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Abstract: Background: Adipose tissue (AT) dysfunction is involved in obesity-related comorbidities.
Epigenetic alterations have been recently associated with AT deterioration in obesity conditions.
In this work, we profiled the H3K4me3 histone mark in human AT, with special emphasis on the
changes in the pattern of histone modification in obesity and insulin resistance (IR). Visceral AT
(VAT) was collected and subjected to chromatin immunoprecipitation (ChIP) using anti-H3K4me3
antibody and then sequenced to obtain the H3K4me3 genome profile. Results: We found that most of
the H3K4me3 enriched regions were located in gene promoters of pathways related to AT biology
and function. H3K4me3 enrichment at gene promoters was strongly related to higher mRNA levels.
Differentially expressed genes in AT of patients classified as non-obese, obese with low IR, and
obese with high IR could be regulated by differentially enriched H3K4me3; these genes encoded
for pathways that could in part explain AT functioning during obesity and insulin resistance (e.g.,
extracellular matrix organization, PPARG signaling or inflammation). Conclusions: In conclusion,
we emphasize the importance of the epigenetic mark H3K4me3 in VAT dysfunction in obesity and IR.
The understanding of such mechanisms could give rise to the development of new epigenetic-based
pharmacological strategies to ameliorate obesity-related comorbidities.

Keywords: epigenetics; H3k4me3; adipose tissue; obesity; insulin resistance

1. Introduction

Adipose tissue (AT), traditionally seen as a mere storage tissue [1,2], is nowadays
considered as an endocrine organ that can modulate systemic metabolism and energy
metabolism in other organs [1–3].

A dysfunctional AT is believed to be in part responsible for the development of
metabolic disorders associated with obesity, and it is thought to increase the risk for obesity-
related diseases, such as diabetes or cancers [4,5]. Therefore, a better understanding of
the molecular and environmental factors that can trigger AT deterioration could help to
develop therapeutic approaches to mitigate some pathological conditions linked to obesity
and related comorbidities.
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Epigenetic mechanisms have recently emerged as important factors involved in
metabolic dysfunction in the onset of obesity [6]. In this regard, epigenetics is highly
influenced by nutrition, and it has been suggested as a possible causal factor implicated in
AT dysfunction in obesity conditions [7].

Histone modifications can be affected by key metabolic pathways [6,7] that are usually
altered during obesity [8–10]. However, despite the central role that epigenetics might
exert in AT biology, the chromatin profiling of histone marks in human visceral AT (VAT)
has not been described so far. In this study, we have described for the first time the
genomic profile of the lysine trimethylation of histone 3 (H3K4me3) in human VAT samples
by using ChIP-seq technologies. In addition, we have established the H3K4me3 profile
in human VAT samples from non-obese subjects and obese subjects with low and high
insulin resistance (IR).

2. Methods
2.1. Sample Collection

AT biopsies were from patients recruited for either bariatric surgery or cholecystec-
tomy surgery at Virgen de la Victoria University Hospital (Málaga, Spain) and stored at
−80 ◦C until analysis.

Clinical and anthropometric data of the selected patients (n = 4 per group) are shown
in Table S1. A control group including non-obese participants (BMI < 30 mg/kg2; NOb)
and two groups including subjects with obesity (BMI > 30 mg/kg2) and with either low
(HOMA-IR < 4; Ob.LIR) or high IR (HOMA-IR > 9; Ob.HIR) were included (Figure 1A).

All participants gave their informed written consent, and the study was reviewed
and approved by the Ethics and Research Committee of the Virgen de la Victoria Univer-
sity Hospital.

2.2. Chromatin Immunoprecipitation Sequencing (ChIP-Seq)

Chromatin immunoprecipitation followed by next generation sequencing (ChIP-seq)
was performed as previously described [11]. Briefly, 100 mg of VAT was cross-linked
after what nuclei were purified. Then, nuclei were lysed, and the chromatin was sheared
by sonication using a Bioruptor UCD-300 (Diagenode, Liège, Belgium). A total of 5 µg
of chromatin were used for immunoprecipitation, which were performed by incubating
the chromatin with 1.5 µg of anti-H3K4m3 (ab8580, abcam) fixed to protein G-coated
magnetic beads (Dynabeads Protein G; Thermo Fisher Scientific, Carlsbad, CA, USA) at
4 ◦C overnight. Chromatin was released and purified (MinElute PCR Purification Kit,
Qiagen, Hilden, Germany) and DNA samples were sequenced using Hiseq4000 (Illumina,
San Diego, CA, USA) and paired-end mode (2 × 100 bp).

2.3. RNA Sequencing (RNA-Seq)

Total RNA was extracted using an RNEasy Lipid Tissue Mini Kit (Qiagen, Crawley,
UK) following the manufacture’s protocol. The total RNA was converted into cDNA using
the Transcriptor High Fidelity cDNA Synthesis kit (Roche, Penzberg, Germany). The
library construction was performed using the Accel-NGS® 1S Plus DNA Library Kit (Swift
Biosciences, Ann Arbor, MI, USA) and were sequenced using a HiSeq 4000 instrument
(Illumina, San Diego, CA, USA) and paired-end mode (2 × 100 bp).
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Figure 1. (A) Schematic workflow. In this study, VATsamples were collected from non-obese individuals (Nob) and obese
subjects with either low and high insulin resistance (O.LIR and O.HIR, respectively). The samples were processed to extract
the chromatin, which was immunoprecipitated (IP) using magnetic beads coated with H3K4me3 antibodies. The DNA from
the IP chromatin was then purified and sequenced in order to obtain the H3K4me3 histone modification profile over the
genome. Annotation of the H3K4me3 peaks found showed that most of the enrichment, nearly 75%, was located inside
promoter regions (B). Enrichment feature distribution also showed a wide gene enrichment of H3K4me3 in adipose tissue
located mainly between 1Kb up and downstream of transcription start sites (TSS) of the genes (C). As is shown in (D), most
of the reads sequenced were concentrated around the TSS. (E) Top of enriched known motives present in H3K4me3 peaks in
human AT.

