and astrocytes to propagate the inflammatory signals in CNS [56, 57]. Overall, IL-1
is a typical biomarker associated with lipotoxicity and inflammation in astrocytes, as
LC3-II, p62, or TLR2 have been directly linked to the astrocytic response to PA [5, 11,
58]. Likewise, IL-1 supports mechanisms as extracellular matrix binding modulation
and regulation obtained in experimental studies that are essential for the response to
mechanical stimuli in astrocytes [41]. In this sense, our results support the involve-
ment of epigenetic regulation over cellular functional determinants in astrocytes
during neurodegeneration but are necessary to develop more precise algorithms
associated with gene screening [4].

Moreover, our model shows and support evidence from experimental studies,
highlighting the expression and regulation of transporters such as the glutamate and
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lactate shuttle, redox stress reduction, transfer mitochondrial, among others, which
are associated with the APAR mechanisms. Many of these biological functions asso-
ciated with the response of astrocytes seem to be regulated by some of the tested
histone modifications. Also, the response to external stimulus can be associated
with the presence of neurotransmitter receptors, evidencing the neuron-astrocyte
interaction beyond the metabolic support. Interestingly, we also report the presence
of genes involved in the biosynthetic process of glutathione in the euchromatin
regions, meaning a recurrent antioxidant activity process in astrocytes. Glutathione
biosynthesis and release have been associated as a strategy for the balance and
detoxify of the neural activity mediated by mitochondrial reactive oxygen species
(ROS) in neurons linked to neurotransmission, neuroinflammation, neural disease
etiology and progression [59, 60]. Glutathione biosynthesis is related to astrocytes
antioxidant defense activity during pathological and non-pathological conditions.

Transcriptomic data, epigenetic landscape of TDAs, and histone modification
regions data allowed the identification of APAR genes in the transcriptomic dataset
and their localization (bivalent activation) [61]. TNFRSF1B, IL1R2, IL1S8RAP, IL1A,
IL5RA, CXCL10, IL5, PIK3CG, IL10RA, and CCL8 genes were identified and associ-
ated with APAR mechanisms in astrocytes. Recently it has been demonstrated that
during non-stimulating conditions, astrocytes secrete cytokines such as GM-CSF,
CXCL1, CCL2, CXCLS, IL-6, and IL-8, all of those displayed at different levels [22, 37].
Moreover, administration of IL-1B and TNF activates astrocytes response with the pro-
duction of cytokines IL-1B, IL-1RA, TNFA, CXCL10, CCL3, CCL5 and IL6 [62-64],
being IL-6 response more efficient at higher concentration [65, 66].

Chromatin conformation in astrocytes has shown that PA response genes were
located within shared TADs. During inflammation interleukin-1 receptor type II
(IL1R2) has been described as a key receptor of which the expression reduces IL1A
and IL1B activity [9]. On the other hand, the interleukin 18 receptor accessory
protein (IL18RAP) that is associated with the pro-inflammatory response of IL18
by intracellular signaling was located in the same TAD region, suggesting that they
share the same regulatory response when inflammatory processes occur in astrocyte
[67]. Additionally, this TAD region also contains IL1R1 which is a key molecular
mechanism associated with astrocytic response to inflammation by interaction with
IL1A, IL1B and IL1R-agonists. Likewise, the TAD contains IL1RL2, and IL18R1, both
interleukin receptors related to inflammatory cellular processes [5, 68, 69].

The coregulation of certain gene groups can also be associated with either
master regulatory regions in TADs or architecture proximity regulation in the
nucleus [70]. It is plausible that PA-lipotoxic responses in regulation of astrocytes
by activating TAD regions depends upon extracellular signaling. This is possible
because of the proximity of TAD to nucleus for cooperative organized regulation of
genomic regions [44, 71]. Our results finally suggest that epigenetic modulation has
an important role in the regulation of APAR mechanisms, yet further experiments
are necessary to explore the TAD proximity involved in APAR regulation.

5. Conclusions

We present the first comprehensive data integration of epigenetic involvement
in the astrocytic response to PA through the analysis from Hi-C, ChIP-Seq, and
transcriptomic data in a multi-omic level. We described the role of epigenetics
as a key mechanism of astrocytic PA response within which we found histones
markers with bivalent capacity associated with repression of genomic activity
(H3K4me3 and H3K27me3). This finding determines the adaptability and response
to environmental stress, provided through complex astrocyte metabolic plasticity

10
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networks. In addition, our results showed that markers as H3K4me3, H3K27ac,
H3K9ac, H3K4mel, H4K20mel, H3K36me3 and H3K79me?2 have regions associated
with homeostatic processes linked to exchange processes, regulation of the extracel-
lular matrix, protein maintenance and ion channels regulation. These processes
were found in euchromatin regions, highlighting that it is associated with essential
basal functions in astrocytes. Likewise, signaling pathways modulation (i.e., PI3K/
AKT), antioxidant activity (a recurrent mechanism in astrocytes), among others,
were associated with glutathione biosynthesis processes, glutamate transport and
glutamatergic neuronal support, identified as active basal coding regions.

