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ARTICLE INFO ABSTRACT

Keywords: Non-alcoholic fatty liver disease (NAFLD) is a growing health problem due to the increased obesity rates, among
Epigenetics other factors. In its more severe stage (NASH), inflammation, hepatocellular ballooning and fibrosis are present
NASH in the liver, which can further evolve to total liver dysfunction or even hepatocarcinoma. As a metabolic disease,
:t;e;gz’eq is associated to environmental factors such as diet and lifestyle conditions, which in turn can influence the
chromatin openness epigenetic landscape of the cells, affecting to the gene expression profile and chromatin organization. In this
liver study we performed ATAC-sequencing and RNA-sequencing to interrogate the chromatin status of liver biopsies

in subjects with and without NASH and its effects on RNA transcription and NASH etiology. NASH subjects
showed transcriptional downregulation for lipid and glucose metabolic pathways (e.g., ABC transporters, AMPK,
FoxO or insulin pathways). A total of 229 genes were differentially enriched (ATAC and mRNA) in NASH, which
were mainly related to lipid transport activity, nuclear receptor-binding, dicarboxylic acid transporter, and
PPARA lipid regulation. Interpolation of ATAC data with known liver enhancer regions showed differential
openness at 8 enhancers, some linked to genes involved in lipid metabolism, (i.e., FASN) and glucose homeostasis
(i.e., GCGR). In conclusion, the chromatin landscape is altered in NASH patients compared to patients without
this liver condition. This alteration might cause mRNA changes explaining, at least partially, the etiology and
pathophysiology of the disease.

1. Introduction ballooning, and sometimes liver fibrosis, is present [3]. Additionally,

NASH is associated to an increased risk of developing advanced chronic

Non-alcoholic fatty liver disease (NAFLD) is a chronic liver disease
whose rate and incidence is increasing worldwide, as it is frequently
associated with obesity [1,2]. This metabolic disease ranges from simple
steatosis (excessive lipid accumulation in the liver) to non-alcoholic
steatohepatitis (NASH), when inflammation and hepatocellular

liver disease (cirrhosis) or even hepatocarcinoma [1,3]. Despite the
relative high prevalence of NASH in the overall population, this liver
condition remains understudied at the molecular level. Consequently,
deep research is necessary to fully understand the etiology of the disease,
for a better and less invasive prognosis and for an effective treatment.

Abbreviations: NAFLD, Non-alcoholic fatty liver disease; NASH, Non-alcoholic steatohepatitis; ATAC-seq, Assay for Transposase-Accessible Chromatin; SREBP,
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* Corresponding author.

** Corresponding author at: Departamento de especialidades Quirtrgicas, Bioquimica e Inmunologia, Facultad de Medicina, Universidad de Malaga, 29010, Spain.
E-mail addresses: bruno.ramos@imib.es (B. Ramos-Molina), iqueipo@uma.es (M.I. Queipo-Ortuno).

https://doi.org/10.1016/j.biopha.2024.116508

Received 11 January 2024; Received in revised form 22 March 2024; Accepted 27 March 2024

Available online 4 April 2024
0753-3322/© 2024 The Authors.
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Published by Elsevier Masson SAS. This is an open access article under the CC BY-NC-ND license


mailto:bruno.ramos@imib.es
mailto:iqueipo@uma.es
www.sciencedirect.com/science/journal/07533322
https://www.elsevier.com/locate/biopha
https://doi.org/10.1016/j.biopha.2024.116508
https://doi.org/10.1016/j.biopha.2024.116508
https://doi.org/10.1016/j.biopha.2024.116508
http://creativecommons.org/licenses/by-nc-nd/4.0/