2.4. ChIP-Seq Bioinformatic Processing and Analysis

Trimming and alignment were performed using the software QuasR (git clone https:
//git.bioconductor.org/packages/QuasR) and using human genome hg38. To generate
robust peaks, bam files were merged prior to peak calling using the mergeBamByFactor
function in SystemPipeR (git clone https://git.bioconductor.org/packages/systemPipeR).
Peak calling was performed using MACS2 (Model-based Analysis of ChIP-seq) (http:

https://git.bioconductor.org/packages/QuasR
https://git.bioconductor.org/packages/QuasR
https://git.bioconductor.org/packages/systemPipeR
http://github.com/taoliu/MACS/BSD/BSD
http://github.com/taoliu/MACS/BSD/BSD
http://github.com/taoliu/MACS/BSD/BSD
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//github.com/taoliu/MACS/BSD/BSD) software (narrow mode and q-value threshold
< 1 × 10−9) and the peaks were annotated using ChIPseeker.

Differential analysis was performed using the bdgdiff function in MACS2. For this
analysis, Y chromosome was omitted to avoid gender biases.

Annotated peaks were analyzed for gene set enrichment analysis (GSEA) with the
software clusterProfiler (git clone https://git.bioconductor.org/packages/clusterProfile)
for Reactome, GO and KEGG terms for the 3000 top genes ranked by the peak q-value. For
known motif enrichment analysis, we used Homer (Hypergeometric Optimization of Motif
EnRichment) (configureHomer.pl v4.11 (10-24-2019) [GPLv3]). The analysis of the data was
performed using R Studio.

2.5. RNA-Seq Bioinformatic Processing and Analysis

Alignment was performed against human genome hg38, and the counts over feature
were analyzed using Subread (subread-align and featureCounts functions, respectively)
(git clone https://git.bioconductor.org/packages/Rsubread). Differential gene expression
analysis was performed using DESeq2 (git clone https://git.bioconductor.org/packages/
DESeq2), while GSEA was performed as previously described. Integration and final
analysis of the RNA-seq and ChIP-seq data sets was performed in R Studio (http://www.
rstudio.com/products/rstudio/download/) (RStudio, Boston, MA, USA).

3. Results
3.1. A Whole Picture of H3K4me3 Profile in Human Adipose Tissue

H3K4me3 is mainly present in the promoter of active genes [12]. Accordingly, we
found that in human AT the H3K4me3 histone mark was enriched at gene promoters, with
nearly 75% of all the peaks (Figure 1B). Almost 17,500 genes had H3K4me3 enrichment
in their promoter (flank distance of 1000 kb) (Figure 1C). Furthermore, there was an
enrichment of reads and peaks found near the transcriptional start site (TSS) (Figure 1C,D).
The motif enrichment analysis of such peaks showed that H3K4me3 genomic location
matched with transcription factor binding sites (TFBS) of important regulators of AT
biology such as PPARG (PPARE), TFAP2C (AP2-gamma), Isl1 and RXR, among others
(Figure 1E). To have a wider panorama we performed a GSEA of the top genes (3000 top
peaks ranked by q-value). The complete list of pathways found by Reactome, GO and
KEGG terms can be found in Supplementary Table S2 (Sheet 1). Overall, we found that
genes enriched with the H3K4me3 mark were related to pathways involved in AT function
and biology (Supplementary Figure S1).

3.2. H3K4me3 Mark Is Associated with Gene Expression in Human Adipose Tissue

H3K4me3 is a mark related to gene activation, and genes with such modification in
the promoters are expected to be more expressed [13]. Therefore, we next performed RNA
sequencing (RNAseq) in order to find out whether the H3K4me3 profile in human AT was
related to activation of gene expression (data store similarity depicted in Figure S3). Our
analysis revealed that out of the 18,933 active genes, 13,435 (more than 70%) had H3K4me3
enrichment in their promoter (Figure 2A). These H3K4me3-enriched genes showed on
average a higher mRNA expression (Figure 2B).

http://github.com/taoliu/MACS/BSD/BSD
http://github.com/taoliu/MACS/BSD/BSD
https://git.bioconductor.org/packages/clusterProfile
https://git.bioconductor.org/packages/Rsubread
https://git.bioconductor.org/packages/DESeq2
https://git.bioconductor.org/packages/DESeq2
http://www.rstudio.com/products/rstudio/download/
http://www.rstudio.com/products/rstudio/download/
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Figure 2. Integration of H3k4me enrichment with the RNA seq. The intersection between the genes enriched at their
promoter with H3K4me3 and active are displayed in (A); (B) average gene expression level of genes with and without
enrichment of H3K4me3 at their promoter regions. (C) Pile Up (reads at the summit of the peaks) average for expressed and
non-expressed genes; (D) width of the peak for expressed and non-expressed genes; (E) and correlation between the Pile
Up and the gene expression level; (F) correlation between the peak width and the average mRNA levels; (G) set of genes
that were enriched for H3K4me3 at their promoter and expressed for 3000 Top genes ranked by peak p-value (Reactome).
* means p value < 0.05.

Usually, the level of enrichment of a histone modification at certain regions is de-
fined by both the width of the peak and the number of reads found at Summit (Pile
Up) [13]. Therefore, we compared the width and the “Pile Up” of genes expressed and
non-expressed in human AT and found that expressed genes had higher enrichment of
H3K4me3 marks defined by the “Pile Up”, while their peaks were more restricted in width
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(Figure 2C,D). Non-expressed and H3K4me3-enriched genes had weaker enrichment and
the modification was sparse in the promoter. For those genes that were expressed and
marked with the histone modification in their promoters, there were significant positive
correlations between the average gene expression with both, the “Pile Up” and the width
of the peaks (Figure 2E,F).

We next analyzed the pathways enriched for genes that are expressed (active genes)
and marked with H3K4me3 in their promoters (Figure 2G). A complete list of pathways
is depicted in Supplementary Table S2. Overall, we found that pathways implicated
in AT function and development were enriched: signaling by receptor tyrosine kinases,
autophagy, WNT signaling, mTOR signaling, AMPK signaling, TNF signaling pathway,
FOXO signaling and regulation of cholesterol by SREBP.

