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Abstract

Background: Increased lower body fat is associated with reduced cardiometabolic risk. The molecular basis for depot-
specific differences in gluteofemoral (GF) compared with abdominal (A) subcutaneous adipocyte function is poorly
understood. In the current report, we used a combination of Assay for Transposase-Accessible Chromatin followed by
sequencing (ATAC-seq), RNA-seq, and chromatin immunoprecipitation (ChIP)-qPCR analyses that provide evidence that
depot-specific gene expression patterns are associated with differential epigenetic chromatin signatures.

Methods: Preadipocytes cultured from A and GF adipose tissue obtained from premenopausal apple-shaped
women were used to perform transcriptome analysis by RNA-seq and assess accessible chromatin regions by
ATAC-seq. We measured mRNA expression and performed ChIP-qPCR experiments for histone modifications of
active (H3K4me3) and repressed chromatin (H3K27me3) regions respectively on the promoter regions of differentially
expressed genes.

Results: RNA-seq experiments revealed an A-fat and GF-fat selective gene expression signature, with 126 genes
upregulated in abdominal preadipocytes and 90 genes upregulated in GF cells. ATAC-seq identified almost 10-
times more A-specific chromatin-accessible regions. Using a combined analysis of ATAC-seq and global gene
expression data, we identified 74 of the 126 abdominal-specific genes (59%) with A-specific accessible chromatin
sites within 200 kb of the transcription start site (TSS), including HOXA3, HOXA5, IL8, IL1b, and IL6. Interestingly, only 14
of the 90 GF-specific genes (15%) had GF-specific accessible chromatin sites within 200 kb of the corresponding TSS,
including HOXC13 and HOTAIR, whereas 25 of them (28%) had abdominal-specific accessible chromatin sites. ChIP-
qPCR experiments confirmed that the active H3K4me3 chromatin mark was significantly enriched at the promoter
regions of HOXA5 and HOXA3 genes in abdominal preadipocytes, while H3K27me3 was less abundant relative to
chromatin from GF. This is consistent with their A-fat specific gene expression pattern. Conversely, analysis of the
promoter regions of the GF specific HOTAIR and HOXC13 genes exhibited high H3K4me3 and low H3K27me3 levels in
GF chromatin compared to A chromatin.
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Conclusions: Global transcriptome and open chromatin analyses of depot-specific preadipocytes identified their gene
expression signature and differential open chromatin profile. Interestingly, A-fat-specific open chromatin regions can be
observed in the proximity of GF-fat genes, but not vice versa.

Trial registration: Clinicaltrials.gov, NCT01745471. Registered 5 December 2012.

Keywords: Chromatin openness, Gene expression, Histone marks, Preadipocytes, Fat distribution, Abdominal
fat, Gluteofemoral fat

Introduction
As body weight increases, the distribution of body fat
becomes an important factor that determines metabolic
health [1]. Excess intra-abdominal fat storage is well-
known to be associated with increased cardiovascular
and metabolic risks [2, 3]. As compared to other fat
depots, visceral adipose tissue has increased metabolic
activity, specifically both lipid uptake and lipolysis. Free
fatty acids, the product of lipolysis, induce peripheral
insulin resistance thereby inhibiting skeletal muscle
uptake. However, over the past 15 years, growing evi-
dence supports a primary role of subcutaneous adipose
tissue in the metabolic complications of obesity and in
the development of insulin resistance [4–7]. Importantly,
Jensen demonstrated that the upper body non-visceral
fat was the major source of free fatty acids in humans,
with intra-abdominal (visceral) adipose tissue contribut-
ing to only 15% of the total systemic free fatty acids [6].
A very recent study where the authors collected the data
from the National Health and Nutrition Examination
Survey for the years 1999–2006 established in the same
manner a strong association between upper body fat and
metabolic risk factors independent of visceral fat [8]. In
contrast, preferential fat accumulation in the lower body,
or gluteal-femoral (GF) depot, is now recognized to be
protective against the deleterious cardiometabolic effects
of obesity [9, 10]. A common hypothesis is that lower
body fat serves as a “sink” for excess energy sequestering
lipid away from visceral adipose tissue and also prevent-
ing fat accumulation in other unhealthy areas such as
the liver, pancreas, and muscle [11]. Regional gene
expression differences that influence preadipocyte prolif-
eration, differentiation, and subtype abundance likely
contribute to regional variations in fat tissue function (for
reviews, see [12–14]). However, the exact physiological,
metabolic, or endocrine mechanisms underlying the benefi-
cial effects of lower body fat deposition remain unknown.
Multiple studies, including our own work, reported

that the homeobox (HOX) family and HOX domain-
encoding genes (SHOX2 and IRBX2) are differentially
expressed between the two major subcutaneous tissue
depots, abdominal and GF [15–17]. Interestingly, pre-
adipocytes isolated from these depots, cultured and
differentiated under the same conditions, retain the

unique gene expression profile characteristic of depot
origin, and the differences are maintained during con-
version into lipid-laden adipocytes [18, 19]. Import-
antly, we discovered that the lncRNA HOTAIR known
to be involved in the epigenetic regulation of cancer
progression [20, 21] is only expressed at appreciable
levels in GF-fat and isolated preadipocytes from GF
[22]. Altogether, these observations strongly indicate
there is a depot-specific epigenetic program that is in-
volved in adipose tissue patterning which may be also
influence pathologic downstream effects in obesity.
Current knowledge is limited concerning the chroma-