D. Castellano-Castillo et al.

Due to its metabolic basis, lifestyle habits such as diet, sedentarism,
obesity and other metabolic diseases can influence this liver condition
[1,2]. As such, the epigenetic mechanisms emerge as an interesting
landscape to unravel the molecular mechanisms involved on NAFLD
physiopathology. Indeed, epigenetic mechanisms such as DNA methyl-
ation (present in cytosines residues of CG dinucleotides) or histone
modifications can be modulated by lifestyle and environmental factors
including metabolic status, diet and gut microbiota [4,5]. These epige-
netic mechanisms rely on substrate availability coming from central
metabolic pathways such as acetyl-CoA [4]. Besides, these metabolic
intermediaries can regulate the enzymatic activity of some epigenetic
modifiers and therefore modulate the epigenome (e.g.,
alpha-ketoglutarate, fumarate, succinate) [6,7]. Other metabolic in-
termediaries (either endogenous or derived from gut microbiota) have
recently been shown to modify histone residues and are capable of
modulating the epigenome (e.g., lactate, propionate, butyrate or
iso-butyrate) [8]. Therefore, the epigenetic landscape emerges as a
complex fine-tune mechanism, which in turn controls chromatin and can
eventually modulate gene expression.

Due to sample limitation and the big complexity of the epigenetic
landscape (multiple modifications can be present on a single histone),
assay for Transposase-Accessible Chromatin sequencing (ATAC-seq) has
emerged as a surrogate to assess chromatin status [9]. This assay relies
on the capacity of a transposase (TN5) pre-loaded with sequencing
primers to cut and add those primers in open regions of the genome [9].
Therefore, by using this technology we can determine genome-wide
open and close regions of the genome.

In this work, we interrogate chromatin status of NASH livers in
comparison to those without NASH by ATAC-seq. Moreover, we per-
formed whole transcriptome sequencing to relate possible changes in
chromatin structure in NASH with transcriptional changes in such
condition.

2. Material and methods
2.1. Study participants and sample collection

In this study we included 13 patients with obesity that underwent
bariatric surgery at the Virgen de la Arrixaca University Hospital
(Murcia, Spain) between 2020 and 2021. Inclusion criteria comprised
signed informed consent, age between 18 and 65 years, a body mass
index (BMI) of >35 kg/m2 with significant obesity-related comorbid-
ities, and a minimum obesity duration of >5 years. Exclusion criteria
were evidence of liver disease other than NAFLD (including viral hep-
atitis, medication-related disorders, autoimmune disease, hepatocellular
carcinoma, hemochromatosis, Wilson’s disease, familial/genetic cau-
ses), a previous history of excessive alcohol use (>30 g daily for men and
>20 g daily for women), treatment with any drugs potentially causing
steatosis, such as tamoxifen, amiodarone, and valproic acid, or subjects
who declined to participate. Study groups were defined based on the
histological evaluation of liver biopsies according to the SAF (Steatosis,
Activity, Fibrosis) [10] classification system as: 1) non-NASH (liver
without any histological alteration or with simple steatosis); and 2)
NASH with or without fibrosis. Table S1 describes liver scoring used for
the diagnosis of the study population. Fig S1 shows the representative
liver section for control patients and those with NASH.

The study was performed in agreement with the Declaration of
Helsinki according to local and national laws and was approved by the
Ethics and Clinical Research Committees of the Virgen de la Arrixaca
University Hospital (ref. number 2020-2-4-HCUVA).

2.2. Biochemical evaluation
Blood samples were collected from study patients after an overnight

fast of at least 12 h and serum was separated by centrifugation. The
determination of glucose, total cholesterol, high-density lipoprotein
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cholesterol (HDLc), low-density lipoprotein cholesterol (LDLc), tri-
glycerides and alanine aminotransferase (ALT) was carried out using the
Cobas Analyzer c702 (Roche). Insulin levels were measured using the
Cobas Analyzer e801 (Roche). Insulin resistance was determined by the
Homeostasis Model Assessment of Insulin Resistance (HOMA-IR) index,
and was calculated as insulin (uU/ml) x glucose (mmol/L)/22.5.

2.3. Liver biopsies collection and sample processing

Intraoperative wedge liver biopsies from patients that underwent
bariatric surgery patients of at least 1 cm in depth were obtained. One
section of the liver biopsy was snap-frozen and stored at —80°C and the
other was formalin-fixed and paraffin-embedded for histological
assessment. Paraffin-embedded 5 pm sections of human liver biopsies
were stained for hematoxylin and eosin (H&E), Masson trichrome, Pe-
riodic acid-Schiff (PAS), Perls and reticulin staining. All biopsies were
reviewed and scored by trained liver pathologists from the Virgen de la
Arrixaca University Hospital and the Pathology Platform of the
Biomedical Research Institute of Murcia (IMIB) to determine liver status.

