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Aim: First-degree relatives (FDR) of individuals with Type 2 diabetes (T2D) feature restricted adipogenesis,
which render them more vulnerable to T2D. Epigenetics may contribute to these abnormalities. Methods:
FDR pre-adipocyte Methylome and Transcriptome were investigated by MeDIP- and RNA-Seq, respectively.
Results: Methylome analysis revealed 2841 differentially methylated regions (DMR) in FDR. Most DMR lo-
calized into gene-body and were hypomethylated. The strongest hypomethylation signal was identified in
an intronic-DMR at the PTPRD gene. PTPRD hypomethylation in FDR was confirmed by bisulphite sequenc-
ing and was responsible for its upregulation. Interestingly, Ptprd-overexpression in 3T3-L1 pre-adipocytes
inhibited adipogenesis. Notably, the validated PTPRD-associated DMR was significantly hypomethylated
in peripheral blood leukocytes from the same FDR individuals. Finally, PTPRD methylation pattern was
also replicated in obese individuals. Conclusion: Our findings indicated a previously unrecognized role
of PTPRD in restraining adipogenesis. This abnormality may contribute to increase FDR proclivity toward
T2D.
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Subcutaneous adipose tissue (SAT) has been identified as a key player in the evolution toward Type 2 diabetes
(T2D) [1]. Limited SAT expandability induces hypertrophy and alters the secretion profile in mature adipose cells,
causes low-grade chronic inflammation, ectopic fat accumulation and peripheral insulin resistance [2]. In humans,
SAT hypertrophy results from an attenuated differentiation capacity of resident pre-adipocytes rather than lack of
precursor cells [3]. Importantly, the increased adipose cell size predicts T2D even independent of obesity [4].

First-degree relatives of Type 2 diabetics (FDR) have up to tenfold increased risk of developing diabetes [5].
Healthy FDR also feature dysfunctional SAT and show signs of inflammation and macrophage infiltration ac-
companied by adipocyte hypertrophy, due to the impaired commitment and/or differentiation of SAT-resident
pre-adipocytes [3,4,6]. These findings indicated that, in FDR, diabetes risk is associated to reduced ability to recruit
new adipocytes in response to stimuli promoting adipose tissue expansion, inducing ectopic accumulation of fat,
insulin resistance and rendering these individuals more vulnerable to T2D development.

The molecular mechanisms responsible for the restricted adipogenesis in FDR remain unclear. Despite intensive
efforts to identify risk loci contributing to limited adipose tissue expandability [7], no genotype accounting for this
defect in most FDR individuals has been so far identified. Environmental cues, which are also shared within the
family groups, may attenuate the individual adipogenic potential leading to resident fat cell hypertrophy [8–10].
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Accumulating evidence now identifies the epigenome as a signal integrator active at the interface between the
environment and the function of genes whose alterations impact on evolution toward T2D [11]. Indeed, epigenetic
changes may convert environmental cues into phenotypic traits by reprogramming transcription and contributing
to disease development and/or transmission [12]. In addition, recent human studies in both SAT specimen [13,14]

and SAT-derived pre-adipocytes [15,16], have revealed the important role of DNA methylation in the functional
regulation of genes determining adipogenesis [2,13–17]. Thus, the hypothesis that epigenetic dysregulation impacts
on FDR risk of T2D by impairing adipogenesis in the SAT deserves to be mechanistically investigated. There is
presently no information on Methylome profile diversities in adipocyte precursor cells from healthy individuals who
are FDR and subjects with no family history of T2D.

In the present work, we report the first genome-wide DNA methylation profile in adipocyte precursor cells from
the SAT stromal vascular fraction (SVF) of healthy FDR and matched individuals with no T2D familiarity. These
studies have established that, in FDR individuals, the excess risk of T2D is associated with hypomethylation events
affecting major molecular pathways involved in transduction of signals controlling adipogenesis. Our data revealed
a previously undescribed role of PTPRD in regulating adipogenesis.

Materials & methods
Study participants
Discovery cohort

Individuals with one ascertained first-degree relative with T2D (n = 9; FDR) and 11 subjects with no family history
of T2D (control [CTRL]) were selected from the European Network on Functional Genomics of Type 2 Diabetes
(EUGENE2) consortium [18]. The recruitment and clinical phenotyping of the subjects have been previously
described [18]. The participants included in this study were healthy nondiabetic offspring of parents with T2D. For
inclusion, one of the parents had to have T2D and the other parent normal glucose tolerance evaluated by an oral
glucose tolerance test (OGTT) or lack of any family history of T2D. The study was approved by the appropriate
institutional review board.