3.3. Analysis of H3K4me3 Enrichment in AT during Obesity and IR

In order to understand the relationship between histone marks in AT with either
obesity and IR we analyzed the H3K4me3 profile in AT from NOb, Ob.LIR and Ob.HIR
subjects. To increase the power analysis and find out common patterns according to the
status of obesity and/or IR, we merged the BAM files in all the groups and called peaks
using MACS2 peak caller (Narrow mode, q-value < 1 × 10−9) [13]. Comparisons between
conditions showed high data store similarities though the participants mostly clustered
according to their BMI and HOMA-IR in PCoA (Supplementary Figure S2).

3.4. Differential Analysis of AT H3K4me3 Profile in Obesity and IR

To search for differentially regulated genes between groups, we first performed dif-
ferential expression analysis using DESeq2. The complete comparisons between groups
are depicted in Supplementary Table S2. We found 1304 genes differentially expressed
between Ob.LIR and NOb subjects, 2829 between Ob.HIR and NOb subjects and 2946
between Ob.HIR and Ob.LIR (p < 0.05).

Next, we aimed to analyze whether differentially expressed genes could be related
to H3K4me3 enrichment at their promoters between study groups. To perform that, we
compared H3K4me3 enrichment among groups. The integrative analysis revealed that
664, 755 and 1085 genes were differentially expressed and enriched in their promoter with
H3K4me3 when Ob.LIR vs. NOb, Ob.HIR vs. NOb, and Ob.HIR vs. Ob.LIR groups were
compared, respectively (Figure 3A–C and Supplementary Table S2).

These differentially expressed and H3K4me3 enriched genes were then subjected
to GSEA. We found that genes differentially expressed and enriched with the H3K4me3
mark in the Ob.LIR group with respect to the NOb group were included in pathways
related to the immune system, protein processing and location in endoplasmic reticulum
or energy metabolism (Figure 3A). For genes differentially expressed and enriched with
H3K4me3 in their promoters in the comparison between Ob.HIR vs. NOb groups, we
found enrichments for pathways related to apoptosis, cell fibrosis, hypoxia or vesicular
transport among others (Figure 3B). When Ob.HIR and Ob.LIR groups were compared,
we found that the genes differentially expressed and enriched in H3K4me3 were included
in pathways involved in protein processing, mitochondria processes, energy generation,
response to endoplasmic reticulum stress or Golgi function among others (Figure 3C).
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Figure 3. Intersection of genes differentially expressed (mRNA) and enriched for H3K4me3 and enriched pathway analysis
for the comparison: Ob.LIR vs. NOb (A), Ob.HIR vs. NOb (B) and Ob.HIR vs. Ob.LIR (C). Pathways analysis for GO terms.
The green, pink and yellow-green rings represent pathways enriched for the comparisons Ob.LIR vs. NOb, Ob.HIR vs. NOb
and Ob.HIR vs. Ob.LIR, respectively.

3.5. Changes in H3K4me3 Enrichment Are Related to Transcriptional Changes

In order to understand whether the differences in mRNA expression between study
groups were associated with differences in the enrichment of H3K4me3 marks we further
analyzed the direction (more or less enriched) of the differentially expressed and H3K4me3-
enriched genes (Figure 4A–C). We then calculated which was the mean mRNA Fold-



Biomedicines 2021, 9, 1363 8 of 13

change (FC) of the genes with H3K4me3 upregulated, downregulated and with peaks with
double direction (upregulated and downregulated) for the comparisons between groups.
Interestingly, we found that the genes that were enriched with H3K4me3 marks at their
promoters had a positive FC in the intergroup comparison, while genes with a reduction in
the H3K4me3 mark had decreased mRNA levels (Figure 4D). For the genes that had at their
promoter both increase and decrease of H3K4me3, we observed a positive FC, although this
was weaker than the observed for genes with only upregulation of H3K4me3 (Figure 4D).

Figure 4. Percentage of genes upregulated, downregulated, with bidirectional enrichment of H3k4me3 and correlation
between top 10 upregulated and downregulated genes. Genes, both with differential mRNA and H3k4me3 enrichment
were subtracted, and the direction of the enrichment was calculated for the different comparisons between groups: Ob.LIR
vs. NOb (A), Ob.HIR vs. NOb (B) and Ob.HIR vs. Ob.LIR (C). Mean Fold-change (FC) mRNA for the different genes
according to H3K4me3 enrichment direction, and the subset of genes in which differential H3k4me3 enrichment was not
present (D). Correlations between upregulated and downregulated genes and clinical variables (E,F). H3K4me3 enrichment
direction is shown by color blue for genes enriched; red for genes decreased; and blue for genes with both, enriched and
decreased peaks. In the correlation analysis, colored genes mean p < 0.05 according to Spearman correlation. Blue dots
mean positive correlations, while red dots mean negative correlations.

3.6. Top 10 Differentially Expressed and H3K4me3 Enriched Genes and Their Relationship with
Metabolic Variables

Then we analyzed the relationship of the 10 top (5 upregulated and 5 downregulated)
concordant (same FC direction for both, mRNA expression levels and H3K4me3 enrich-
ment) genes with several metabolic variables of the study subjects (Table 1). Regarding
the H3K4me3-upregulated genes, we observed a positive correlation between waist and
HOMA-IR with several genes such as ADRA2A, ED1, LCP1, PCSK6, BAG3, FAM198B,
DOK3, NANOS1 and TUBB2B (Figure 4E). Furthermore, BMI was positively associated
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with EDN1, while glucose was negatively associated with ZBTB16 and positively correlated
to NMNAT2. Cho and LDL-Cho presented a negative association with the expression of
PCSK6 (Figure 4E).

Table 1. Top 5 concordant genes (between mRNA and H3K4m3 changes) among study groups. In
blue and cream, genes with enriched and decreased H3K4me3 mark, respectively, for each comparison
between groups.