2.4. ATAC sequencing and analysis

For ATAC sequencing, snap-frozen liver biopsies were minced and
processed with pre-cold lysis buffer (10 mM TrisCl pH7.4, 10 mM NaCl,
3 mM MgCl2, Igepal CA-630 0.1%, Tween 20 0.1%) and Dounce (15
strokes with loose pestle and 15 strokes with tight pestle) on ice after
that they were incubated on ice for 5 minutes. To stop lysis, pre-cold
PBS+1% BSA was added and the samples were transferred to a 15 ml
falcon tube and centrifuged at 500xg for 5 minutes using a swinging
bucket centrifuge. After carefully removing the supernatant, nuclei were
resuspended in pre-cold PBS+1% BSA and counted using a hemocy-
tometer. 10,000 nuclei were then passed to a 96-well plate format and
centrifuged as described before to remove the supernatant. The nuclei
were then resuspended in 20 pl tagmentation buffer (4 ul 5XTAPS-DMF
buffer (50 mM TAPS-NaOH, 25 mM MgCly, 50% DMF (v/v) pH 8.5), 3 ul
TN5, 0.1 ul of 2% digitonin stock, 12.9 pl of nuclease-free Hy0) and
tagmentation was performed in a thermocycler at 37°C for 30 minutes.
After the incubation, the tagmentation was stopped by adding DNA
binding buffer (Zymo DNA clean and concentrator kit, EGD4014200).
DNA fragments were then purified in columns following the manufac-
ture’s instruction (Zymo DNA clean and concentrator kit) and eluted in
20 pl of H0. ATAC libraries were then finished by amplifying the tag-
mented DNA fragments and indexed (Nextera compatible indexing) by
adding PCR mixture (2.5 pl of 25 pM stock primer P5 and P7, 10 pl Kapa
HF buffer, 1.5 pl Kapa dNTPs mix, 1 pl Kapa HiFi Hot Start DNA poly-
merase and 12.5 pl Ho0) in a thermocycler. ATAC libraries were then
purified using AMPure beads, checked for fragment size distribution,
and sequenced in a NovaSeq 6000 instrument (PE 75 bp) (Illumina).

After sequencing raw, data was trimmed using the cutadapt function
in TrimGalore software. Cleaned fragments were then aligned against the
Hg38 reference genome with the help of the bioinformatic package
Subread (Subread-align function). Peak calling was performed using Seacr
aligner package for broad peaks. Peak annotation and visualization were
performed using the R packages ChIPseeker and EnrichedHeatmap,
respectively. Differential enrichment analysis was performed for peaks
spanning promoter regions and gene bodies using the R package
DESeq2. Afterwards, differentially enriched peaks (pval<0.05) were
analyzed and visualized for Pathway enrichment using clusterProfiler in
R studio.

For the differentially enriched enhancer analysis, raw counts of
intersected pre-defined human hepatocyte enhancer regions
(http://www.enhanceratlas.org/database) were obtained, and differ-
ential enrichment analysis was performed as described before.

Motif enrichment analysis of the gene intersection between differ-
entially enriched peaks in the ATAC-seq and differentially expressed
genes in the RNA-seq was conducted using the findMotifsGenome.pl
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function in the software HOMER.

2.5. RNA sequencing and analysis

Snap-frozen liver biopsies were used for RNA extraction. cDNA li-
braries (provided by Novogene sequencing service) were sequenced
using a NovaSeq 6000 instrument (PE150 bp) (Illumina). After
sequencing, alignment was performed using the human genome hg38 as
reference and the Subread software (Subread align function). Gene counts
were obtained using the featureCounts function in the Subread software.
For differential gene expression analysis, DESeq2 was used (pval<0.05).
Pathway enrichment analysis and visualization of differentially
expressed genes were performed using the clusterProfiler R package.
Integration and final analysis of the RNA-seq and ATAC-seq datasets
were conducted in R Studio.

2.6. Statistical analyses

Comparisons of clinical and anthropometric variables between
groups were calculated using the Mann-Whitney U-test test for non-
normal distribution variables. Values were statistically significant
when p< 0.05. The analyses were performed with SPSS (Version 15.0 for
Windows; SPSS).