Abdominal SAT biopsies were obtained by needle aspiration from the paraumbilical region. Following careful
dissection, adipose tissue specimens were digested with collagenase for 45 min at 37◦C. After digestion, the
suspension was centrifuged in two phases: an upper (fat cells) and a lower (SVF cells) phase. The isolated fat cells were
filtered through a 250 μm nylon mesh, washed four-times with fresh medium for removal of collagenase. Cell size of
isolated adipocytes was measured as described in [19]. The isolated SVF cells were washed twice and the erythrocytes
were lysed with 155 mmol/l NH4Cl for 5 min before seeding SVF in a 55-cm2 petri dish. After 3 days, the
inflammatory cells (CD14+ and CD45+ cells) and endothelial cells (CD31+ cells) were removed from the adipocyte
precursor cell fraction by immune magnetic separation (Miltenyi Biotech, Bergisch Gladbach, Germany). The
adipocyte precursor cells were then cultured with DMEM:F12 medium (LONZA, Basel, Switzerland) supplemented
with 10% fetal bovine serum (ThermoFisher Scientific, MA, USA), 2 mmol/l glutamine, 100 U/ml penicillin and
100 μg/ml streptomycin (LONZA). After 2 weeks, any remaining inflammatory cells were removed by immune
magnetic separation as described in [4,19].

Replication cohort

20 caucasic individuals from an independent cohort recruited at the Federico II University of Naples were included
in the replication analysis. The cohort included ten obese patients and ten lean individuals (Supplementary Table
1). Recruitment and clinical phenotyping of these subjects have been previously described [20]. The study was
approved by the Ethics Committee of the Federico II University of Naples (Ethics Approval Number: No. 254/17)
and all subjects provided written informed consent for sampling.

MeDIP-Seq
Genomic DNA (gDNA), obtained from isolated SVF cells, was extracted using the AllPrep DNA/RNA Universal
Kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. All gDNA samples were tested for integrity
and quantified by using a Qubit 4 Fluorometer (ThermoFisher Scientific). Equimolar amounts of gDNA for each
subject were pooled (two pools for each condition). Methylated DNA Immunoprecipitation followed by massively
parallel sequencing (MeDIP-Seq) was performed by Beijing Genomics Institute (https://www.bgi.com/global/).
Sequencing was performed on a HiSeq 2000 system (Illumina Inc., CA, USA). Reads were mapped to the
reference human genome (hg19 release) using SOAP2.21 aligner (http://soap.genomics.org.cn). Read alignments
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in sequence alignment map format were converted to binary alignment map for further analyses using SAMtools [21]

and browser extensible data (BED)tools were used to convert mapped reads in BED format and to generate
Bedgraph files uploaded in UCSC Genome Browser (http://genome.ucsc.edu). MeDIP-Seq datasets obtained were
independently analyzed for whole genome peak scanning by MACS2 (http://liulab.dfci.harvard.edu/MACS/) [22].
By using BEDtools, we defined a set of common peaks within each experimental condition (both in CTRL and
FDR individuals). ≥50% overlap across the entire peak length was used as arbitrary threshold for the inclusion
in this common set of peaks. The genomic coordinates of these peaks were extracted and unique reads mapping
within these regions were used to compute differential methylation between CTRL and FDR individuals. Then,
differentially methylated regions (DMR) in the comparison FDR versus CTRL subjects were computed using the
R/Bioconductor package edgeR [23] and Benjamini–Hochberg approach was used for multiple testing correction [24].
For further analyses, only regions with an arbitrary threshold of 5% false discovery rate (fdr) were selected. The
relative position of the peaks and proximity to genes were assessed using the online tool PAVIS2 [24]. The functional
annotation tool DAVID (https://david.ncif crf.gov/home.jsp) was used to classify genes with methylation peaks
according to their biological function. Also see Supplementary methods for details.