Ob.LIR vs. NOb Ob.HIR vs. NOb Ob.HIR vs. 0b.LIR
Gene FC p Gene FC p Gene FC p

CXCL14 1.75 0.000 ADRA2A 1.59 0.000 CD36 1.62 0.000
TERC 2.33 0.000 LCP1 1.79 0.000 F13A1 0.89 0.004

ZBTB16 2.09 0.000 NANOS1 1.27 0.000 DTX4 0.89 0.004
EDN1 1.28 0.001 ROCK2 0.77 0.000 ATP8B4 0.97 0.007
KLF15 1.42 0.001 PLIN2 1.55 0.000 FGF12 1.12 0.014
GRIA1 −1.63 0.000 PICK1 −1.10 0.000 DDRGK1 −0.90 0.000
GRIK3 −2.50 0.000 ACOX3 −0.77 0.000 PDAP1 −0.98 0.000

NRXN3 −1.82 0.013 GRIK3 −2.76 0.000 RPL24 −1.02 0.000
CSMD2 −2.24 0.015 PITPNM3 −1.54 0.000 INCENP −0.96 0.000

ISL1 −0.89 0.016 EPS8L1 −2.05 0.000 CSKMT −3.09 0.000

On the other hand, the genes with downregulation of H3K4me3 at their promoters
were mainly associated with waist, HOMA-IR and insulin. Moreover, several genes were
negatively related to BMI as GRIA1, GRIK3, ISL1 and CYP2G1P. TG levels were negatively
correlated with NRXN3 and CYP2G1P, while Cho and LDL-Cho correlated in a positive
way with ANKRD21 (Figure 4F).

4. Discussion

In this work, we have described for the first time (to the best of our knowledge) the
signature of the H3k4me3 mark (a histone modification associated with positive gene
expression) in human VAT from obese patients with high and low levels of IR, as well as,
from non-obese controls. We found that H3K4me3 is enriched at gene promoters and is
related to gene expression levels in human AT. The genes enriched with this mark at their
promoters are genes related to key pathways implicated in AT biology and function. In
addition, we observed that the differential enrichment of the H3K4me3 mark is highly
associated with the mRNA levels of different genes related to AT biology in the onset of
obesity and IR.

H3K4me3 is a well-known histone mark related to gene expression. In our analysis,
we observed that the H3K4me3 mark in human AT is enriched at the TSS, which is
in line with the reported data present in the literature [14]. Motif enrichment analysis
showed that genomic regions with H3K4me3 modification were enriched for binding
sequences of known adipose regulators such as PPARG known to be the key factor in
adipogenesis [15,16] and required for adipocyte identity and survival of mature adipocytes
(loss of PPARG activity is related to the acquisition of a fibroblast-like phenotype in
adipocytes during obesity); EBF1 (a direct target of PPARG) and EBF2 are transcription
factors necessary for adipogenesis of 3T3-L1 cells [17]. In mice, EBF1 downregulation has
been related to increased lipolysis, adipose hypertrophy and reduced insulin sensitivity [18];
TFAP2C (AP2-gamma) together with TFAP2A have been proposed to be key regulators of
WNT signaling-dependent lipid droplet biogenesis, or ISL1, which seemed to regulate early
adipogenesis by inhibiting PPARG expression. Therefore, H3K4me3 peaks are enriched for
important motif sequences that are known to regulate AT development and function.

We have also shown that genes enriched for H3K4me3 at their promoter have higher
mRNA expression levels. This is in accordance with the fact that H3K4me3 is a well-
established active mark of gene expression. However, not all the genes with H3K4me3
promoter enrichment are expressed (approximately 13% of the peaks), and 29% of the
expressed genes do not present H3K4me3 enrichment. These results indicate that in human
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AT, the presence of H3K4me3 mark is neither necessary nor sufficient for the expression of
certain genes as previously described for other metabolic organs such as the liver [13]. Our
results, however, strongly suggest that the genes with this modification in their promoter
present higher expression levels compared with genes without this mark. In addition,
we showed that the peak architecture could be related to gene expression level as well.
Thus, in our study, mRNA expression levels were positively correlated with the height
(“PileUp”) and the width of the peaks as it has already been shown in mouse liver [13]. In
addition, we found that genes marked with H3K4me3 at their promoters were associated
with important pathways involved in AT function and involved in obesity and IR (e.g.,
TCA cycle and respiratory electron transport, metabolism of carbohydrates, autophagy,
mitochondrial processes, energy generation processes, oxidative phosphorylation or non-
alcoholic fatty liver disease (NAFLD) among others). Altogether, our data suggest that
in human AT, the histone modification H3K4me3 could stimulate gene expression and
that genes enriched with H3K4me3 at their promoters mostly encode for key factors in AT
development and function.

Further analysis revealed that the enrichment of the H3K4me3 mark is highly de-
pendent of the presence of obesity and/or IR. We found that a high proportion of the
differentially expressed genes also had differentially enriched H3K4me3 mark at their pro-
moters (50%, 26% 36% for the comparisons Ob.LIR vs. NOb, Ob.HIR vs. NOb and Ob.HIR
vs. Ob.LIR were respectively). GSEA of differentially expressed and H3K4me3 enriched
genes showed that this histone modification could be related to the expression of genes
related to AT function, suggesting a new epigenetic mechanism involved in the pathophys-
iology of AT at the onset of obesity and/or IR. For instance, in the comparison Ob.LIR
vs. NOb individuals, we observed an enrichment of pathways related to immune cells,
extracellular matrix organization, the TCA, or mitochondrial organization and respiration,
all of them known to be altered during obesity [19–23]. Notably, the signaling by nuclear
receptors (LXRA or LXRB (NR1H2 or NR1H3), ESR or PPARG signaling pathways) was
also enriched, pathways that can regulate AT development and lipid metabolism [15,24].
Another enriched pathway was the SLIT/ROBO pathway, which is also involved in AT
biology [25]. Interestingly, a member of the SLIT/ROBO family, SLIT2, has been shown to
be secreted by beige fat and promote thermogenesis, energy expenditure and, therefore, to
improve glucose homeostasis in vivo [26].