tin status of adipose tissue from different anatomical lo-
cations. To date, only one study investigated the DNA
methylome of the human A- and GF-fat by using DNA
methylation array in a heterogenous group of subjects
[15]. Chromatin accessibility represents another essential
level of genome regulation. In the present study, we
investigated depot-specific chromatin structure and gene
expression using preadipocytes isolated from human
subcutaneous adipose tissue. We report on the differ-
ences in chromatin openness and transcriptomic signa-
tures of the A and GF preadipocytes in order to better
understand the basis for the differential programming of
anatomically distinct scWAT depots.

Methods
Participants
Six healthy premenopausal, weight-stable females aged
20–40 years with a body mass index (BMI) (calculated as
weight in kilograms divided by height in meters squared)
between 27 and 40 kg/m2 were recruited in Orlando
using advertisements approved by an institutional review
board. Subjects were excluded if they reported a history
of chronic disease (diabetes, heart or liver disease, high
blood pressure, gastrointestinal disorder), recent weight
loss or gain (> 3 kg over the past 8 weeks), had abnormal
blood or urine values, or use of oral contraceptives or
hormone replacement therapy. Adipose tissue biopsies
were collected with a three-hole 2.5-mm liposuction
cannula from the mid-abdomen approximately 5–8 cm
lateral to the umbilicus. Gluteofemoral adipose tissue
was collected 10–20 cm below the greater trochanter on
the most lateral side of the upper thigh. Samples were
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cleaned at the bedside; a fraction of it was snap frozen in
liquid nitrogen, and the rest was immediately used for
preadipocyte isolation.
The characteristics of the study group are presented in

Table 1. Two subjects of this group were randomly
selected to perform genome-wide analysis.

Isolation of preadipocytes and culture conditions
Stromal vascular fractions were isolated from scWAT
abdominal and GF depot, plated, and grown as previously
described [23] with the addition of hEGF and hFGF (Life
Technologies, 10 μg/ml and 4 μg/ml, respectively) during
the expansion phase [24]. The preadipocyte population
was initially purified by depletion of the stromal vascular
fraction from macrophages (CD14- and CD206-positive
cells) and endothelial cells (CD31-positive cells) using
fluorescence-activated cell sorting. At confluence, cells
were harvested and used for Assay for
Transposase-Accessible Chromatin followed by sequen-
cing (ATAC-seq) or chromatin isolation as described
above. A fraction of the cells were frozen for RNA
extraction.

RNA-seq
RNA was isolated using RNeasy Mini Kit (Qiagen) from
abdominal and GF preadipocytes. Approximately 2 μg was
used for library preparation with TruSeq RNA Sample
Preparation Kit (Illumina). Following purification, RNA
was fragmented with divalent cations at 85 °C, and then
cDNA was generated by random primers and SuperScript
II enzyme (Life Technologies). Second-strand synthesis
was performed followed by end repair, single “A” base

addition, and ligation of barcode indexed adaptors to the
DNA fragments. Adapter-specific PCRs were performed
to generate sequencing libraries. Libraries were size se-
lected with E-Gel EX 2% agarose gels (Life Technologies)
and purified by QIAquick Gel Extraction Kit (Qiagen).
The result is libraries with inserts ranging in size from 120
to 210 bp with a median size of 155 bp. Libraries were
sequenced on HiSeq 2500 instrument.

ATAC-seq
ATAC-seq was carried out as described earlier [25].
After trypsinization, abdominal and GF preadipocytes
nuclei were isolated. Nuclei were used for tagmenta-
tion using Nextera DNA Library Preparation Kit (Illu-
mina). After tagmentation, DNA was purified with
MinElute PCR Purification Kit (Qiagen). Tagmented
DNA was amplified with Kapa HiFi Hot Start Kit
(Kapa Biosystems) using 16 PCR cycles. Amplified li-
braries were purified with Agencourt AMPure XP
(Beckman Coulter). Fragment distribution of libraries
was assessed with Agilent Bioanalyzer, and libraries
were sequenced on a HiSeq 2500 platform.

Real-time quantitative RT-PCR
Total RNA from adipose tissue and preadipocytes were
extracted using the lipid RNeasy kit and the RNeasy mini
kit (Qiagen), respectively. Gene expression was assessed
by real-time PCR using a ViiA7 sequence detection system
(Life Technologies) and Taqman technology suitable for
relative gene expression quantification using the following
parameters: 1 cycle of 95 °C for 10 min, followed by 40 cy-
cles at 95 °C for 10 s and 60 °C for 1 min. All samples
were normalized to PPIA showing low variability between
A and GF samples (Additional file 1: Figure S1).