RNA-Seq
Total RNA, obtained from isolated SVF cells, was extracted using the AllPrep DNA/RNA Universal Kit. RNA
samples were tested for integrity and quantified by using a Qubit 4 Fluorometer. Equimolar amounts of total
RNA for each subject were pooled (two pools for each condition). RNA-Seq was carried out by Beijing Genomics
Institute (https://www.bgi.com/global/). Trimmed reads were aligned to Gencode Human release v19 transcripts
by running RSEM version 1.2.19 with standard parameters [25]. Aligned reads (about 47 million per sample)
were then used to estimate the expression level of each Gencode gene. Only genes with at least one count per
million reads (CPM) in at least two samples were considered as expressed. Differential expression analysis between
CTRL and FDR individuals was performed on the read counts of the expressed genes. The Generalized Linear
Model approach implemented in the R/Bioconductor package edgeR was used to correct for possible bias [23].
The Benjamini–Hochberg approach was used for multiple testing correction [24]. Genes with log2 Fold Change
(log FC) ≥1 and an fdr ≤0.05 were considered as differentially expressed genes (DEG). To assess the robustness
of our pooling design, we performed further RNA-Seq analyses on individual samples of total RNA from SAT
pre-adipocytes of FDR and CTRL subjects. Also see Supplementary Methods for details.

Bisulphite sequencing
Bisulphite treatment of gDNA extracted from SVF and peripheral blood leukocytes (PBL) by the AllPrep
DNA/RNA Mini Kit (Qiagen, Hilden, Germany), was performed using the EZ DNA Methylation Kit (Zymo
Research, CA, USA). Converted gDNA was amplified by PCR using specific primers for PTPRD-DMR. Bisulphite
sequencing (BS) was performed as reported in [17]. Primers are shown in Supplementary Table 2. See Supplementary
Methods for details.

Total RNA isolation & quantitative real-time PCR
Total RNA was extracted from SVF and 3T3-L1 cells using the AllPrep DNA/RNA Mini Kit (Qiagen). Real-time
RT-PCR was performed as described in [26]. Primers are shown in Supplementary Table 2. See Supplementary
methods for details.

Western blots
Western blots were carried out as described in [26]. Immunoblots were performed with antibodies against DNMT3A
(ab2850, Abcam, Cambridge, UK) and β-ACTIN (sc-47778, Santa Cruz Biotechnology, TX, USA).

Human SVF cell culture & treatment
SVF cells, isolated from control donors, at passages 3–5 were treated with 5-azacytidine (5′AZA; Sigma-
Aldrich, MO, USA) for 2 days. See Supplementary methods for details.

Luciferase assay
The PTPRD-associated DMR chr9:10448607-10450000 was amplified by PCR and cloned into a CpG-free pro-
moter firefly luciferase reporter vector (pCpGL-promoter; InvivoGen, CA, USA). Luciferase assays were performed
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Table 1. Clinical characteristics of first-degree relative and CTRL subjects.
Measure FDR CTRL

N (females/males) 9 (5/4) 11 (6/5)

Age, years 42.3 ± 2.9 38.7 ± 2.3

BMI, kg/m2 25.4 ± 0.5 24.5 ± 0.7

Fat percent, % 26.9 ± 2.4 24.0 ± 1.9

Waist to hip ratio (WHR) 0.90 ± 0.02‡ 0.81 ± 0.02

Total triglycerides, mmol/l 1.5 ± 0.6‡ 0.8 ± 0.2

HDL cholesterol, mmol/l 1.3 ± 0.2† 1.6 ± 0.3

Cell size, μm 100.2 ± 1.7§ 89.4 ± 1.9

GIR/bw, mg/kg/min 7.9 ± 0.6‡ 11.5 ± 0.8

f-insulin, pmol/l 60.1 ± 8.0‡ 35.4 ± 3.9

fb-glucose, mmol/l 4.8 ± 0.1‡ 4.4 ± 0.1

OGTT p-glucose 2 h, mmol/l 6.6 ± 0.6† 4.8 ± 0.4

HOMA-IR index 2.0 ± 0.8§ 1.1 ± 0.4

Clinical characteristics of FDR and CTRL subjects. All data are expressed as means ± SD. Statistical significance was tested by a two-tailed Mann–Whitney U-test.
†p � 0.05.
‡p � 0.01.
§p � 0.001, FDR vs CTRL.
BMI: Body mass index; CTRL: Control; f-insulin: Fasting insulin; fb-glucose: Fasting blood-glucose; FDR: First-degree relatives; GIR/bw: Glucose infusion rate/body weight; HDL: High-density
lipoproteins; HOMA-IR: Homeostatic model assessment of insulin resistance; OGTT: Oral glucose tolerance test; p-glucose: Plasma-glucose.

as reported [27]. Constructs were transfected into ChubS7 pre-adipose cell line by lipofectamine (ThermoFisher
Scientific), following manufacturer’s instructions. Firefly luciferase activity was normalized against renilla luciferase
activity (Promega, WI, USA). See Supplementary methods for details.