For the comparison between O.HIR vs. NOb groups, we found again genes related to
immune cells and more interesting metabolic pathways as lipid regulation or integration of
energy metabolism, which comprises regulation of insulin or ChREBP regulatory factors,
among others. ChREBP (carbohydrate response element binding protein) is a carbohydrate
sensor that is important in AT de novo lipogenesis by modulating key metabolic genes
(pyruvate kinase, FAS, Acetyl-CoA carboxylase, GP-acyl transferase) and of which de-
regulation is known to alter insulin sensitivity [27].

Additionally, when the O.HIR vs. O.LIR groups were compared to find out the
possible influence of IR in the profile of the histone modification H3K4me3 in AT, we
found that the genes differentially expressed and enriched for the H3K4me3 mark were
included in pathways involved in Golgi vesicle transport, ER protein location, mitochondria
structure, location and function, IL-6 pathway, the TCA cycle and GLUT4 transport to
the cell membrane. AT inflammation is known to be related to a low-grade systemic
inflammation that contributes to IR, being IL-6 an important mediator of such status [28],
while GLUT4 is the major insulin-stimulated glucose transport, which is decreased during
IR [29]. Dysfunctional AT is related to altered mitochondria function (essential for lipid
metabolism, energy production and adipocyte biology) [23], and the alteration of which
leads to lipid accumulation, generation of ROS species and dysregulation of the adipokine
profile delivered by AT, contributing to IR [23].

We further investigated the genes differentially expressed and enriched in H3K4me3
and described that 87.5% of the differentially regulated peaks were enriched in Ob.LIR
compared to NOb, 74% were enriched in Ob.HIR compared to NOb, while most of the
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peaks (91.5%) were enriched in Ob.LIR compared to Ob.HIR. Remarkably, we previously
demonstrated by H3K4me3 ChIP followed by qPCR that several genes related to AT biology
and function displayed a higher H3K4me3 enrichment in the promoter in obese subjects
with low IR compared to the rest of the study participants [12]. These results could suggest
that H3K4me3 methylation and de-methylation processes could be impaired during obesity
and/or IR in human AT [12]. In addition, given the high association between H3K4me3
enrichment and mRNA expression levels, our analysis might suggest that changes in
H3K4me3 marks induced by obesity and/or IR could be an important epigenetic factor
involved in dysregulation of AT in both metabolic conditions.

We then focused on the top downregulated and upregulated genes in which we ob-
served genes usually related to AT biology. As examples of genes that could be H3K4me3
regulated with a role in obesity and IR: (1) CXCL14 is a chemokine that in mice has been
shown to be released by brown adipocytes and that exerts a beneficial role in white adi-
pose tissue causing increased of insulin sensitivity in obese mice [30]. Therefore, higher
levels of this cytokine in Ob.LIR could be in part responsible for the low IR level shown
compared to Ob.HIR; (2) ZBTB16, which has been proposed as a regulator of adipogenesis
in epigenetic studies, has been shown to stimulate adipogenesis and induce brown-like
adipocyte formation in bovine primary cells [31]; (3) another upregulated gene was ROCK2,
an inhibitor of adipogenesis in 3T3L1 cells, while partial ROCK KO mice display a pro-
nounced thermogenic rewiring of white AT, AT mass gain and an amelioration of IR [32,33];
(4) PLIN2, which is located in the droplet surface, can inhibit glucose uptake in several
models including differentiated 3T3L1 cell lines [34,35]; therefore, the higher regulation of
PLIN2 in Ob.HIR would also be in concordance; (5) CD36 is upregulated both in high IR
states. Lack of CD36 in a Cd36-KO mouse model presented lower adiposity with alteration
in leptin production and higher insulin sensitivity [36]. In a more recent study, CD36 has
been described to enhance AT inflammation and cell death in diet-induced obese mice
while CD36-KO mice showed improved insulin sensitivity [37], while its blockage in 3T3L1
has been described to enhance insulin signaling [38]. Therefore, H3K4me3-mediated CD36
overexpression in Ob.HIR compared to Ob.LIR could be contributing to IR in these subjects;
(6) F13A1 is also upregulated in Ob.HIR, whose absence induces in diet-induced mice
“healthy obesity” [39]; (7) lack of DDRGK1 has been shown to cause ER stress (present in
obesity) [40] and stress-induced apoptosis in cancer cells and hematopoietic cell lines [41].
Therefore, the H3K4me3-induced expression of DDRGK1 in Ob.LIR subjects could be
regarded as a protective factor compared to Ob.HIR subjects.

5. Conclusions

As conclusions, we have demonstrated that in human VAT, H3K4me3 is located
at the promoter of genes involved in AT development and function. H3K4me3 could
regulate gene expression in human VAT, and likewise, genes enriched for H3K4me3 at
their promoters displayed higher mRNA levels. Furthermore, H3K4me3 enrichment was
highly dependent on the presence of obesity and/or IR, which in turn was associated with
changes in mRNA levels. These changes have been shown to impact AT function during
obesity and IR, therefore being key factors in the etiology of both conditions. This study
provides new evidence on the epigenetics of human VAT during obesity and metabolic
disease, which could reveal new clues for the development of new epigenetic-based tools
or pharmacological treatments against obesity and obesity-related disorders.
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similarity for H3K4me3 enrichment among study participants. PCA plot (A) and correlation matrix
(B). H3K4m3 store similarity among the 3 groups (C, D and E); Figure S3: Store similarity for mRNA
expression among study groups.

https://www.mdpi.com/article/10.3390/biomedicines9101363/s1
https://www.mdpi.com/article/10.3390/biomedicines9101363/s1


Biomedicines 2021, 9, 1363 12 of 13

Author Contributions: F.C., M.I.Q.-O. and D.C.-C. conceived the study. D.C.-C. and B.R.-M. designed
experiments. L.O.-W. collected, prepared and/or provided the clinical samples. D.C.-C. lead data
analyses. D.C.-C. and W.O.-O. performed experiments. F.C., M.I.Q.-O. and D.C.-C. analyzed data.
D.C.-C. provided bioinformatics support. D.C.-C. generated figures with contributions from F.C.,
M.I.Q.-O., B.R.-M. and W.O.-O. D.C.-C. drafted the manuscript. M.I.Q.-O. is the guarantor of this
work, has full access to all the data in the study and takes responsibility for the integrity of the data.
All authors reviewed and contributed feedback on the final manuscript. All authors have read and
agreed to the published version of the manuscript.