APAR mechanisms proved to be highly regulated by histone modifications
along the genome which is essential for the response to PA. Additionally, our results
revealed the presence of highly regulatory regions in the TADs associated with
IL1R2 and IL18RAP. Moreover, the location of genes encoding to interleukins in the
genome and chromatin conformation revealed the putative epigenetic regulation
of the inflammatory response. In this sense, our results support the involvement
of APAR mechanisms on the lipotoxic effect of PA in astrocytes. While integrating
transcriptomics with epigenetics data was possible to identify associated genes with
APAR mechanisms and genes in response to PA located inside the topologically asso-
ciated, genes found in the TAD region that shared the regulator responses linked to
inflammatory processes were likely modulated by lipotoxicity actions. Additionally,
it is possible to suggest that additional epigenetic mechanisms such as IncRNA,
miRNA and extracellular signaling could be involved in the astrocytic response to
PA. Considering that deterministic mechanisms of expression are still unknown for
astrocytes in lipotoxic conditions, we suggest that epigenetic modulation is essential
for an efficient and dynamic cellular response. This work is a novel approach that
involves epigenetic regulation in the cellular response to PA-lipotoxicity in astro-
cytes. Therefore, it should be emphasized that it is recommended the development
of new methodologies and algorithms for more accurate analysis associated espe-
cially to genetic encryption. Finally, an accurate investigation of this new multi-
omic epigenetic-based model by integrating multiple underlying data sources about
the cellular mechanisms of the response to PA-lipotoxicity in astrocytes, might help
in the future to detect shared genetic patterns found in the TAD region among the
neurodegenerative diseases, identifying biomarkers for differentiating disease states
and thereby facilitating the decision-making process and treatment management.

Acknowledgements

We would like to acknowledge the members of the Computational and
Experimental Biochemistry Group, whose help was indispensable for envisioning
the research. RNA sequencing, and analysis were funded by Minciencias grants 8845,
contract 886-2019, and 20304 awarded to the Pontificia Universidad Javeriana.

Conflict of interest

The authors declare no conflict of interest.

Abbreviations
PA palmitic acid
TADs topological associated domains

11



Neurotoxicity - New Advances

BBB blood-brain barrier
ROS reactive oxygen species
APAR astrocytic PA response
Appendix
Gene (Regulation) Location TAD region Genesin TAD
TNFRSF1B chrl 11,920,000- KIAA2013, PRAMEF13, KAZN, PLOD1, HNRNPCL2,
12,166,949- 14,360,002 AADACL3, PRAMEF5, MFN2, DHRS3, PRDM2,
12,209,228 Clorf158, PRAMEF17, PRAMEF12, PRAMEF20,
[+Strand] PRAMEF1, PRAMEF14, TNFRSF8, LRRC38,
PRAMEF11, PDPN, HNRNPCL1, PRAMEF2,
PRAMEF4, PRAMEF10, PRAMEF6, VPS13D,
PRAMEF7, AADACL4, PRAMEF18, PRAMEF27,
HNRNPCL3, PRAMEF25, PRAMEF26, HNRNPCLA4,
PRAMEF9, PRAMEFS, PRAMEF33, PRAMEF15
IL1R2 chr2 101,880,002- SLC9A4, IL1R1, IL1RL1, IL1IRL2, IL1IS8RAP, IL18R1
101,991,816- 102,560,000
102,028,544
[+Strand]
IL1SRAP chr2 101,880,002- SLC9A4, IL1R1, IL1RL1, IL1RL2, IL1R2, IL18R1
102,418,558- 102,560,000
102,452,568
[+Strand]
IL1A chr2 112,600,002- POLRI1B, IL36G, PSD4, 1L37, IL1F10, CHCHDS5,
112,773,915- 113,400,000 IL36A, SLC20A1, IL36B, NT5DC4, IL36RN,
112,785,394 CKAP2L, IL1B, IL1IRN, PAX-AS1, PAXS8
[-Strand]
IL5RA chr3 2,360,002- CNTN4, TRNT1, CRBN
3,066,324~ 3,160,000
3,126,613
[-Strand]
CXCL10 chr4 75,760,002~ USO1, NAAA, SCARB2, NUP54STBD1, PPEF2,
76,021,116- 76,440,000 CXCL11, SDAD1, FAM47E, CXCL9, FAM47E-
76,023,536 STBD1, ART3, CCDC158
[-Strand]
IL5 chr5 132,440,002- IRF1-AS1, IL13, SOWAHA, CCNI2, KIF3AUQCRQ,
132,541,444- 133,360,000 FSTL4, SHROOM1, HSPA4, IRF1, GDF9, IL4,
132,556,890 RADS50, SEPTINS, LEAP2, AFF4, ZCCHC10
[-Strand]
PIK3CG chr7 106,840,002- PRKAR2B, HBP1, COG5, GPR22, BCAP29, DUS4L
106,865,278- 107,600,000
106,908,980
[+Strand]
IL1I0RA chrll 117,240,002- DSCAMLI1, FXYD2, FYD6, CEP164, SMIM35,
117,857,063- 118,320,000 RNF214, PCSK7, PAFAH1B2, SIDT2, TAGLN,
117,872,198 BACE1, TMPRSS13, TMPRSS4, SCN4B, SCN2B,
[+Strand] JAML, MPZL3
CCLS8 chrl7 33,520,002~ ASIC2, CCL2, TMEM132E, FNDCS8, CCL7, CCL11,
34,319,047- 35,720,000 CCT6B, PEX12, LIG3, CCL13, CCL1, ZNF830,
34,321,402 NLE1, C170rf102, RFFL, AP2B1, RAD51D,
[+Strand] UNCA45B, SLC35G3, SLFN12L, SLFN5, SLFN13,
SLFN11, SLFN14, SLFN12
Table A1.