Overexpression of Ptprd in 3T3-L1 pre-adipocytes
3T3-L1 cells were grown and allowed to differentiate as described in [28,29]. Six hours before adipogenesis induction,
3T3-L1 pre-adipocytes were transfected with Ptprd-overexpressing vector (pCMV-Ptprd) or control vector (pCMV)
using lipofectamine (ThermoFisher Scientific), following manufacturer’s instructions. See Supplementary methods
for details.

Statistical analysis
Data are expressed as mean ± SD. Mann–Whitney U-test was used to compare anthropometric and biochemical
variables, gene expression and DNA methylation data between groups. The correlation between quantitative
variables was tested using Spearman’s rank correlation test. Two-tailed Student’s t-test or the one-way analysis
of variance (ANOVA) followed by Tukey’s multi-comparison test was used, as appropriate, for the in vitro data.
The group size (n) for each experimental group/condition is reported in the figure legends. The value of n refers
to either the number of biological independent samples/individuals per group (in vivo analyses) or the number
of independently repeated experiments, each performed at least in triplicate (in vitro studies). Differences were
considered statistically significant at a p < 0.05. Statistical analyses were performed using the GraphPad Software
(version 6.01, CA, USA).

Results
Differential DNA methylation in pre-adipocytes from first-degree relatives of individuals with T2D
To explore the molecular bases of the increased risk of T2D in FDR individuals, we have first selected a suitable
study group from the EUGENE2 population [18]. As shown in Table 1, these subjects were healthy and nonobese
individuals with (n = 9; FDR) or without (n = 11; CTRL) one first-degree relative with T2D and matched for age,
BMI, body fat percentage and distribution. As described in [4], individuals who were FDR featured significantly
reduced insulin sensitivity, increased HOMA-IR values, higher fasting plasma insulin and glucose levels and higher
glucose levels following 75 g glucose loading. Also, the FDR had higher triglyceride levels and a reduced amount of
high-density lipoproteins cholesterol compared with the CTRL individuals. Importantly, FDR also featured larger
subcutaneous adipose cells when compared with control subjects, consistent with the finding that FDR individuals
have subcutaneous adipose cell hypertrophy [4].
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Table 2. DMR distribution in first-degree relative subjects.
Genomic features Hypo-DMR in FDR Hyper-DMR in FDR

Upstream 199 16

5′-UTR 25 -

Exon/CD 343 4

Intron 1955 188

3′-UTR 80 3

Downstream 26 2

DMR distribution in FDR subjects. The number and distribution of identified hypo- and hypermethylated DMR across different gene elements (e.g., 5′-UTR, Exons/CD, Intron, 3′-UTR) in
the FDR samples.
CD: Coding sequence; DMR: Differentially methylated region; FDR: First-degree relatives; UTR: Untranslated region.

We then hypothesized that increased risk of T2D in FDR is contributed by epigenetic changes impairing
pre-adipocyte differentiation. To explore this possibility, we have used SVF adipocyte precursor cells from the
abdominal SAT of the FDR and control individuals shown in Table 1. Genomic DNA from these individuals
was subjected to MeDIP-Seq. We have generated about 180 million reads per sample, 70% of which could be
uniquely aligned to the human genome. These reads were uniformly distributed through the entire SVF genome, as
indicated by detection of methylation events in most chromosomal regions (data not shown). Subsequent analyses
were exclusively based on these sequences.

To identify DMR associated with T2D family history, MeDIP-Seq profiles from the FDR and control individuals
were compared. This analysis led us to identify 2841 unique DMR, 2628 of which were hypomethylated with
further 213 resulting hypermethylated in FDR. The highest frequency of DMR was observed in the gene bodies,
particularly in the intronic (2143) and the exonic (346) regions, where hypomethylation events were more common
(Table 2).