Funding: This study was supported by research grants from the Institute of Health Carlos III (ISCIII)
(PI18/00453, PI17/01104) and co-financed by the European Regional Development Fund (ERDF).
BRM was supported by the “Miguel Servet Type I” program (CP19/00098) from the ISCIII. FC was
supported by the “Nicolas Monardes” program from the Andalusian Health Public System (C-0032-
2016). MQO was supported by the “Miguel Servet Type II” program (CPII18/00003) from the ISCIII
and by the “Nicolas Monardes” program from the Andalusian Health Public System (C-0030-2018).

Institutional Review Board Statement: All participants gave their informed written consent, and
the study was reviewed and approved by the Ethics and Research Committee of the Virgen de la
Victoria University Hospital. The study was conducted according to the guidelines of the Declaration
of Helsinki, and approved by the Ethics Committee of Virgen de la Victoria Hospital (PI11/02518, in
Málaga the 25 March 2011).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: All data generated or analysed during this study are included in this
published article (and its supplementary information files).

Conflicts of Interest: The authors do not have competing interests to declare.

References
1. Prins, J.B. Adipose tissue as an endocrine organ. Best Pract. Res. Clin. Endocrinol. Metab. 2002, 16, 639–651. [CrossRef]
2. Schoettl, T.; Fischer, I.P.; Ussar, S. Heterogeneity of adipose tissue in development and metabolic function. J. Exp. Biol. 2018, 221,

jeb162958. [CrossRef]
3. Kahn, C.R.; Wang, G.; Lee, K.Y. Altered adipose tissue and adipocyte function in the pathogenesis of metabolic syndrome. J. Clin.

Investig. 2019, 129, 3990–4000. [CrossRef] [PubMed]
4. Quail, D.F.; Dannenberg, A.J. The obese adipose tissue microenvironment in cancer development and progression Daniela. Nat.

Rev. Endocrinol. 2019, 15, 139–154. [CrossRef] [PubMed]
5. Longo, M.; Zatterale, F.; Naderi, J.; Parrillo, L.; Formisano, P.; Raciti, G.A.; Beguinot, F.; Miele, C. Adipose Tissue Dysfunction as

Determinant of Obesity-Associated Metabolic Complications. Int. J. Mol. Sci. 2019, 20, 2358. [CrossRef]
6. Castellano-Castillo, D.; Ramos-Molina, B.; Cardona, F.; Queipo-Ortuño, M.I. Epigenetic regulation of white adipose tissue in the

onset of obesity and metabolic diseases. Obes. Rev. 2020, 21, e13054. [CrossRef] [PubMed]
7. Cavalli, G.; Heard, E. Advances in epigenetics link genetics to the environment and disease. Nature 2019, 571, 489–499. [CrossRef]
8. Seo, J.B.; Riopel, M.; Cabrales, P.; Huh, J.Y.; Bandyopadhyay, G.K.; Andreyev, A.Y.; Murphy, A.N.; Beeman, S.C.; Smith, G.; Klein,

S.; et al. Knockdown of ANT2 reduces adipocyte hypoxia and improves insulin resistance in obesity. Nat. Metab. 2019, 1, 86–97.
[CrossRef] [PubMed]

9. Pereira, M.J.; Skrtic, S.; Katsogiannos, P.; Abrahamsson, N.; Sidibeh, C.O.; Dahgam, S.; Månsson, M.; Risérus, U.; Kullberg, J.;
Eriksson, J.W. Impaired adipose tissue lipid storage, but not altered lipolysis, contributes to elevated levels of NEFA in type 2
diabetes. Degree of hyperglycemia and adiposity are important factors. Metabolism 2016, 65, 1768–1780. [CrossRef]

10. Sharma, M.; Boytard, L.; Hadi, T.; Koelwyn, G.; Simon, R.; Ouimet, M.; Seifert, L.; Spiro, W.; Yan, B.; Hutchison, S.; et al. Enhanced
glycolysis and HIF-1α activation in adipose tissue macrophages sustains local and systemic interleukin-1β production in obesity.
Sci. Rep. 2020, 10, 1–12. [CrossRef] [PubMed]

11. Castellano-Castillo, D.; Denechaud, P.-D.; Moreno-Indias, I.; Tinahones, F.J.; Fajas, L.; Queipo-Ortuño, M.I.; Cardona, F. Chromatin
immunoprecipitation improvements for the processing of small frozen pieces of adipose tissue. PLoS ONE 2018, 13, e0192314.
[CrossRef]

12. Castellano-Castillo, D.; Denechaud, P.-D.; Fajas, L.; Moreno-Indias, I.; Oliva-Olivera, W.; Tinahones, F.J.; Queipo-Ortuño, M.I.;
Cardona, F. Human adipose tissue H3K4me3 histone mark in adipogenic, lipid metabolism and inflammatory genes is positively
associated with BMI and HOMA-IR. PLoS ONE 2019, 14, e0215083. [CrossRef]

13. Dai, Z.; Mentch, S.J.; Gao, X.; Nichenametla, S.; Locasale, J.W. Methionine metabolism influences genomic architecture and gene
expression through H3K4me3 peak width. Nat. Commun. 2018, 9, 1–12. [CrossRef]

14. Bannister, A.J.; Kouzarides, T. Regulation of chromatin by histone modifications. Cell Res. 2011, 21, 381–395. [CrossRef]

http://doi.org/10.1053/beem.2002.0222
http://doi.org/10.1242/jeb.162958
http://doi.org/10.1172/JCI129187
http://www.ncbi.nlm.nih.gov/pubmed/31573548
http://doi.org/10.1038/s41574-018-0126-x
http://www.ncbi.nlm.nih.gov/pubmed/30459447
http://doi.org/10.3390/ijms20092358
http://doi.org/10.1111/obr.13054
http://www.ncbi.nlm.nih.gov/pubmed/32542987
http://doi.org/10.1038/s41586-019-1411-0
http://doi.org/10.1038/s42255-018-0003-x
http://www.ncbi.nlm.nih.gov/pubmed/31528845
http://doi.org/10.1016/j.metabol.2016.09.008
http://doi.org/10.1038/s41598-020-62272-9
http://www.ncbi.nlm.nih.gov/pubmed/32221369
http://doi.org/10.1371/journal.pone.0192314
http://doi.org/10.1371/journal.pone.0215083
http://doi.org/10.1038/s41467-018-04426-y
http://doi.org/10.1038/cr.2011.22