Chromatin Immunoprecipitation-PCR assay
Chromatin immunoprecipitations (ChIPs) were per-
formed and analyzed as described [26]. Briefly, cells were
crosslinked for 10 min with 1% formaldehyde and
quenched 8 min with glycine (125 mM). Cells were incu-
bated in buffer A (10 mM Tris, 1 mM KCl, 1.5 mM
MgCl2) for 10 min on ice then dounce homogenized
with 10 strokes. The mixture was centrifuged, and the
pellet was resuspended in buffer B (50 mM Tris-HCl,
10 mM EDTA, 1% SDS) and kept for 10 min on ice.
DNA was sonicated to obtain 300–1000 bp fragments
with the Diagenode Bioruptor sonicator (high setting
with 30 s on/off cycle during 15 min). The rabbit poly-
clonal H3K4me3 and H3K27me3 antibodies (Diagenode)
were used to study the histone marks; a Rabbit IgG was
used as a negative control. Dynabeads (Life Technolo-
gies) blocked with PBS 1% BSA were used to immuno-
precipitate the complexes.

Table 1 Clinical parameters of women subjects (mean ±
standard deviation)

Clinical parameters Obese subjects (n = 6)

Age (years) 34 ± 4.7

Adiposity markers

BMI (kg/m2) 34.0 ± 2.81

Body weight (kg) 95.4 ± 6.80

Waist to hip ratio 0.94 ± 0.04

Total fat mass (kg) 40.6 ± 4.73

Total lean mass (kg) 53.2 ± 3.92

% fat mass 43.0 ± 2.92

Metabolic markers

Systolic blood pressure (mm Hg) 113 ± 4.85

Diastolic blood pressure (mm Hg) 68.0 ± 6.02

Glucose (mg/dL) 94.5 ± 12.9

Insulin (mU/L) 6.24 ± 2.85

FFA (mmol/L) 0.43 ± 0.06

TSH (mUI/L) 1.59 ± 0.36
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ChIP-PCR primers (Table 2) were designed to amplify
the promoter regions from the specific HOX genes as
detailed in Figs. 5 and 6. Primers were also designed for
a region of the GAPDH locus for a positive control and
G6Pase for a negative control.

RNA-seq analysis
Raw sequence data were aligned to the hg19 reference
genome assembly (GRCh37) by using TopHat (v2.0.7).
The fragments per kilobase of transcript per million
mapped reads (FPKM) values were calculated by Cuf-
flinks (v2.0.2) with default parameters [27]. Differen-
tially expressed genes per subjects were determined
by the Cuffdiff algorithm of Cufflinks, and only genes
with p ≤ 0.05 in both subjects were used to further
analyses (Additional file 2: Table S1). Gene expression
heat map was visualized by using the pheatmap func-
tion of the pheatmap package in R. The values were
normalized per rows.

ATAC-seq analysis
Raw sequence reads were aligned to the hg19 reference
genome assembly (GRCh37) by using the Burrows-
Wheeler Alignment (BWA) tool (v07.10) [28], and then
BAM files were generated with SAMtools (v0.1.19) [29].
“Peaks” were predicted using the Model-based Analysis
of ChIP-Seq (MACS2) tool (v2.0.10) [30]. To remove the
artifacts from the predicted peaks, we used the black-
listed genomic regions of the Encyclopedia of DNA
Elements (ENCODE) [31]. Fragment length was set to
150 nucleotides by the makeTagDirectory program of the
Hypergeometric Optimization of Motif EnRichment
(HOMER) package (v4.2) [32].
Coverage (bedgraph) files were created by the

makeUCSCfile.pl program of HOMER. A consensus set
was generated from those peaks which could be pre-
dicted from at least two samples, and “summit cover-
age” values (on the middle 50-bp bins) were calculated
based on this set by annotatePeaks.pl (HOMER) with
-hist 50 and -ghist parameters. Each value within the
coverage files was divided with the median value of
“summit coverage.” Upon this normalization, bedgraph
files were converted to tiled data formats (.tdf ) by
using the toTDF command of the IGVtools program
(v2.3.9) [33]. Median normalized read distribution

plots of overlapping and depot-specific peaks were also
generated. Peak annotation was determined by annota-
tePeaks.pl. Histograms, created also with annotate-
Peaks.pl, show the average tag densities of the peaks
relative to the transcription start site (TSS) ± 250 bp in
1-bp resolution. Overlapping and depot- or subject-specific
peaks were determined using the intersectBed program
of BedTools (v2.23.0) [34].

DiffBind analysis
Correlation heat maps of ATAC-seq peak densities were
created by differential binding analysis (DBA) using the
DiffBind package (v1.2.4) in R. Regions that were pre-
dicted from at least two samples (minOverlap parameter
was set to 2) and were found differently opened between
the depots according to a P ≤ 0.005 threshold were used
for visualization and further analyses. For volcano plots,
significance and log fold change values were calculated
by DiffBind. ATAC-seq peaks within ± 100 kb to the TSS
of depot-specific genes but not farther than the neigh-
boring gene (BedTools) were used for further DiffBind
analyses.

Motif analysis
Motif enrichment analysis was carried out by findMotifs-
Genome.pl (HOMER). It was performed on the ± 100 bp
flanking regions of the peak summits or in the ± 250 bp
regions of genes TSSs. The search lengths of the motifs
were 8, 10, 12, and 14 bp. p values were calculated by
comparing the enrichments within the target regions
and those of a random set of regions (background) gen-
erated by HOMER.