Topological architecture of the differentially expressed genes associated with APAR mechanisms in astrocytes.
All gene regions have been obtained from ENSEMBL (GRCh37/hg19). All the TAD described contained
promoters, enhancers and promoter flanks.

12



Multi-Omic Epigenetic-Based Model Reveals Key Molecular Mechanisms Associated...
DOI: http://dx.doi.org/10.5772/intechopen.100133

Author details
Felipe Rojas-Rodriguez', Andrés Pinzén?, Daniel Fuenmayor’, Tibata Barbosa’,
Diego Vesga Jimenez3, Cynthia Martin4, George E. Barretos,

Andrés Aristizabal-Pachén® and Janneth Gonzalez**

1 Department of Molecular Pathology, Netherlands Cancer Institute (NKI),
Amsterdam, Netherlands

2 Instituto de Genética, Universidad Nacional de Colombia, Colombia

3 Departamento de Nutricién y Bioquimica, Pontificia Universidad Javeriana,
Bogota D.C, Colombia

4 Division of Neuropharmacology and Neurologic Diseases, Yerkes National
Primate Research Center, Atlanta, GA, USA

5 Department of Biological Sciences, University of Limerick, Limerick, Ireland

*Address all correspondence to: janneth.gonzalez@gmail.com

IntechOpen

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

13



Neurotoxicity - New Advances

References

[1] Naderali, Ebrahim K., Stuart H.
Ratcliffe, and Mark C. Dale. 2009.
“Review: Obesity and Alzheimer’s
Disease: A Link Between Body Weight
and Cognitive Function in Old Age.”
American Journal of Alzheimers Disease
¢ Other Dementiasr 24 (6): 445-449,
https://doi.org/10.1177/15333175093
48208.

[2] Olsen, M. L., B. S. Khakh, S. N.
Skatchkov, M. Zhou, C. J. Lee, and N.
Rouach. 2015. “New Insights on
Astrocyte Ion Channels: Critical for
Homeostasis and Neuron—Glia
Signaling.” Journal of Neuroscience 35
(41): 13827-13835. https://doi.org/10.
1523/JNEUROSCI.2603-15.2015.

[3] Shefer, Gabi, Yonit Marcus, and
Naftali Stern. 2013. “Is Obesity a Brain
Disease?” Neuroscience ¢ Biobehavioral
Reviews 37 (10): 2489-2503. https://doi.
org/10.1016/j.neubiorev.2013.07.015.

[4] Neal, Matthew, and Jason R.
Richardson. 2018. “Epigenetic
Regulation of Astrocyte Function in
Neuroinflammation and
Neurodegeneration.” Biochimica et
Biophysica Acta (BBA) - Molecular Basis

of Disease 1864 (2): 432-443. https://doi.

org/10.1016/j.bbadis.2017.11.004.

[5] Ortiz-Rodriguez, Ana, Estefania
Acaz-Fonseca, Patricia Boya, Maria
Angeles Arevalo, and Luis M. Garcia-
Segura. 2019. “Lipotoxic Effects of
Palmitic Acid on Astrocytes Are
Associated with Autophagy
Impairment.” Molecular Neurobiology 56
(3):1665-1680. https://doi.org/10.1007/
s12035-018-1183-9.