Biomedicines 2021, 9, 1363 13 of 13

15. Lefterova, M.I.; Haakonsson, A.K.; Lazar, M.A.; Mandrup, S. PPAR g and the global map of adipogenesis and beyond. Trends
Endocrinol. Metab. 2014, 25, 293–302. [CrossRef]

16. Roh, H.C.; Kumari, M.; Taleb, S.; Tenen, D.; Jacobs, C.; Lyubetskaya, A.; Tsai, L.T.-Y.; Rosen, E.D. Adipocytes fail to maintain
cellular identity during obesity due to reduced PPARγ activity and elevated TGFβ-SMAD signaling. Mol. Metab. 2020, 42, 101086.
[CrossRef]

17. Jimenez, M.A.; AÅkerblad, P.; Sigvardsson, M.; Rosen, E.D. Critical Role for Ebf1 and Ebf2 in the Adipogenic Transcriptional
Cascade. Mol. Cell. Biol. 2007, 27, 743–757. [CrossRef] [PubMed]

18. Gao, H.; Mejhert, N.; Fretz, J.; Arner, E.; Lorente-Cebrián, S.; Ehrlund, A.; Dahlman-Wright, K.; Gong, X.; Strömblad, S.; Douagi, I.;
et al. Early B Cell Factor 1 Regulates Adipocyte Morphology and Lipolysis in White Adipose Tissue. Cell Metab. 2014, 19, 981–992.
[CrossRef]

19. Lu, J.; Zhao, J.; Meng, H.; Zhang, X. Adipose Tissue-Resident Immune Cells in Obesity and Type 2 Diabetes. Front. Immunol. 2019,
10, 1–12. [CrossRef]

20. Marcelin, G.; Silveira, A.L.M.; Martins, L.B.; Ferreira, A.V.; Clément, K. Deciphering the cellular interplays underlying obesity-
induced adipose tissue fibrosis. J. Clin. Investig. 2019, 129, 4032–4040. [CrossRef]

21. Jokinen, R.; Pirnes-Karhu, S.; Pietiläinen, K.; Pirinen, E. Adipose tissue NAD+-homeostasis, sirtuins and poly(ADP-ribose)
polymerases -important players in mitochondrial metabolism and metabolic health. Redox Biol. 2017, 12, 246–263. [CrossRef]

22. Sato, F.; Maeda, N.; Yamada, T.; Namazui, H.; Fukuda, S.; Natsukawa, T.; Nagao, H.; Murai, J.; Masuda, S.; Tanaka, Y.; et al.
Association of Epicardial, Visceral, and Subcutaneous Fat with Cardiometabolic Diseases. Circ. J. 2018, 82, 502–508. [CrossRef]
[PubMed]

23. Kusminski, C.M.; Scherer, P.E. Mitochondrial dysfunction in white adipose tissue. Trends Endocrinol. Metab. 2012, 23, 435–443.
[CrossRef] [PubMed]

24. Ulven, S.M.; Dalen, K.T.; Gustafsson, J.-Å.; Nebb, H.I. LXR is crucial in lipid metabolism. Prostaglandins Leukot. Essent. Fat. Acids
2005, 73, 59–63. [CrossRef] [PubMed]

25. Dickinson, R.; Duncan, W.C. The SLIT–ROBO pathway: A regulator of cell function with implications for the reproductive system.
Reproduction 2010, 139, 697–704. [CrossRef]

26. Svensson, K.J.; Long, J.Z.; Jedrychowski, M.P.; Cohen, P.; Lo, J.C.; Serag, S.; Kir, S.; Shinoda, K.; Tartaglia, J.A.; Rao, R.R.; et al.
A Secreted Slit2 Fragment Regulates Adipose Tissue Thermogenesis and Metabolic Function. Cell Metab. 2016, 23, 454–466.
[CrossRef] [PubMed]

27. Ortega-Prieto, P.; Postic, C. Carbohydrate Sensing Through the Transcription Factor ChREBP. Front. Genet. 2019, 10, 472.
[CrossRef] [PubMed]

28. Han, M.S.; White, A.; Perry, R.J.; Camporez, J.-P.; Hidalgo, J.; Shulman, G.I.; Davis, R.J. Regulation of adipose tissue inflammation
by interleukin 6. Proc. Natl. Acad. Sci. USA 2020, 117, 2751–2760. [CrossRef]

29. Smith, U.; Kahn, B.B. Adipose tissue regulates insulin sensitivity: Role of adipogenesis, de novo lipogenesis and novel lipids. J.
Intern. Med. 2016, 280, 465–475. [CrossRef]

30. Cereijo, R.; Gavaldà-Navarro, A.; Cairó, M.; López, T.P.Q.; Villarroya, J.; Morón-Ros, S.; Sánchez-Infantes, D.; Peyrou, M.; Iglesias,
R.; Mampel, T.; et al. CXCL14, a Brown Adipokine that Mediates Brown-Fat-to-Macrophage Communication in Thermogenic
Adaptation. Cell Metab. 2018, 28, 750–763.e6. [CrossRef]

31. Wei, S.; Zhang, M.; Zheng, Y.; Yan, P. ZBTB16 Overexpression Enhances White Adipogenesis and Induces Brown-Like Adipocyte
Formation of Bovine White Intramuscular Preadipocytes. Cell. Physiol. Biochem. 2018, 48, 2528–2538. [CrossRef]