Visualization of the ATAC-seq data
Volcano plots, box plots, and histograms were created
with GraphPad Prism 6. Coverage files were visualized
by Integrative Genomics Viewer (IGV).

RT-qPCR and ChIP-qPCR analysis
To compare A-fat vs. GF-fat gene expression and
histone marks in obese subjects, individual data are
presented and paired t tests were used. ChIP-PCR
data are presented as a percent of 5% input. All statis-
tical analyses on clinical data were performed in SAS
(V11.2.1).

Table 2 List of primer sequences used for real-time PCR to quantify the ChIP-assays

Gene Forward Reverse

HOTAIR (−329) GTGAGCTCGCGGCATTTTTA GCATTTTCGACCCAGGCATC

HOXA3 (− 313) GGGGGTAGGGAGGAATTTGC CCTGACCCCCAAGAACTCAC

HOXA5 (− 398) TGGCTAAATGGCTTTCCCCC CCGTTTTGCAGCCCCTCTTA

HOXC13 (+ 42) CCAATCCAGAGACTTCAGGA GAGGAGAGCGCTGTAACTG
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Results
Characterization of the accessible chromatin profile of
human subcutaneous preadipocytes
We set out to study the open chromatin profile of hu-
man subcutaneous white adipose tissue (WAT), using
abdominal (A) and gluteofemoral (GF) depot-derived
preadipocytes isolated from two obese apple-shaped
women (age = 33 ± 2.3 years, BMI = 34 ± 1.4 kg/m2, waist
to hip ratio = 0.93 ± 0.02). In order to gain a genome-
wide view of accessible chromatin regions from the iso-
lated preadipocytes, we utilized Assay for Transposase-
Accessible Chromatin followed by sequencing (ATAC-
seq). We sequenced two technical replicates from each
individual’s A- and GF-derived preadipocytes yielding
four samples from each depot. We identified 112,362
and 104,957 peaks in A and GF samples respectively,
91,022 peaks being common to both depots (81% of the
A peaks and 87% of the GF peaks). Differential binding
analysis of the ATAC-seq data and hierarchical cluster-
ing revealed that A and GF samples are clustered
together as expected based on their distinct anatomical
origin (Additional file 3: Figure S1). Further analysis of
the ATAC-seq data identified the significantly different
open chromatin regions between A and GF preadipo-
cytes. We observed 7160 A-specific and 780 GF-specific
open chromatin regions (Fig. 1a and Additional file 3:
Figure S1). Genome browser visualizations of the top 5
A- and GF-specific regions in each sample were summa-
rized in supplemental data (Additional file 3: Figure S2).
Genome-wide distribution of depot-specific accessible

chromatin regions revealed that around half of these
were localized in intergenic regions (43% of A-specific
regions and 63% of GF-specific regions) as shown in
Fig. 1b. In addition, a higher percentage of abdominal-
specific regions were found in gene promoter regions
(7%) compared to the GF-specific peaks (only 3%)
(Fig. 1b). De novo motif analysis at these specific open
chromatin regions identified some of the well-known
transcription factors involved in adipogenesis, such as
GATA and C/EBP (Fig. 1c). As expected, a clear majority
of the depot-specific peaks showed enrichment for the
transcription factor binding motif AP-1, which is known
to promote WAT formation (Fig. 1c).

Gene expression profiling of human subcutaneous
preadipocytes
After we determined the accessible chromatin regions of
depot-specific preadipocytes, we investigated the associ-
ated gene expression profiles. In the first subject, 2117
genes were differentially expressed between abdominal
and GF preadipocytes. The difference was much smaller
for the second subject with only 536 differentially
expressed genes (Fig. 2a). In this study, we have focused
on the 216 genes that were differentially regulated in

both subjects. Of these, 126 genes exhibited significantly
higher expression in abdominal preadipocytes, and 90
genes showed significantly higher expression in GF
preadipocytes (Fig. 2b, Additional file 2: Table S1). Con-
sistent with our previously described results from
adipose tissue [16], some of the HOX gene family mem-
bers showed the greatest fold change difference in our
datasets between the two depots (HOXA5 and HOXA3
in the abdominal depot—fold change 86 and 26, respect-
ively; HOXC11 in GF depot—fold change 24). Interestingly,
inflammatory cytokines (IL1α, IL1β) and chemokines (IL8,
GCP2, GRO1/2/3, CXCL5, MCP1) were upregulated in ab-
dominal preadipocytes whereas expression of extracellular
matrix components (SFRP2, ADD2, MMP9, SPON1,
HTRA3, CDON) were found preferentially increased in GF
cells. We performed Ingenuity Pathway Analysis (IPA) to
gain further insight into the possible functional implications
of these gene expression signatures. Potential upstream
regulators of the depot-specific gene sets show that
abdominal-specific genes are highly likely to be regulated
by inflammatory cytokines (TNF, IL1B, IL1A, IL17F, and
C5) than GF-specific genes; however, chemokines were ob-
served as the upstream regulators of both gene groups
(Fig. 2c). GF-specific genes were enriched for the activators
of the WNT-signaling pathway consistent with decreased
adipose expansion for the GF depot in apple-shaped
women (Fig. 2c).