[6] Verkhratsky, Alexei, and Arthur
Butt. 2018. “The History of the Decline
and Fall of the Glial Numbers Legend.”
Neuroglia 1 (1): 188-192. https://doi.
org/10.3390/neuroglial010013.

[7] Verkhratsky, Alexei, Robert Zorec,
and Vladimir Parpura. 2017.

14

“Stratification of Astrocytes in Healthy
and Diseased Brain: Astroglia in Health
and Disease.” Brain Pathology 27 (5):
629-644. https://doi.org/10.1111/
bpa.12537.

[8] Cooper, Arthur]. L. 2013.
“Quantitative Analysis of
Neurotransmitter Pathways Under
Steady State Conditions — A
Perspective.” Frontiers in Endocrinology
4. https://doi.org/10.3389/fendo.2013.
00179.

[9] Lee, Eun Hye. 2018. “Epilepsy
Syndromes during the First Year of Life
and the Usefulness of an Epilepsy Gene
Panel” Clin Exp Pediatr 61 (4): 101-107.
https://doi.org/10.3345/kjp.2018.
61.4.101.

[10] Schousboe, Arne. 2019. “Metabolic
Signaling in the Brain and the Role of
Astrocytes in Control of Glutamate
and GABA Neurotransmission.”
Neuroscience Letters 689 (January):
11-13. https://doi.org/10.1016/j.
neulet.2018.01.038.

[11] Hidalgo-Lanussa, Oscar, Eliana
Baez-Jurado, Valentina Echeverria,
Ghulam Md Ashraf, Amirhossein
Sahebkar, Luis Miguel Garcia-Segura,
Roberto C. Melcangi, and George E.
Barreto. 2020. “Lipotoxicity,
Neuroinflammation, Glial Cells and
Oestrogenic Compounds.” Journal of
Neuroendocrinology 32 (1). https://doi.
org/10.1111/jne.12776.

[12] Linnerbauer, Mathias, Michael A.
Wheeler, and Francisco J. Quintana.
2020. “Astrocyte Crosstalk in CNS
Inflammation.” Neuron 108 (4): 608-
622. https://doi.org/10.1016/j.neuron.
2020.08.012.

[13] Ortiz-Rodriguez, Ana, and
Maria-Angeles Arevalo. 2020. “The
Contribution of Astrocyte Autophagy to
Systemic Metabolism.” International



Multi-Omic Epigenetic-Based Model Reveals Key Molecular Mechanisms Associated...

DOI: http://dx.doi.org/10.5772/intechopen.100133

Journal of Molecular Sciences 21 (7): 2479.
https://doi.org/10.3390/ijms21072479.

[14] Bernaus, Ada, Sandra Blanco, and
Ana Sevilla. 2020. “Glia Crosstalk in
Neuroinflammatory Diseases.” Frontiers
in Cellular Neuroscience 14 (July): 209.
https://doi.org/10.3389/fncel.2020.
00209.

[15] Frago, Laura M., Sandra Canelles,
Alejandra Freire-Regatillo, Pilar
Argente-Arizén, Vicente Barrios, Jests
Argente, Luis M. Garcia-Segura, and
Julie A. Chowen. 2017. “Estradiol Uses
Different Mechanisms in Astrocytes
from the Hippocampus of Male and
Female Rats to Protect against Damage
Induced by Palmitic Acid.” Frontiers in
Molecular Neuroscience 10 (October):
330. https://doi.org/10.3389/fnmol.
2017.00330.

[16] Schonfeld, Peter, and Georg Reiser.
2016. “Brain Lipotoxicity of Phytanic
Acid and Very Long-Chain Fatty Acids.
Harmful Cellular/Mitochondrial
Activities in Refsum Disease and
X-Linked Adrenoleukodystrophy.” Aging
and Disease 7 (2): 136. https://doi.
org/10.14336/AD.2015.0823.

[17] Nakagawa, Takumi, Yoshikuni
Wada, Sayako Katada, and Yusuke
Kishi. 2020. “Epigenetic Regulation for
Acquiring Glial Identity by Neural Stem
Cells during Cortical Development.”
Glia 68 (8): 1554-1567. https://doi.
org/10.1002/glia.23818.

[18] Pavlou, Maria Angeliki S., Luc
Grandbarbe, Noel J. Buckley, Simone P.
Niclou, and Alessandro Michelucci.
2019. “Transcriptional and Epigenetic
Mechanisms Underlying Astrocyte
Identity.” Progress in Neurobiology 174
(March): 36-52. https://doi.org/10.
1016/j.pneurobio.2018.12.007.