3. Results
3.1. Genome-wide chromatin accessibility profile

Anthropometric and biochemical variables are depicted in Table 1.
Genome-wide chromatin accessibility profile was carried out by peak
calling in DNA samples isolated from liver biopsies of both controls
(non-NASH) and NASH patients (Fig. 1A). We observed that genomic
features marked with a peak display similarly for all the liver tissue
samples analyzed, (Fig. 1B, Fig S2), as well as the plot average profile
(Fig S3). Additionally, we observed that chromatin accessibility was
predominant at promoter regions and gene body as expected [11], being
all the genomic distribution similar among the samples (Fig. 1C). This
overall chromatin accessibility similarity observed between samples,
also confirmed by PCA analysis (Fig S4), is an indication of technical
soundness and quality data robustness, which is expected since all the
samples correspond to the same type of biological sample.

Table 1
Anthropometric and biochemic variables of the study population.
Control (n=7) NASH (n=6) Pval

Age (years) 39.5+7.2 45.6+6.9 0.138
Gender (M/F) 4/3 3/3 1.000
BMI (Kg/mz) 46.8+9.2 45.2+6.7 0.945
Waist (cm) 129.8+13.5 134.0+10.6 0.445
Glucose (mg/dL) 94.1+6.2 101.5+21.5 0.534
Insulin (UI/ml) 14.8+9.8 22.44+6.5 0.051
HbAlc (%) 5.2+0.3 5.5+0.3 0.181
HOMA-IR 3.3£2.0 5.8+3.1 0.051
TG (mg/dL) 125.7+83.9 126.6+71.0 0.836
Chol (mg/dL) 161.1+16.5 182.6+75.9 0.295
HDL-C (mg/dL) 45.4+15.6 45.8+12.9 0.836
LDL-C (mg/dL) 96.0+£13.7 111.5+58.4 0.295
ALT (units/L) 25.2+6.9 31.1+11.7 0.628
GGT (units/L) 37.8+£38.9 34.3+£15.2 0.836

Abbreviations. Male (M); female (F); body mass index (BMI); glycated hemo-
globin Alc (HbAlc); Homeostatic model assessment of Insulin Resistance
(HOMA-IR); triglycerides (TG); total cholesterol (Chol); high-density lipoprotein
cholesterol (HDL-C); low-density lipoprotein cholesterol (LDL-C); alanine
transaminase (ALT); gamma glutamyl transferase (GGT). Pvalue for non-
parametric Mann-Whitney’s U test, and Chi-square test for gender distribution
analysis between groups.
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3.2. Top chromatin accessibility genome sites in NASH are located on
lipid-related genes

After passing through the quality check, we conduct a comprehen-
sive bioinformatic analysis of the chromatin accessibility data, with a
particular emphasis on genes that are predominantly accessible in the
liver. It is known that chromatin accessibility is positively correlated to
gene expression, and that ATAC peaks can predict gene expression
profile. Differential enrichment (DE) analysis using tools such as DESeq2
or edgR are used to search for differentially open regions in ATAC-
sequencing, though these tools where originally designed for tran-
scriptional analysis. However, the use of this software for peak differ-
ential analysis requires the creation of a consensus open region frame
between samples, which can impact DE results [12]. To overcome this
limitation and in addition to the DE analysis performed, in this work we
analyzed the top 3000 ranked peaks for each condition (controls and
NASH) with the aim of assessing if top chromatin accessibility (most
active chromatin sites) is present in a different set of genes. After ranking
these 3000 top genes we performed pathway enrichment analysis,
finding that the most prevalent (ranked by p adjusted value) pathways
for top open genes in the control group mostly classified for pathways
related to main cell processes, such as serine/threonine kinase activity,
mRNA metabolism, protein metabolism in endoplasmic reticulum or
regulation of transferase activity (Fig. 1D). Contrary to the control
group, the top 3000 genes in NASH subjects are part of pathways related
to lipid metabolism as cholesterol metabolic process, glycerolipid
metabolic process, regulation of lipid metabolic process or phospholipid
metabolic process, among some pathways related to topologically
incorrect protein response or response to unfolded protein processes
(Fig. 1D). This is also observed when we enriched for KEGG and Reac-
tome terms. For instance, we found that in NASH subjects the most
prevalent pathways, compared to control subjects, were involved in
pathways such as AMPK signaling, lysosome, apoptosis, GLUT4 trans-
location to plasma membrane, regulation of cholesterol biosynthesis and
gene expression activation by SREBP and PPARA activate expression,
among others (Table S2). Overall, we observed that chromatin accessi-
bility in liver tissue differs between controls and NASH subjects when
the top 3000 ranked open peaks in genes are considered.