32. Wei, L.; Surma, M.; Yang, Y.; Tersey, S.; Shi, J. ROCK2 inhibition enhances the thermogenic program in white and brown fat tissue
in mice. FASEB J. 2020, 34, 474–493. [CrossRef] [PubMed]

33. Diep, D.T.V.; Hong, K.; Khun, T.; Zheng, M.; Ul-Haq, A.; Jun, H.-S.; Kim, Y.-B.; Chun, K.-H. Anti-adipogenic effects of KD025
(SLx-2119), a ROCK2-specific inhibitor, in 3T3-L1 cells. Sci. Rep. 2018, 8, 1–14. [CrossRef]

34. Senthivinayagam, S.; McIntosh, A.L.; Moon, K.C.; Atshaves, B.P. Plin2 Inhibits Cellular Glucose Uptake through Interactions with
SNAP23, a SNARE Complex Protein. PLoS ONE 2013, 8, e73696. [CrossRef] [PubMed]

35. Cho, K.; Kang, P. PLIN2 inhibits insulin-induced glucose uptake in myoblasts through the activation of the NLRP3 inflammasome.
Int. J. Mol. Med. 2015, 36, 839–844. [CrossRef] [PubMed]

36. Hajri, T.; Hall, A.M.; Jensen, D.R.; Pietka, T.A.; Drover, V.A.; Tao, H.; Eckel, R.; Abumrad, N.A. CD36-Facilitated Fatty Acid
Uptake Inhibits Leptin Production and Signaling in Adipose Tissue. Diabetes 2007, 56, 1872–1880. [CrossRef]

37. Cai, L.; Wang, Z.; Ji, A.; Meyer, J.M.; Van Der Westhuyzen, D.R. Scavenger Receptor CD36 Expression Contributes to Adipose
Tissue Inflammation and Cell Death in Diet-Induced Obesity. PLoS ONE 2012, 7, e36785. [CrossRef]

38. Kennedy, D.J.; Kuchibhotla, S.; Westfall, K.M.; Silverstein, R.L.; Morton, R.E.; Febbraio, M. A CD36-dependent pathway enhances
macrophage and adipose tissue inflammation and impairs insulin signalling. Cardiovasc. Res. 2010, 89, 604–613. [CrossRef]

39. Myneni, V.D.; Mousa, A.; Kaartinen, M.T. Factor XIII-A transglutaminase deficient mice show signs of metabolically healthy
obesity on high fat diet. Sci. Rep. 2016, 6, 35574. [CrossRef]

40. Kawasaki, N.; Asada, R.; Saito, A.; Kanemoto, S.; Imaizumi, K. Obesity-induced endoplasmic reticulum stress causes chronic
inflammation in adipose tissue. Sci. Rep. 2012, 2, 799. [CrossRef]

41. Liu, J.; Wang, Y.; Song, L.; Zeng, L.; Yi, W.; Liu, T.; Chen, H.; Wang, M.; Ju, Z.; Cong, Y.-S. A critical role of DDRGK1 in endoplasmic
reticulum homoeostasis via regulation of IRE1α stability. Nat. Commun. 2017, 8, 14186. [CrossRef] [PubMed]

http://doi.org/10.1016/j.tem.2014.04.001
http://doi.org/10.1016/j.molmet.2020.101086
http://doi.org/10.1128/MCB.01557-06
http://www.ncbi.nlm.nih.gov/pubmed/17060461
http://doi.org/10.1016/j.cmet.2014.03.032
http://doi.org/10.3389/fimmu.2019.01173
http://doi.org/10.1172/JCI129192
http://doi.org/10.1016/j.redox.2017.02.011
http://doi.org/10.1253/circj.CJ-17-0820
http://www.ncbi.nlm.nih.gov/pubmed/28954947
http://doi.org/10.1016/j.tem.2012.06.004
http://www.ncbi.nlm.nih.gov/pubmed/22784416
http://doi.org/10.1016/j.plefa.2005.04.009
http://www.ncbi.nlm.nih.gov/pubmed/15913974
http://doi.org/10.1530/REP-10-0017
http://doi.org/10.1016/j.cmet.2016.01.008
http://www.ncbi.nlm.nih.gov/pubmed/26876562
http://doi.org/10.3389/fgene.2019.00472
http://www.ncbi.nlm.nih.gov/pubmed/31275349
http://doi.org/10.1073/pnas.1920004117
http://doi.org/10.1111/joim.12540
http://doi.org/10.1016/j.cmet.2018.07.015
http://doi.org/10.1159/000492697
http://doi.org/10.1096/fj.201901174RR
http://www.ncbi.nlm.nih.gov/pubmed/31914704
http://doi.org/10.1038/s41598-018-20821-3
http://doi.org/10.1371/journal.pone.0073696
http://www.ncbi.nlm.nih.gov/pubmed/24040030
http://doi.org/10.3892/ijmm.2015.2276
http://www.ncbi.nlm.nih.gov/pubmed/26166692
http://doi.org/10.2337/db06-1699
http://doi.org/10.1371/journal.pone.0036785
http://doi.org/10.1093/cvr/cvq360
http://doi.org/10.1038/srep35574
http://doi.org/10.1038/srep00799
http://doi.org/10.1038/ncomms14186
http://www.ncbi.nlm.nih.gov/pubmed/28128204

	Introduction 
	Methods 
	Sample Collection 
	Chromatin Immunoprecipitation Sequencing (ChIP-Seq) 
	RNA Sequencing (RNA-Seq) 
	ChIP-Seq Bioinformatic Processing and Analysis 
	RNA-Seq Bioinformatic Processing and Analysis 

	Results 
	A Whole Picture of H3K4me3 Profile in Human Adipose Tissue 
	H3K4me3 Mark Is Associated with Gene Expression in Human Adipose Tissue 
	Analysis of H3K4me3 Enrichment in AT during Obesity and IR 
	Differential Analysis of AT H3K4me3 Profile in Obesity and IR 
	Changes in H3K4me3 Enrichment Are Related to Transcriptional Changes 
	Top 10 Differentially Expressed and H3K4me3 Enriched Genes and Their Relationship with Metabolic Variables 

	Discussion 
	Conclusions 
	References