[19] Tiwari, Neha, Abhijeet Pataskar,
Sophie Péron, Sudhir Thakurela,
Sanjeeb Kumar Sahu, Maria Figueres-
Onate, Nicolds Marichal, Laura

15

Lépez-Mascaraque, Vijay K. Tiwari, and
Benedikt Berninger. 2018. “Stage-
Specific Transcription Factors Drive
Astrogliogenesis by Remodeling Gene
Regulatory Landscapes.” Cell Stem Cell
23 (4):557-571.e8. https://doi.
org/10.1016/j.stem.2018.09.008.

[20] Argelaguet, Ricard, Britta Velten,
Damien Arnol, Sascha Dietrich,
Thorsten Zenz, John C Marioni, Florian
Buettner, Wolfgang Huber, and Oliver
Stegle. 2018. “Multi-Omics Factor
Analysis—a Framework for
Unsupervised Integration of Multi-
omics Data Sets.” Molecular Systems
Biology 14 (6). https://doi.org/10.15252/
msb.20178124.

[21] Liu, Sixue, Zuyu Yang, Guanghao Li,
Chunyan Li, Yanting Luo, Qiang Gong,
Xin Wu, et al. 2019. “Multi-Omics
Analysis of Primary Cell Culture Models
Reveals Genetic and Epigenetic Basis of
Intratumoral Phenotypic Diversity.”
Genomics, Proteomics ¢ Bioinformatics 17
(6): 576-589. https://doi.org/10.1016/j.
gpb.2018.07.008.

[22] Lundin, Elin, Chenglin Wu, Albin
Widmark, Mikaela Behm, Jens Hjerling-
Leffler, Chammiran Daniel, Marie
Ohman, and Mats Nilsson. 2020.
“Spatiotemporal Mapping of RNA
Editing in the Developing Mouse Brain
Using in Situ Sequencing Reveals
Regional and Cell-Type-Specific
Regulation.” BMC Biology 18 (1): 6.
https://doi.org/10.1186/s12915-
019-0736-3.

[23] Pal, Koustav, Mattia Forcato, and
Francesco Ferrari. 2019. “Hi-C Analysis:
From Data Generation to Integration.”
Biophysical Reviews 11 (1): 67-78. https://
doi.org/10.1007/s12551-

018-0489-1.

[24] Lajoie, Bryan R, Job Dekker, and
Noam Kaplan. 2016. “The Hitchhiker’s
Guide to Hi-C Analysis: Practical
Guidelines,” 28.



Neurotoxicity - New Advances

[25] The ENCODE Project Consortium.
2012. “An Integrated Encyclopedia of
DNA Elements in the Human Genome.”
Nature 489 (7414): 57-74. https://doi.
org/10.1038/naturel1247.

[26] Harrow, J., A. Frankish, J. M.
Gonzalez, E. Tapanari, M. Diekhans, F.
Kokocinski, B. L. Aken, et al. 2012.
“GENCODE: The Reference Human
Genome Annotation for The ENCODE
Project.” Genome Research 22 (9):
1760-1774. https://doi.org/10.1101/
gr.135350.111.

[27] Crowe, Elizabeth P., Ferit Tuzer,
Brian D. Gregory, Greg Donahue,
Sager J. Gosali, Justin Cohen, Yuk Y.
Leung, et al. 2016. “Changes in the
Transcriptome of Human Astrocytes
Accompanying Oxidative Stress-
Induced Senescence.” Frontiers in Aging
Neuroscience 8 (August). https://doi.
org/10.3389/fnagi.2016.00208.

[28] Knight, V. Bleu, and Elba E. Serrano.

2017. “Hydrogel Scaffolds Promote
Neural Gene Expression and Structural
Reorganization in Human Astrocyte
Cultures.” Peer] 5 (January): €2829.
https://doi.org/10.7717/peer;j.2829.

[29] Patro, Rob, Geet Duggal, Michael I
Love, Rafael A Irizarry, and Carl
Kingsford. 2017. “Salmon Provides Fast
and Bias-Aware Quantification of
Transcript Expression.” Nature Methods
14 (4): 417-419. https://doi.org/10.1038/
nmeth.4197.

[30] Love, Michael I, Wolfgang Huber,
and Simon Anders. 2014. “Moderated
Estimation of Fold Change and
Dispersion for RNA-Seq Data with
DESeq2.” Genome Biology 15 (12): 550.
https://doi.org/10.1186/
s13059-014-0550-8.

[31] Birck, Cindy, Eric Koncina, Tony
Heurtaux, Enrico Glaab, Alessandro
Michelucci, Paul Heuschling, and Luc
Grandbarbe. 2016. “Transcriptomic
Analyses of Primary Astrocytes under

16

TNFa Treatment.” Genomics Data 7
(March): 7-11. https://doi.org/10.1016/j.
gdata.2015.11.005.

[32] Langfelder, Peter, and Steve
Horvath. 2008. “WGCNA: An R
Package for Weighted Correlation
Network Analysis.” BMC Bioinformatics
9 (1): 559. https://doi.org/10.1186/
1471-2105-9-559.