Integration of transcriptional and chromatin
openness data
To examine the correlation between depot-specific open
chromatin regions from the ATAC-seq analysis with
depot-specific gene expression signatures, we integrated
our ATAC-seq and RNA-seq datasets. We first focused
on the ATAC-seq signals at the proximal promoter that
we defined as a region covering 250 bp upstream and
downstream from the transcriptional start site (TSS) of
the differentially expressed genes (Fig. 3a). Normalized
read enrichments at the promoter regions of the 126
abdominal-specific genes reported significantly higher
chromatin accessibility in the abdominal depot com-
pared to the GF depot, for both subjects (Fig. 3b). Im-
portantly, the same analysis on the gene promoters of
the 90 GF signature genes did not show major differ-
ences, although we observed significantly less reads from
the GF preadipocytes of subject 2 (Fig. 3b).
To provide a much more detailed view on chromatin

openness on the abdominal- and GF-specific gene pro-
moters, we calculated the ratio of the RPKM values of
the ATAC-seq data from the two depots on each pro-
moter for genes that showed depot-specific expression.
This analysis allowed us to define more accessible pro-
moter regions using a 1.5-fold change cutoff. Interest-
ingly, more than 39% of abdominal- and close to 65% of
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GF-specific genes promoters did not follow the expres-
sion of the corresponding gene with regard to their
chromatin openness (Fig. 3c). As expected, 61% of the
abdominal specific-genes promoters exhibited more ac-
cessibility in abdominal, and none of the abdominal-spe-
cific genes showed more open chromatin in GF cells
(Fig. 3c). Surprisingly, the GF-specific gene promoters
showed a mixed open chromatin profile between the de-
pots, 19% being more open in GF cells and 17% being
more open in abdominal cells (Fig. 3c).
To further investigate the relationship between chro-

matin openness and gene expression, we decided to ex-
tend our analysis to a broader genomic region around
the TSSs of the depot-specific genes. Therefore, we

annotated depot-specific open chromatin regions that
are located in a genomic region of 100 kbs up- and
downstream of the TSSs of the depot-specific genes
(Fig. 4a). Our analysis identified 157 abdominal domin-
ant open chromatin regions in the proximity of the
abdominal-specific genes that are linked to 74 differen-
tially expressed genes based on our annotation criteria
(Fig. 4b left panel and Additional file 2: Table S2). The
two well-established markers of abdominal depot
HOXA5 and HOXA3 exhibited abdominal-specific ex-
pression and could be linked to seven and five
abdominal-specific open chromatin regions, respect-
ively. As expected, only two GF-specific regions could
be annotated to abdominal genes (Fig. 4b left panel and

Fig. 1 Depot-specific open chromatin regions identify specific transcription factor motifs. a Volcano plot representation of depot-specific
open chromatin regions in preadipocytes. Abdominal- (highlighted in red) and GF-specific (highlighted in green) open chromatin regions
are presented (p < 0.005). b Genomic distribution of the depot-specific open chromatin regions. c Motif analysis of the depot-specific open chromatin
regions. Enriched motif matrices are presented along with the p values; the percentages of each motif are found in the target (Target %)
and background (Bg %) genomic regions
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Additional file 2: Table S2). We observed a total of 66
GF-dominant open chromatin regions in the proximity
of the GF-dominant genes, linked to 39 unique genes
(Fig. 4b right panel and Additional file 2: Table S2).
Surprisingly, 25 of these genes had significantly more
open chromatin regions in the abdominal depot (corre-
sponding to 40 ATAC-seq peaks), and only 14 genes
had more open chromatin regions in the GF depot (cor-
responding to 26 ATAC-seq peaks) (Fig. 4b right panel).
The already reported GF-specific HOXC13 gene pos-
sessed one of the most reliably detected GF-specific
open chromatin regions.
After annotating the depot-dominant/specific open chro-

matin regions to the depot-specific genes, we next carried
out de novo motif analysis on the 157 abdominal-specific
open chromatin regions. Our results revealed transcription
factor motifs involved in the regulation of inflammation
(AP-1, NFĸB-like motif) (Fig. 4c). Motif analysis on the

abdominal-dominant open chromatin regions near
GF-specific genes did not reveal significantly enriched
motifs compared to the background, which can be
explained by the low number [35] of target regions in-
cluded in this analysis; however, the motifs found
may function as response elements of transcriptional
repressors (Additional file 3: Figure S3).

Active and repressive histone modifications positively
correlate with promoter openness and gene expression
of depot-specific genes
To confirm the validity of the data obtained by genome-
wide sequencing technologies on these two subjects, we
selected four depot-specific genes (abdominal-specific:
HOXA5, HOXA3; GF-specific: HOXC13, HOTAIR)
(Figs. 5a and 6a), isolated preadipocytes on a larger co-
hort of subjects (n = 6 obese, apple-shaped women, in-
cluding the two subjects previously studied), and carried