DNA methyltransferases in FDR pre-adipocytes
We then sought to explore whether differences in the DNA methylation profile observed in the FDR subjects can
be attributed to changes in the expression of DNA-methylating enzymes and therefore we focused our attention
on the three catalytically active DNA methyltransferases (DNMTs) [17,30]. In SVF isolated from the FDR group,
we observed a significant reduction in the mRNA expression of DNMT3A, which is responsible for de novo
methylation events (Figure 1A). Furthermore, the amounts of DNMT3A protein in the SVF were decreased in
the FDR compared with the control subjects (Figure 1B). No significant difference was found in the expression of
DNMT1 and DNMT3B between FDR and control subjects (Supplementary Figure 1), suggesting that the global
hypomethylation observed in the SVF of the FDR individuals is contributed by reduced expression of DNMT3A.
Interestingly, DNMT3A mRNA levels inversely correlated to the adipose cell size in the study group (Figure 1C).

DMR-associated genes feature functions related to adipocyte biology & T2D
Further analysis revealed that, in the FDR, 2392 genes overlapped the identified DMR with their promoter and/or
gene body regions. These were termed differentially methylated genes (DMG), >90% of which featured decreased
methylation signals. We then adopted the DAVID annotation tools (http://david.ncif crf.gov/home.jsp) to analyze
the identified DMG for over-representation of specific pathways. Interestingly, over-represented pathways were
found to include the Protein Kinase A, Insulin/IGF pathway-Protein Kinase B signalling, Inflammation by chemokine
and cytokine pathway, Fibroblast Growth Factor signalling pathway and the WNT/β-catenin signaling pathway, all
of which are linked to adipose cell function and T2D development (Supplementary Table 3).

Transcriptional effect of differential methylation
To explore the functional relevance of the FDR differential methylation, we complemented the Methylome dataset
with Transcriptome analysis of SVF from FDR and control individuals. RNA-Seq analysis revealed 31 genes
which were differentially expressed between FDR and control subjects. Out of these genes, 12 appeared to be
downregulated while 19 were upregulated in FDR. We then merged the Transcriptome data with the identified
intragenic DMR aiming at sorting differentially methylated sequences associated to functional effects on gene
transcription. Three SVF genes exhibited significant expression changes associated to intragenic DMR in the FDR
(Table 3). Interestingly, the expression-associated differential methylation changes occurred in gene body sequences
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Figure 1. DNMT3A mRNA expression in subcutaneous pre-adipocytes from first-degree relative and CTRL subjects.
(A) DNMT3A mRNA expression was measured by qPCR in SVF from FDR (n = 9) and control (CTRL; n = 11) subjects. Data
points represent AU from each individual subject. Mean values ± SD are also shown. *p < 0.05 in a two-tailed
Mann–Whitney U-test. (B) Representative immunoblot analysis of DNMT3A and β-ACTIN protein levels in SVF from
FDR (n = 6) and control (CTRL; n = 6) subjects. Data are expressed as arbitrary units and shown as mean values ± SD.
*p < 0.05 in a two-tailed Mann-Whitney U-test. (C) Correlation between SVF DNMT3A mRNA levels and adipose cell
size in FDR (n = 9) and CTRL (n = 11) subjects. r correlation coefficient and p values are indicated on the graph.
AU: Absolute units; CTRL: Control; FDR: First-degree relatives; SD: Standard deviation; SVF: Stromal vascular fraction
cells.

rather than in promoter regions, underlining the significance of gene body methylation to transcriptional regulation.
To validate these findings, we focused on the PTPRD gene, previously associated to risk of T2D [31]. This gene

was also found to be upregulated in FDR subjects by additional sequencing of individual samples from our study
group (Supplementary Table 4). MeDIP-Seq analysis identified six hypomethylated DMR in PTPRD gene body
spanning a region encompassing gene intron 1 to exon 12 (Table 4). DMR exhibiting the higher significance was
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Table 3. List of the genes differentially methylated and expressed between first-degree relative and CTRL subjects.
Gene symbol Gene name log FC expression log FC methylation Relative location of DMR

PTPRD Protein tyrosine phosphatase, receptor
type D

1.43 −1.46 Inside intron†

A2M Alpha-2-macroglobulin 1.13 −0.62 Intron/exon

CADPS Ca2+-dependent secretion activator 1.71 −0.87 Inside intron

List of the genes differentially methylated and expressed between FDR and CTRL subjects. Genes exhibiting significant expression changes associated to intragenic DMR in the
FDR. Differences in mRNA expression and DNA methylation are given as logarithmic fold change (log FC), consistently standardized in relation to CTRL subjects.
†PTPRD-associated DMR exhibiting the higher significance as described further on.
CTRL: Control; DMR: Differentially methylated region; FC: Fold change; FDR: First-degree relatives.