[33] Thalheim, Torsten, Maria Herberg,
Markus Loeffler, and Joerg Galle. 2017.
“The Regulatory Capacity of Bivalent
Genes—A Theoretical Approach.”
International Journal of Molecular
Sciences 18 (5): 1069. https://doi.
org/10.3390/ijms18051069.

[34] Ge, Steven Xijin, and Dongmin
Jung. 2018. “Shiny GO: A Graphical
Enrichment Tool for Ani-Mals and
Plants.” Preprint. Bioinformatics.
https://doi.org/10.1101/315150.

[35] Fraser, James, Iain Williamson,
Wendy A. Bickmore, and Josée Dostie.
2015. “An Overview of Genome
Organization and How We Got There:
From FISH to Hi-C.” Microbiology and
Molecular Biology Reviews 79 (3):
347-372. https://doi.org/10.1128/
MMBR.00006-15.

[36] Rocha, Pedro P, Ramya Raviram,
Richard Bonneau, and Jane A Skok.
2015. “Breaking TADs: Insights into
Hierarchical Genome Organization.”
Epigenomics 7 (4): 523-526. https://doi.
org/10.2217/epi.15.25.

[37] Santiago, Ines de, and Thomas
Carroll. 2018. “Analysis of ChIP-Seq
Data in R/Bioconductor.” In Chromatin
Immunoprecipitation, edited by Neus
Visa and Antonio Jordan-Pla, 1689:195-
226. New York, NY: Springer New York.
https://doi.org/10.1007/978-1-
4939-7380-4_17.

[38] Cournac, Axel, Hervé Marie-Nelly,
Martial Marbouty, Romain Koszul, and
Julien Mozziconacci. 2012.



Multi-Omic Epigenetic-Based Model Reveals Key Molecular Mechanisms Associated...

DOI: http://dx.doi.org/10.5772/intechopen.100133

“Normalization of a Chromosomal
Contact Map.” BMC Genomics 13 (1):
436. https://doi.org/10.1186/1471-
2164-13-436.

[39] Dixon, Jesse R., David U. Gorkin,
and Bing Ren. 2016. “Chromatin
Domains: The Unit of Chromosome
Organization.” Molecular Cell 62 (5):
668-680. https://doi.org/10.1016/j.
molcel.2016.05.018.

[40] Moosavi, Azam, and Ali
Motevalizadeh Ardekani. 2016. “Role of
Epigenetics in Biology and Human
Diseases.” [ranian Biomedical Journal,
no. 5 (November): 246-258. https://doi.
org/10.22045/ibj.2016.01.

[41] Bylicky, Michelle A., Gregory P.
Mueller, and Regina M. Day. 2018.
“Mechanisms of Endogenous
Neuroprotective Effects of Astrocytesin
Brain Injury.” Oxidative Medicine and
Cellular Longevity 2018: 1-16. https://doi.
org/10.1155/2018/6501031.

[42] Nagy, C, M Suderman, ] Yang, M
Szyf, N Mechawar, C Ernst, and G
Turecki. 2015. “Astrocytic Abnormalities
and Global DNA Methylation Patterns
in Depression and Suicide.” Molecular
Psychiatry 20 (3): 320-328. https://doi.
org/10.1038/mp.2014.21.

[43] Yadav, Tejas, Jean-Pierre Quivy, and
Geneviéve Almouzni. 2018. “Chromatin
Plasticity: A Versatile Landscape That
Underlies Cell Fate and Identity.” Science
361 (6409): 1332-1336. https://doi.
org/10.1126/science.aat8950.

[44] Phillips, Jennifer E., and Victor G.
Corces. 2009. “CTCF: Master Weaver of
the Genome.” Cell 137 (7): 1194-1211.
https://doi.org/10.1016/j.cell.20009.
06.001.

[45] Galloway, Ashley, Adewale Adeluyi,
Bernadette O’Donovan, Miranda L.
Fisher, Chintada Nageswara Rao, Peyton
Critchfield, Mathew Sajish, Jill R.
Turner, and Pavel I. Ortinski. 2018.

17

“Dopamine Triggers CTCF-Dependent
Morphological and Genomic
Remodeling of Astrocytes.” The Journal
of Neuroscience 38 (21): 4846-4858.
https://doi.org/10.1523/
JNEUROSCI.3349-17.2018.

[46] Merkenschlager, Matthias, and
Duncan T. Odom. 2013. “CTCF and
Cohesin: Linking Gene Regulatory
Elements with Their Targets.” Cell 152
(6): 1285-1297. https://doi.org/10.1016/j.
cell.2013.02.029.