3.3. Liver transcriptional profile in NASH

After chromatin accessibility analysis we performed transcriptional
analysis of liver biopsies. Before differential enrichment analysis be-
tween groups, we quantified and plotted using PCA analysis the whole
population, in which we confirmed all datasets were within expected
variance and all the samples were considered to pass quality check (Fig
S5). We found that over 1000 genes were transcriptionally deregulated
(pval<0.05) in the NASH versus the control group (Fig. 2A and
Table S4). After conducting a differential expression analysis, we sub-
jected the deregulated genes to pathway enrichment analysis. We
observed that the deregulated pathways could potentially contribute to
the observed etiology of NASH, as they are involved in lipid and glucose
metabolism or cell fibrosis (Table S4 and Fig S6). Additionally, we
performed Generally Applicable Gene-set Enrichment (GAGE) analysis,
which takes into account total pathway perturbations with the aim to
increase sensitivity and robustness of possible deregulated pathways
over conventional DE-based pathways enrichment analysis. Notably, we
found that 7 pathways (KEGG ontology) were transcriptionally upre-
gulated in NASH (pval<0.05), being related to immune system pro-
cesses, cell adhesion and actin cytoskeleton (Table S5). GAGE analysis
also showed that 26 pathways were transcriptionally down represented
in NASH, which were mainly related to lipid metabolism and transport,
TCA cycle, cytochrome P450 processes, steroid hormone and bile acid
metabolism, PPAR signaling, amino acid metabolism, starch and sucrose
metabolism or peroxisome, among others (Table S5). Therefore, these
de-regulated pathways might partially explain the etiology in NASH (e.
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Fig. 1. Liver chromatin profile in NASH. (A) ATAC-sequencing workflow carried out to profile chromatin accessibility in human liver tissue of patients with or
without NASH; (B) ATAC-seq reads around transcription start site (TSS) for all annotated genes in the whole population of study shows similar TSS reads distribution
along patients; (C) Genomic distribution for called ATAC-peaks demonstrates most of the peaks (open regions) are located in promoters and gene body; (D) Pathway
enrichment analysis of the top 3000-ranked ATAC-peaks (open regions) shows differential enrichment in control and NASH liver biopsies, being highly enriched in

GO terms for lipid-related pathways in NASH compared to control subjects.

g., lipid accumulation, inflammation, fibrosis, or liver insulin

resistance).
3.4. Chromatin accessibility deregulation in NASH
For a robust analysis of chromatin accessibility in NASH compared to

the control group we performed differential analysis of ATAC-seq peaks
between both groups. We found 4979 differentially accessible regions in

liver tissue of NASH patients compared to the controls (Fig. 2B). To
assess if these deregulated chromatin regions could in part explain the
differential transcription profile observed between groups, we looked
for genes deregulated at both chromatin and transcriptional levels. We
found 229 genes that were deregulated for chromatin accessibility and
transcription, which represents more than 21% of DE transcripts (Fig. 2C
and Table S6). To understand the potential role of such deregulated
genes in NASH, we performed Motif Enrichment Analysis (MEA) and
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Fig. 2. RNA and ATAC sequencing integration of differentially expressed/enriched (DE) transcripts and peaks. (A) Volcano plot of DE peaks between NASH and
control subjects in liver; (B) Volcano plot of liver DE transcripts between NASH and control subjects. (C) Venn plot of the intersection between DE transcripts and
peaks shows 229 genes both de-regulated at chromatin and mRNA levels; (D) Motif Enrichment Analysis (MEA) for the DE ATAC peaks in genes de-regulated both,
transcriptionally and at the chromatin level; (E) Pathways enrichment analysis (GO terms) of the 229 genes de-regulated at the chromatin and transcript levels.