Table 4. Characteristics of hypomethylated DMR associated with PTPRD in first-degree relative subjects.
GENE DMR number Chromosome and position Relation to gene region Relation to CpG island q-value

PTPRD Medip 406 chr9:10448607-10450000 Intron Yes 3.62E-07

Medip 3624 chr9:9617306-9618320 Intron No 1.57E-02

Medip 4422 chr9:10018162-10019196 Intron Yes 3.17E-02

Medip 1540 chr9:10171213-10172126 Intron No 5.30E-04

Medip 3179 chr9:8712562-8714121 Intron Yes 9.89E-03

Medip 4937 chr9:9133607-9134817 Intron Yes 4.43E-02

Characteristics of hypomethylated DMR associated with PTPRD in FDR subjects. Summary of PTPRD-associated DMR according to chromosome position, gene element and CpG
context. PTPRD-DMR validated by bisulphite sequencing is in bold. P values have been adjusted for multiple testing using false discovery rate method.
Chr: Chromosome; DMR: Differentially methylated region; FDR: First-degree relatives.

subjected to bisulphite sequencing, which provided direct confirmation of DNA hypomethylation in the FDR
(Figure 2A). Importantly, as shown in Figure 2B, PTPRD gene exhibited significant overexpression in the FDR
compared with the control group that was inversely correlated to its hypomethylation (Figure 2C). Of note, PTPRD
DNA methylation (Figure 3A) and its mRNA levels (Figure 3B) significantly correlated with adipose cell size in
the same FDR and control individuals.

Functional analysis of PTPRD intronic DMR
To further explore the transcriptional consequence of the hypomethylation occurring at the PTPRD intronic
DMR in FDR individuals, we exposed SVF cells to the demethylating agent 5-azacytidine (5′AZA). As shown
in Supplementary Figure 2, we observed that, in parallel with reducing DNA methylation, 5′AZA treatment
significantly upregulated PTPRD transcription.

To assess this issue mechanistically, we have used a CpG-free promoter plasmid with luciferase reporter gene
(pCpGL) where the PTPRD-associated DMR chr9:10448607-10450000 was cloned upstream the luciferase gene.
This construct was then methylated in vitro or mock-treated and transfected in ChubS7 cells. In luciferase assays, the
unmethylated PTPRD-associated DMR construct (pCpGL-PTPRD DMR) showed higher luciferase activity com-
pared with the mock-treated empty vector (pCpGL; Figure 4). In contrast, the methylated PTPRD-associated DMR
construct exhibited a significantly decreased transcriptional activity compared with the unmethylated pCpGL-
PTPRD DMR (Figure 4), indicating that the intronic DMR functions as a DNA methylation-sensitive region
regulating PTPRD expression.

Ptprd restrains adipogenic differentiation in 3T3-L1 pre-adipocytes
We have also examined whether PTPRD has a functional role in adipogenesis in vitro. To explore this possibility,
3T3-L1 pre-adipocytes were transfected with a pCMV vector expressing Ptprd. Eight days after the exposure to
the differentiation cocktail, the cells overexpressing Ptprd accumulated significantly fewer lipids than either un-
transfected or empty vector transfected cells, as revealed by Oil Red O staining (Figure 5A & B). In parallel,
expression of adipogenic markers was reduced in 3T3-L1 overexpressing Ptprd (Figure 5C–E), indicating that, in
vitro, adipogenesis is impaired by Ptprd overexpression.
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Figure 2. PTPRD DNA methylation and mRNA
expression in subcutaneous pre-adipocytes from
first-degree relative and CTRL subjects. (A) BS analysis of
PTPRD DMR in SVF from FDR (n = 8) and CTRL (n = 9)
subjects available from the study group. Data points
represent DNA methylation percentage at the
PTPRD-associated DMR. Mean values ± SD are also
shown. ***p < 0.001 in a two-tailed Mann–Whitney
U-test. (B) PTPRD mRNA expression was measured by
qPCR in SVF from FDR (n = 9) and control (CTRL; n = 11)
subjects. Data points represent AU from each individual
subject. Mean values ± SD are also shown. **p < 0.01 in
a two-tailed Mann–Whitney U-test. (C) Correlation
between PTPRD DNA methylation and PTPRD mRNA
levels in SVF from FDR (n = 8) and CTRL (n = 9) subjects. r
correlation coefficient and p values are indicated on the
graph.
AU: Absolute units; BS: Bisulphite sequencing; CTRL:
Control; DMR: Differentially methylated region; FDR:
First-degree relatives; SD: Standard deviation; SVF:
Stromal vascular fraction cells.