[47] Portovedo, Mariana, Leticia M.
Ignacio-Souza, Bruna Bombassaro,
Andressa Coope, Andressa Reginato,
Daniela S. Razolli, Marcio A. Torsoni,
etal. 2015. “Saturated Fatty Acids
Modulate Autophagy’s Proteins in the
Hypothalamus.” Edited by Marcia B.
Aguila. PLOS ONE 10 (3): e0119850.
https://doi.org/10.1371/journal.
pone.0119850.

[48] Augusto-Oliveira, Marcus. 2020.
“Astroglia-Specific Contributions to the
Regulation of Synapses, Cognition and
Behavior.” Neuroscience and
Biobehavioral Reviews, 27.

[49] Morita, Mitsuhiro, Hiroko
Ikeshima-Kataoka, Marko Kreft, Nina
Vardjan, Robert Zorec, and Mami Noda.
2019. “Metabolic Plasticity of Astrocytes
and Aging of the Brain.” International
Journal of Molecular Sciences 20 (4): 941.
https://doi.org/10.3390/ijms20040941.

[50] Mantsoki, Anna, Guillaume
Devailly, and Anagha Joshi. 2015. “CpG
Island Erosion, Polycomb Occupancy
and Sequence Motif Enrichment at
Bivalent Promoters in Mammalian
Embryonic Stem Cells.” Scientific Reports
5 (1): 16791. https://doi.org/10.1038/
srepl6791.

[51] Barreto, George E., Janneth
Gonzalez, Yolima Torres, and L.
Morales. 2011. “Astrocytic-Neuronal
Crosstalk: Implications for
Neuroprotection from Brain Injury.”



Neurotoxicity - New Advances

Neuroscience Research 71 (2): 107-113.
https://doi.org/10.1016/j.neures.2011.
06.004.

[52] Gonzalez, Antonio. 2020.
“Antioxidants and Neuron-Astrocyte
Interplay in Brain Physiology:
Melatonin, a Neighbor to Rely On.”
Neurochemical Research, January. https://
doi.org/10.1007/s11064-020-02972-w.

[53] Feng, Jianxing, Tao Liu, Bo Qin,
Yong Zhang, and Xiaole Shirley Liu.
2012. “Identifying ChIP-Seq Enrichment
Using MACS.” Nature Protocols 7 (9):
1728-1740. https://doi.org/10.1038/
nprot.2012.101.

[54] Williams, Holden C., Brandon C.
Farmer, Margaret A. Piron, Adeline E.
Walsh, Ronald C. Bruntz, Matthew S.
Gentry, Ramon C. Sun, and Lance A.
Johnson. 2020. “APOE Alters Glucose
Flux through Central Carbon Pathways
in Astrocytes.” Neurobiology of Disease
136 (March): 104742. https://doi.
org/10.1016/j.nbd.2020.104742.

[55] Bennett, Michael V.L., Jorge E.
Contreras, Feliksas F. Bukauskas, and
Juan C. Sdez. 2003. “New Roles for
Astrocytes: Gap Junction Hemichannels
Have Something to Communicate.”
Trends in Neurosciences 26 (11): 610-617.
https://doi.org/10.1016/j.tins.2003.
09.008.

[56] Fatima, Sarwat, Xianjing Hu,
Rui-Hong Gong, Chunhua Huang,
Minting Chen, Hoi Leong Xavier Wong,
Zhaoxiang Bian, and Hiu Yee Kwan.
2019. “Palmitic Acid Is an Intracellular
Signaling Molecule Involved in Disease
Development.” Cellular and Molecular
Life Sciences 76 (13): 2547-2557. https://
doi.org/10.1007/s00018-019-03092-7.

[57] Zhu, Ling, Xiaoyu Liu, Daniel P.
Nemeth, Damon J. DiSabato, Kristina G.
Witcher, Daniel B. Mckim, Braedan
Oliver, et al. 2019. “Interleukin-1 Causes
CNS Inflammatory Cytokine Expression
via Endothelia-Microglia Bi-Cellular

18

Signaling.” Brain, Behavior, and
Immunity 81 (October): 292-304.
https://doi.org/10.1016/j.bbi.2019.
06.026.

[58] Cudaback, Eiron, Yue Yang,
Thomas J. Montine, and C. Dirk Keene.
2015. “APOE Genotype-Dependent
Modulation of Astrocyte Chemokine
CCL3 Production: Astrocytic
Chemokine Modulation by APOE.” Glia
63 (1): 51-65. https://doi.org/10.1002/
glia.22732.

[59] Bolafios, Juan P. 2016. “Bioenergetics
and Redox Adaptations of Astrocytes to
Neuronal Activity.” Journal of
Neurochemistry 139 (October): 115-125.
https://doi.org/10.1111/jnc.13486.