pathway enrichment analysis of those genes. As shown in Fig. 2D, ATAC
peak sequences for those 229 genes showed Motif enrichment for factors
such as ZBTB12, Sox2, TEAD, STAT3+1121. Pathway enrichment anal-
ysis of the same set of genes showed that they were part of pathways
involved in lipid accumulation in NASH such as lipid metabolism and
transport, regulation of expression and lipid metabolism by PPARA or
dicarboxylic acid transporter (Fig. 2E and Table S7).

3.5. Chromatin de-regulation in enhancer positions

Near 35% of differentially open peaks were annotated to non-
promoter and gene body regions (Fig. 3A). Therefore, we used liver-
specific enhancer positions using as reference the liver enhancer anno-
tation found in enhancer atlas database [13]. To do so, we intersected
the reference liver enhancer bed file with our reads and search for
differentially open enhancers using DESeq (Fig. 3B). We found 8
differentially open peaks between the control and the NASH group
which were linked for the genes (experimentally curated) depicted in
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control patients.

Fig. 3C. Thus, according to dbSUPER enhancer database [14] enhancer
SE_656550 is linked to UBE21; SE_05045 to HMG20A; SE_07079 to
LINGO1; SE_25146 to FASN; and SE_11679 to SLC35E2. Additionally,
GeneCards database provides further information, for instance enhancer
SE_25146 is also related to genes involved in lipid and /or glucose
metabolism such as DUS1L, SLC25A10, ASPSCR1, PCYT2, DCXR,
LRRC45, FOXK2, GCGR, MRPL12, HEXD, piR-58439 in addition to
FASN.

4. Discussion

In this manuscript we interrogate chromatin and transcriptional
profiles in liver tissue samples of patients with obesity, comparing those
with NASH and those without NASH (defined as controls) in order to
gain knowledge about the etiology of this prevalent chronic liver

disease. Overall, we found clinically relevant information pointing out
that chromatin configuration could contribute to NASH disease, and
therefore epigenetic-based pharmacological approaches in which chro-
matin configuration can be modulated are potential strategies to be
regarded [15]. Drugs modulating key epigenetic enzymes have been
used for the treatment of some diseases such as cancer. For instance,
azacytidine, a DNA methyltransferase inhibitor, has been successfully
used for the treatment of acute myeloid leukemia or myelodysplastic
syndrome [16,17]. Another example are the histone deacetylase in-
hibitors romidepsin and belinostat, which have been approved for the
treatment of cutaneous T-cell lymphoma and acute myeloid leukemia
[18,19].

Chromatin openness is currently assessed using ATAC-seq analysis
[9]. In this work, we have performed for the first time an ATAC-seq
together with a RNAseq analysis in human liver tissue samples from
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patients with obesity and different liver status, directly comparing liver
tissue from NASH subjects and those without NASH. We found that the
most open regions in promoters in NASH are found in genes that are part
of important pathways for NASH etiology, compared to the control
group in which top open regions are found in promoters of genes related
to constitutive cell processes. As known, NASH is characterized by lipid
accumulation, inflammation and, in the advance stages of the disease,
liver fibrosis [3]. In accordance, we found that the most significant
pathways found in NASH livers were characterized by open regions for
genes involved in pathways such as “cholesterol metabolic process”,
“glycerolipid metabolic process” or “phospholipid metabolic process”.
We also found pathways such as “AMPK signaling”, “GLUT4 trans-
location to plasma membrane” or “RHO signaling”, which are related to
insulin action, and that could indicate the presence of hepatic insulin
resistance in NASH as previously described [20-23]. We also revealed
enrichment in “lysosome” pathway, lysosomal dysfunction can
contribute to NASH etiology [24], or “FOXO signaling” that is known to
coordinates glucose and lipid metabolism and its function seems to
participate in liver disease in mice [25,26]. Interestingly, we found that
the top open regions in NASH were also present in two main pathways
for lipid regulation: SREBP and PPARA, which are key transcription
factors that regulates cholesterol and lipid metabolism and that con-
tributes to the etiology of liver disease [27-29]. For instance, it has been
shown that activation of PPARA in diet-induced obese mice can reverse
inflammation and fibrosis in liver, while deletion of SREBP1c in mice
aggravates liver steatosis by activating lipogenesis and inhibiting
lipolysis [29,30]. Therefore, since chromatin configuration can regulate
gene transcription [31], this suggest that deregulation of chromatin in
NASH could be contributing to the disease.