Fig. 2 Depot-specific gene expression in preadipocytes. a Venn diagram depicts the number of genes that were differentially expressed between
abdominal and GF preadipocytes in each subject or in both (p < 0.05). b Heat map representation of depot-specific gene expression determined
by RNA-seq from the abdominal and GF depots of two subjects (Sub). The top 10 signature genes of each depot are listed. c Ingenuity Pathway
Analysis of the potential upstream regulators of abdominal- and GF-specific gene sets. Upstream regulators that fall into the category of cytokines
and growth factors are presented
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Fig. 3 (See legend on next page.)
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out promoter-based ChIP-qPCR for a select group of
histone modifications known to be associated with active
(H3K4me3) or repressed (H3K27me3) chromatin. We
also performed RT-qPCR on the whole tissue and on the
preadipocytes to measure the mRNA levels of the
depot-specific genes. ChIP-qPCR experiments confirmed
that H3K4me3 was significantly enriched at the pro-
moter regions of HOXA5 and HOXA3 genes in abdom-
inal preadipocytes, while H3K27me3 was less abundant
(Fig. 5b). Conversely, analysis of the promoter regions of
the GF-specific HOTAIR and HOXC13 genes exhibited

high H3K4me3 and low H3K27me3 levels compared to
abdominal preadipocytes (Fig. 6b). mRNAs of the HOXA5
and HOXA3 genes were consistent with the RNA-seq
datasets and showed significantly higher expression in the
abdominal depot and cells (Fig. 5b), whereas HOXC13
and HOTAIR mRNA were expressed significantly higher
in the GF depot and cells (Fig. 6b).

Discussion
A substantial number of studies have focused on identify-
ing extrinsic regulators of preadipocytes and adipocytes,

(See figure on previous page.)
Fig. 3 Promoter accessibility of depot-specific genes. a Schematic representation of the investigation of promoter accessibility using ATAC-seq. ATAC-
seq signals were calculated around the transcription start sites (TSSs) of the depot-specific genes in a 500-bp-wide window (250 bp up- (5′)
and downstream (3′) relative to the TSSs). b Histogram-based depiction of the average tag density at the promoter regions of abdominal-
(n = 126) and GF-specific (n = 90) genes in a 1-kb window centered on the TSSs. ATAC-seq density around the TSS of abdominal and GF
depot-specific genes in each depot and for each subject (DiffBind). Sub1 = Subject 1, Sub2 = Subject 2 paired t test; **p< 0.01, ***p< 0.005. c The number
of genes with open promoter in abdominal (red) or GF (green) depot, according to their expression specificity (on the left side are the genes upregulated
in abdominal preadipocytes, on the right side are the genes upregulated in GF preadipocytes). The gray bars represent the genes with
no differential opened chromatin between A and GF depot

Fig. 4 Identification of the putative regulatory regions of depot-specific genes. a Depot-specific open chromatin regions determined by ATAC-
seq were annotated to the nearest depot-specific genes in a ± 100-kb genomic region relative to the transcription start sites (TSSs) and
(transcription termination site (TTS)). b Volcano plots portray the depot-specific open chromatin regions annotated to the abdominal- (left graph) and
GF-specific genes (right graph). Abdominal-specific open chromatin regions are highlighted in red, while GF-specific open chromatin regions are
highlighted in green. c Motif analysis of the 159 abdominal-specific open chromatin regions annotated to abdominal specific genes. Enriched
motif matrices are presented along with the p values; the percentages of each motif are found in the target (Target%) and background (Bg%)
genomic regions
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whereas comparatively very little is known about the chro-
matin structure differences that might control their identity
and/or functions. A recent study showed the importance of
chromatin modifications in the maintenance of the preadi-
pocyte state by keeping the levels of the adipogenic master
regulatory genes (PPARγ and C/EBPα) low. Similarly, high
expression levels of these transcription factors upon adipo-
cyte differentiation were also dependent on the presence of
certain chromatin modifications [36], suggesting the

importance of unique epigenetic signatures in the control
of fat-specific gene expression. Global DNA methylomes of
human scWAT have been related to BMI and body fat dis-
tribution [37], but only a small fraction of DNA methyla-
tion changes have been correlated to unique patterns of
gene expression. However, this study did not take into con-
sideration the cell composition of adipose tissue that can
shift according to the degree of adiposity and inflammation.
In our study, we investigated and compared the chromatin

Fig. 5 Validation of Abd-specific gene expression and its correlation with active and repressive histone marks. a IGV genome browser view of
RNA-seq and ATAC-seq signals on the indicated loci from abdominal (red) and GF (green) preadipocytes. Overlay tracks are presented for each
gene loci. b ChIP-qPCR assay in abdominal and GF preadipocytes with H3K4me3 antibody and H3K27me3 antibody at the promoter region of
the selected genes. c RT-qPCR assay for HOXA5 and HOXA3 in abdominal and GF preadipocytes. Wilcoxon test *p < 0.05. White squares represent
the IgG negative control
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state of preadipocytes isolated from human abdominal and
GF-fat and its correlation with cell gene expression signa-
tures. Chromatin accessibility profiles of each depot were
highly similar at a qualitative level, yet thousands of regions
exhibiting quantitative differences in chromatin accessibility
were also identified. Almost 8000 differentially accessible
regions were observed between the depots. Using DNase
hypersensitive site (DHS)-seq (technology comparable to
ATAC-seq) during 3 T3-L1 adipogenesis, Mandrup’s group

identified 22,383 novel DHS sites at the early phase of dif-
ferentiation, the majority of which being transiently open
[38]. At the end of the differentiation, only 11,936 new
DHS sites were observed in mature adipocytes. In another
study performed on human α- and β-cells previously
sorted, Ackermann et al. revealed 27,000 β-cell-specific
ATAC-seq peaks whereas only 1850 ATAC-seq peaks were
identified as α-cell-specific [39]. In our study, we compared
two kinds of subcutaneous preadipocytes, defined by their