[60] McBean, Gethin. 2017. “Cysteine,
Glutathione, and Thiol Redox Balance
in Astrocytes.” Antioxidants 6 (3): 62.
https://doi.org/10.3390/antiox
6030062.

[61] Merienne, Nicolas, Cécile Meunier,
Anne Schneider, Jonathan Seguin,
Satish S. Nair, Anne B. Rocher,
Stéphanie Le Gras, et al. 2019. “Cell-
Type-Specific Gene Expression
Profiling in Adult Mouse Brain Reveals
Normal and Disease-State Signatures.”
Cell Reports 26 (9): 2477-2493.€9. https://
doi.org/10.1016/j.celrep.2019.02.003.

[62] Cho, Seo-Hyun, Jason A. Chen,
Faten Sayed, Michael E. Ward, Fuying
Gao, Thi A. Nguyen, Grietje Krabbe, et
al. 2015. “SIRT1 Deficiency in Microglia
Contributes to Cognitive Decline in
Aging and Neurodegeneration via
Epigenetic Regulation of IL-18.” The
Journal of Neuroscience 35 (2): 807-818.
https://doi.org/10.1523/JNEUROSCI.
2939-14.2015.

[63] Choi, Sung S., Hong J. Lee, Inja Lim,
Jun-ichi Satoh, and Seung U. Kim. 2014.
“Human Astrocytes: Secretome Profiles
of Cytokines and Chemokines.” Edited
by Cesar V. Borlongan. PLoS ONE 9 (4):
€92325. https://doi.org/10.1371/journal.
pone.0092325.



Multi-Omic Epigenetic-Based Model Reveals Key Molecular Mechanisms Associated...

DOI: http://dx.doi.org/10.5772/intechopen.100133

[64] Thelin, Eric Peter, Claire E. Hall,
Giulia E. Tyzack, Arvid Frostell, Susan
Giorgi-Coll, Aftab Alam, Keri L.H.
Carpenter, et al. 2020. “Delineating
Astrocytic Cytokine Responsesin a
Human Stem Cell Model of Neural
Trauma.” Journal of Neurotrauma 37 (1):
93-105. https://doi.org/10.1089/
neu.2019.6480.

[65] Lundin, Anders, Louise Delsing,
Maryam Clausen, Piero Ricchiuto, José
Sanchez, Alan Sabirsh, Mei Ding, et al.
2018. “Human IPS-Derived Astroglia
from a Stable Neural Precursor State
Show Improved Functionality
Compared with Conventional
Astrocytic Models.” Stem Cell Reports 10

(3): 1030-1045. https://doi.org/10.1016/j.

stemcr.2018.01.021.

[66] Sadick, Jessica S., and Shane A.
Liddelow. 2019. “Do not Forget
Astrocytes When Targeting Alzheimer’s
Disease.” British Journal of Pharmacology
176 (18): 3585-3598. https://doi.
org/10.1111/bph.14568.

[67] Zhang, Xiang Yang, Wei Tang, Mei
Hong Xiu, Da Chun Chen, Fu De Yang,
Yun Long Tan, Zhi Ren Wang, et al.
2013. “Interleukin 18 and Cognitive
Impairment in First Episode and Drug
Naive Schizophrenia versus Healthy
Controls.” Brain, Behavior, and Immunity
32 (August): 105-111. https://doi.
org/10.1016/j.bbi.2013.03.001.

[68] Alboni, Silvia, Davide Cervia, Shuei
Sugama, and Bruno Conti. 2010.
“Interleukin 18 in the CNS.” Journal of
Neuroinflammation 7 (1): 9. https://doi.
org/10.1186/1742-2094-7-9.

[69] Berglof, Elisabet, Ralph Andre,
Blair R. Renshaw, Stuart M. Allan,
Catherine B. Lawrence, Nancy J.
Rothwell, and Emmanuel Pinteaux.
2003. “IL-1Rrp2 Expression and IL-1F9
(IL-1H1) Actions in Brain Cells.” Journal
of Neuroimmunology 139 (1-2): 36-43.
https://doi.org/10.1016/S0165-5728(03)
00130-9.

19

[70] Ibn-Salem, Jonas, Enrique M. Muro,
and Miguel A. Andrade-Navarro. 2017.
“Co-Regulation of Paralog Genes in the
Three-Dimensional Chromatin
Architecture.” Nucleic Acids Research 45
(1): 81-91. https://doi.org/10.1093/
nar/gkw813.

[71] Amberg, Nicole, Susanne Laukoter,
and Simon Hippenmeyer. 2019.
“Epigenetic Cues Modulating the
Generation of Cell-type Diversity in the
Cerebral Cortex.” Journal of
Neurochemistry 149 (1): 12-26. https://
doi.org/10.1111/jnc.14601.