Furthermore, we characterized the transcriptional profile of liver
tissue samples to establish the potential role of chromatin configuration
in the transcriptional profile in NASH conditions. We found over 1000
transcripts differentially abundant in NASH compared to the control
group, which might be partially driven by changes in cell composition in
liver during NASH [32,33]. Thus, among the up-regulated genes, we
found several ones that were part of pathways that are related to im-
mune system processes and cell fibrosis, such as actin metabolic pro-
cesses and heart related terms, which could be related with stellate cell
activation towards myofibroblast-like cells that, a well known driver of
liver extracellular matrix accumulation during NASH. This is in line with
the etiology of NASH, which is characterized by increased inflammation
and fibrosis [34]. A transcriptomic analysis between different NAFLD
degree was performed previously [35]. They found milder tran-
scriptomic differences between liver biopsies with steatosis and NASH
(all the biopsies with fibrosis) in comparison with healthy liver biopsies.
We found overlap of 30 genes, as for example GPNMB, AKR1B10, DES,
APOD or RORC. In our comparison, we are analysing subjects with
NASH (fibrosis present in 3/6 subjects) and a control group without
NASH but some degree of steatosis. Additionally, while they studied
subjects with obesity (BMI near 30) we had patients with severe morbid
obesity for both study groups. These differences might explain the dif-
ferences seen in our transcriptional profile for both groups, since we also
observed alterations in pathways related to lipid metabolism, immune
cells, and inflammation. By contrast, we observed alteration in pathways
related to glucose homeostasis, insulin resistance or actin pathways.

Next, we aimed to interrogate whether those transcriptional changes
could be induced by epigenetic changes, especially those related to
chromatin conformation. In order to do so, we integrated both datasets,
finding that more than 20% of transcriptionally deregulated genes (229)
had chromatin openness differences in the promoter of NASH livers
compared to those used as controls. When we underwent these 229
genes to pathway enrichment analysis we observed that they are part of
important pathways to explain the etiology of NASH including lipid
transport and metabolism or nuclear receptor activity (related to PPAR
signaling), which is known to regulate lipid metabolism [36]. As ex-
amples of genes de-regulated at the chromatin and transcript level we
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found PPARGC1A, ABCA1, FOXO1, SLC13A3, ABCB11 and ARNTL,
among many others. PPARGC1A, a co-regulator of PPARA, and that is
known to control fatty acid oxidation and glucose metabolism (gluco-
neogenesis) in liver [37]. In human cohorts, PPARGC1A rs8192678
polymorphism has been related to steatosis and steatohepatitis degree,
while in mice models of NAFLD PPARGCI1A is decreased and the
pathway SIRT1/PPARGC1A has been proposed as a possible target to
treat the disease [38,39]. Another interesting gene deregulated at both
chromatin and transcriptional levels is FOXO1, which as described
before is known to regulate glucose and lipid metabolism and that has
been described to be involved in liver disease in mice [25,26]. Moreover,
ABCA1 knockout in mice, which is a cholesterol efflux transporter and is
key for the formation of HDL particles, is known to produce lipid storage
in several tissues specially in those with high lipid turnover like liver
[40]. By contrast, recent liver-specific knockout of ABCA1 showed
impaired de novo lipid synthesis in liver, protecting against lipid accu-
mulation in the liver by mean of a insulin resistance process independent
of glucose deregulation [41]. SLC13A3 is a di/tricarboxylic acid trans-
ported for succinate, alpha-ketoglutarate and citrate and therefore can
be key for lipid synthesis. Though is not known its role in NASH, the
paralog SLC13A5 has been related to liver steatosis and citrate accu-
mulation promotes steatosis and steatohepatitis by fueling de novo
lipogenesis [42]. In a study carried out in mice, the authors demon-
strated that bile acid export ablation mediated by Bsep or ABCB11
(Mdr2) promotes liver damage and inflammation impairment in lipo-
polysaccharide (LPS) elimination trough bile acid secretion [43]. A
PPARA signaling factor, ARNTL (which integrates metabolism and
circadian clock) has been related to liver disease. Thus, knock-out of
ARNTL causes early obesity in mice fed at high fat diet but prevents from
liver steatosis [44]. Another study, showed that overexpression of
ARNTL protects liver from fibrosis by inhibiting the pro-fibrogenic
phenotype of stellate cells in an IDH1/a-KG dependent mechanism
[45]. Therefore, we observed that transcriptional changes that might be
driven by epigenetic changes are related to lipid metabolism in liver
biopsies of NASH patients, which could be contributing to the disease.