Fig. 6 Validation of GF-specific gene expression and its correlation with active and repressive histone marks. a IGV genome browser view of RNA-
seq and ATAC-seq signals on the indicated loci from abdominal (red) and GF (green) preadipocytes. Overlay tracks are presented for each gene
loci. b ChIP-qPCR assay in abdominal and GF preadipocytes with H3K4me3 antibody and H3K27me3 antibody at the promoter region of
the selected genes. c RT-qPCR assay for HOXC13 and HOTAIR in abdominal and GF preadipocytes. Wilcoxon test *p < 0.05. White squares
represent the IgG negative control
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differential anatomical localization, culture in the exact
same condition. “8000 hits” is in the range of the data pre-
viously described and seems a reasonable number. Add-
itional experiments on human adipose tissue are however
necessary to discuss more in detail the number of differen-
tially open regions we found. Interestingly, chromatin iso-
lated from abdominal preadipocytes showed ten times
more ATAC-seq signals compared to the GF cells, suggest-
ing a global increase of open chromatin in this depot. Given
the fact that the two participants included in our analysis
have a predominant accumulation of fat in their abdominal
region, the specific chromatin signature observed in this
depot may reflect changes in preadipocytes activity such as
proliferation and differentiation into mature adipocytes,
both occurring during adipose development. Arner et al.
reported a similar pattern with higher global mean DNA
methylation observed in obese women compared to never
obese women [40]. In our study, motif analysis performed
on the abdominal-specific open chromatin regions also
highlighted transcription factors known to be involved in
proliferation (TEAD), adipocyte differentiation (GATA)
[35], and adipocyte commitment (AP-1) [41] (Fig. 1c), con-
sistent with the previous literature. GF-specific ATAC-seq
signals showed a surprising enrichment for amino acid
response elements (AARE) binding sites, implying for the
first time a role for amino acid signaling in scWAT distri-
bution. Amino acid deficiency has been shown to induce
endoplasmic reticulum (ER) stress, itself known to couple
obesity to other metabolic dysfunctions [42, 43]. By
extrapolation, we speculate an increase of ER stress in
GF-fat that may lead to potential preadipocyte dysfunction,
making preadipocytes unable to properly differentiate into
mature adipocytes to sequester excess calories. These
events could lead to abnormal fat accumulation in the
upper body and the emergence of metabolic disorder. How-
ever, our actual study did not show any evidence of differ-
ential ER stress level between the two scWAT depots. It is
important to note that the two subjects we analyzed here
were obese but did not show further signs of metabolic dys-
function. To validate our hypothesis, it would be necessary
to investigate in more detail the GF depot in subjects
presenting comorbidities.
Using RNA-seq, we identified 126 genes upregulated

in abdominal cells and 90 genes upregulated in GF
cells. In accordance with our previous studies [16, 22],
the fat depot specificity of some HOX genes and the
lncRNA HOTAIR is maintained in isolated preadipo-
cytes. Pathway analysis with ingenuity suggested an
upregulation of inflammatory signaling in the abdom-
inal depot, whereas the GF depot seems to be more
affected by extracellular matrix remodeling-related sig-
naling pathways, suggesting a depot-specific pattern.
Future studies need to confirm these preliminary obser-
vations in a larger number of apple-shaped subjects and

to also explore the transcriptional patterns of cells iso-
lated from pear-shaped women.
The strong association observed between open chro-

matin and active gene expression in A-fat supports the
role of differential chromatin signatures in the transcrip-
tional regulation of abdominal-specific genes. Inversely,
GF-specific genes displayed a loss in GF chromatin ac-
cessibility within 200 kb of the TSS, reflecting a more
complex situation in lower body fat depots. Surprisingly,
we observed abdominal-specific ATAC-seq signals
around the TSS of 25 GF-specific genes, which may sug-
gest the presence of active transcriptional repressors at
these open chromatin regions. Transcription factor motif
analysis confirmed the presence of the DNA-binding
motif for the transcriptional repressors, NF1, and/or
ZNF263 at these abdominal-dominant open chromatin
regions. ATAC-seq regions identified in abdominal depot
near the TSS of GF-specific genes were also enriched for
H3K27me3, which is the marker of repressed chromatin
territories (data not shown). Altogether, these observa-
tions suggest the presence of abdominal-specific repres-
sive mechanisms that affect the chromatin landscape of
GF-specific gene loci and gene expression signature, but
further functional studies are required to provide evi-
dence about the existence of such phenomenon.
As described in our previous study [22], we observed a

dramatic upregulation of the linc HOTAIR in the obese GF
depot compared to the abdominal depot (fold change 28 in
tissue and cells—Fig. 6c). The role of HOTAIR is well de-
scribed in cancer where HOTAIR acts as a modular scaf-
fold and interacts directly with PRC2 and LSD1 complexes,
recruiting them to target gene loci, and represses their tran-
scription via H3K27-trimethylation (PRC2 complex and
EZH2 activity) and H3K4-demethylation (LSD1 activity)
(for review [44]). Interestingly, there is a strong support that
these two methyltransferases EZH2 and LSD1 promote adi-
pogenesis [45, 46]. Overall, our limited ChIP-qPCR analysis
for H3K27 and H3K4me3 is consistent with the changes in
PRC2 and LSD1 activity and suggests that HOTAIR may
play a deterministic role in the association observed be-
tween gene expression and chromatin structure in scWAT
that merits further investigation.
Several studies revealed adipose tissue depot-specific

expression of multiple HOX genes [47] and their im-
plication in metabolic diseases [48]. HOXA1, A4, and
HOXC4 have been previously found directly involved
in the differentiation and further generation of human
white and brown adipose tissue, showing the import-
ance of HOX genes at the early stages of adipocyte
differentiation and commitment. In the present study,
chromatin structure and histone marks of some of the
HOX genes were associated with their gene expression in
both scWAT depots (HOXA5, HOXA3, and HOXC13).
Their expression pattern is also preserved between
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adipose tissue and cells (Figs. 5 and 6), suggesting an
epigenetic mechanism for control of their transcription.
This correlation may be a simple consequence of their
differential anatomical origin; however, the robust HOX
gene signature observed in tissue and cells remains
intriguing, and the question of their involvement in
fat development and distribution remains unresolved.
Regarding the limitations of our study, our genome-

wide analysis was performed only on two apple-shaped
women. Future studies must involve more subjects not
only for validation purposes but also to extend our
analysis and provide a more comprehensive view on the
potential epigenomic programming of depot-specific adi-
pocytes, especially on women presenting with a gynoid
fat pattern. A previous analysis of adipogenesis regulator
genes performed in human mesenchymal stem cells re-
vealed dynamic changes in histone marks during the
differentiation [49]. However, other studies have found
that histone modifications were globally stable through-
out differentiation and showed distinct and highly dy-
namic distribution patterns at specific genes, indicating
that histone modifications in mesenchymal stem cells
appear to be gene-specific [50]. Here, we investigated
the chromatin and histone modifications only in preadi-
pocytes isolated from scWAT depots, and thus, we did
not address their stability through the process of differ-
entiation. It would be important to carry out follow-up
experiments in fully differentiated adipocytes as well as
in adipocytes freshly isolated from abdominal and
GF-fat tissue to more fully investigate epigenomic
control of transcriptional regulation of scWAT depot-
specific genes.
In conclusion, our analysis revealed that the open

chromatin landscapes for abdominal vs. GF preadipo-
cytes exhibit significant differences, suggesting depot-
specific mechanisms that shape the cellular epigenome,
according to their anatomical origin. In addition, the dif-
ferent open chromatin profile positively associates with a
depot-specific gene expression signature, supporting a
role for chromatin status in the regulation of the depot-
selective patterns of scWAT gene expression. Finally, our
gene-specific analyses show that our findings are repro-
ducible with available technologies and highlight a
strong positive correlation between chromatin openness
and the presence of active and repressive chromatin
marks in preadipocytes.

Additional files

Additional file 1: Additional figure with data on PPIA gene expression.
Representation of the individual PPIA gene Ct value obtained by RT-qPCR
in cells (white squares) and tissue (black squares). A = abdominal depot,
G = GF depot. (PPTX 51 kb)

Additional file 2: Additional tables with data on RNA-seq and ATAC-
seq list of genes. Table S1. Differentially expressed genes between
abdominal and GF depot in subject 1, subject 2, and in both. Table
S2. List of open chromatin regions in the proximity of the
depot-specific genes. (ZIP 231 kb)

Additional file 3: Additional figures with data on ATAC-seq. Figure S1.
Differential binding analysis identifies depot-specific chromatin accessibil-
ity in preadipocytes. a) Correlation plot of accessible chromatin regions
defined by ATAC-seq from different subjects (Sub1 and Sub2), fat depots
(gluteofemoral-GF, abdominal-A), and technical replicates (rep#1 and
rep#2). b) Identification of differentially open chromatin regions from GF
and abdominal preadipocytes using differential binding analysis
(DiffBind). Heat map representation of the abdominal- (n = 7160) and the
GF-specific (n = 780) open chromatin regions. Sub = subject, Rep = technical
replicate. The pairwise correlation scores were used for hierarchical
clustering (p < 0.005, DiffBind). Figure S2. Depot-specific open chromatin
regions of preadipocytes. IGV genome browser view of depot-specific
ATAC-seq signals from abdominal (red) and GF (green) preadipocytes.
Abdominal- (left) and GF-specific open chromatin regions are shown.
Results are shown from two subjects and from 2-2 technical replicates.
Chromosomal locations are indicated at the bottom for each genomic loci.
Figure S3. Motif analysis on the 40 abdominal-specific open chromatin
regions annotated to GF specific genes. Enriched motif matrices are
presented along with the p values, the percentages of each motif found in
the target (Target%) and background (Bg%) genomic regions. (PPTX 146 kb)
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