Since we focused on ATAC-peak changes located at gene promoters
and gene body, we further investigate the possible chromatin changes
located in other genomic regions. To perform that, we intersected ATAC-
seq data with known liver enhancer atlas [13]. We found 8 peaks inside
enhancers differentially open at the chromatin level, located at Chr1l6
(2), Chrl5, Chrl7, Chr1(2), Chrl2 (2). For instance, enhance position ID
SE_05045 is linked to the chromatin remodeler HMG20A, and has been
involved in glucose metabolism through is action over LSD1 [46].
Another differentially regulated enhancer was SE_65650, which is
linked to UBE2I, a protein highly expressed in hepatocellular carcinoma
(HCCQ). Inhibition of UBE2I appears to be associated with the regulation
of liver lipid storage and liver disease [47]. Specially interesting is the
deregulation of enhancer SE_25146 that is linked to fatty acid synthase
(FASN), key enzyme in the de-novo biosynthesis of lipids. This enzyme is
a possible pharmaceutical target to treat NASH and its inhibition has
been shown to reduce lipid storage, fibrosis and inflammation in
experimental NASH models and in NASH patients [48,49]. Other genes
linked to this enhancer are: the mitochondrial transporter SLC25A10
which has also been related to NASH [50,51]; ASPSCR1 an UBX con-
taining domain factor that is known to regulate glucose homeostasis by
regulating the subcellular location of GLUT4 [52,53]; the phosphoe-
thanolamine synthesizer PCYT2 which inhibition has been shown to
produce liver steatosis and insulin resistance in mice [54,55]; DCXR for
what a low expression has been shown to be related to bad prognosis in
HCC [56]; FOXK2, an insulin-responsive transcription factor that regu-
lates metabolism following insulin signaling [57]; or the glucagon re-
ceptor GCGR which activation can ameliorate liver steatosis and NASH
[58].

Therefore, one epigenetic change in one enhancer position could
have a great impact on cell function, pointing out the importance that
these mechanisms can have on the incidence, development and
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therapeutics of NASH. On the other hand, the fact that the epigenetic
regulation can coordinate the transcription of a wide frame of transcripts
makes interesting the possible development and application of
epigenetic-based therapies in which deleterious reversion could have a
deeper efficiency. New studies either based on pharmacological modu-
lation (epigenetic-based drugs) [15], nutritional or microbiome modu-
lation (due to the big impact the nutrition or bioactive compounds have
over the epigenetic landscape) [5,8,31,59] or by mean of molecular
manipulation (using dCAS9 fused to chromatin modifiers) [60-62] are
necessary to fully disentangle the role that the epigenetic mechanisms
have in this disease and to develop new therapeutical approaches.

5. Conclusions

In conclusion, in this study we demonstrate that NASH is charac-
terized by altered epigenetic regulation, more specifically chromatin
openness, which could partially explain alterations in the transcriptional
profile of these patients. These alterations are in genes (both promoter
and gene body) and enhancers that can in part explain the etiology of the
disease (e.g., pathways related to lipid metabolism, lipid transport or
PPARA signaling, among others). Moreover, this work points out the
potential role that the epigenetic mechanisms may play in the etiology of
NASH, though emphasizing the need of further studies to understand
such epigenetic mechanisms and to be able to regulate those by means of
functional diets, intake of bioactive compounds, gut microbiome-based
therapies, or new pharmacological approaches.
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