PTPRD epigenetic signature in peripheral blood leukocytes
Blood cells can be more easily accessed than the adipose tissue. Thus, search for epigenetic marks associated to
disease traits has been so far largely conducted in blood [32]. Accordingly, we have further investigated whether
the PTPRD hypomethylation observed in the SVF cells obtained from FDR individuals is accompanied by similar
changes also in peripheral blood leukocytes.

Upon bisulphite treatment, we have sequenced the PTPRD-associated DMR in PBL from the same FDR
and control subjects whose SVF cells have been previously assessed. Interestingly, similar as with the SVF cells,
PBL methylation levels at PTPRD were also significantly decreased in the FDR subjects (Figure 6A). PBL DNA
methylation at this locus also inversely correlated with subcutaneous adipose cell size (Figure 6B) in the study
group. In addition, a positive correlation was established between PTPRD DNA methylation levels in PBL and
SVF cells from each individual subject (Figure 6C), indicating that PBL represent a convenient proxy of the SVF
epigenetic signature at this gene.
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Replication of the association to increased risk of T2D for the PTPRD DMR
Obesity, estimated by BMI, is one of the well-established risk factors for T2D [33]. Therefore, we sought to replicate
the hypomethylation signal at the PTPRD gene in the PBL from an independent cohort of obese subjects. Similar
to FDR, obese subjects have been reported to feature a higher risk of developing T2D (Supplementary Table 1).
Interestingly, as evidenced in the FDR subjects, we observed that the PBL DNA methylation levels at PTPRD DMR
were also significantly decreased in the obese compared with the lean individuals (Figure 7A). Of note, the PTPRD
DNA methylation levels in PBL were found to negatively correlate with the BMI in these subjects (Figure 7B).

Discussion
In the present manuscript, we report the first genome-wide DNA methylation profile in human pre-adipocytes
from healthy nonobese FDR. As previously described [4], these subjects are characterized by an ‘obese’ phenotype
in the SAT even if they are normal weight, leading to a reduced insulin sensitivity and a more proatherogenic
lipid profile with an increased risk of developing T2D. We found that, in SAT pre-adipocytes from the FDR
individuals, a number of hypomethylation events associate to their Methylome profile and family history of T2D.
Consistent with these novel findings and the high risk of T2D in FDR, T2D is also accompanied by whole genome
hypomethylation events occurring both in the liver and in pancreatic islets [34,35]. Crujeiras and co-workers [36]

have further reported the presence of hypomethylation in SAT and PBL genome from obese patients, who also
feature excess risk of T2D [14]. Thus, the occurrence of hypomethylation events at specific genomic site in tissues
representing major determinants of glucose homeostasis might contribute to increasing T2D risk. Indeed, our
results in SAT from FDR are consistent with a previous study showing that the majority of the methylation changes
associated with a family history of T2D in human skeletal muscle are hypomethylation events [37].
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Figure 4. Effect of DNA methylation on PTPRD transcriptional activity. The 590 bp sequence corresponding to the
intronic PTPRD-associated DMR chr9:10448607-10450000, was cloned into a pCpGL-promoter vector (pCpGL-PTPRD
DMR), upstream the luciferase gene. The construct was either methylated by M.SssI (methylated pCpGL-PTPRD DMR)
or mock-treated (unmethylated pCpGL-PTPRD DMR) and then transfected in ChubS7 cells. The data were normalized
using a co-transfected renilla luciferase vector and are presented as fold change relative to the mock-treated empty
vector (pCpGL). Data are shown as means ± SD of n = three independent experiments. Statistical significance was
tested by one-way ANOVA followed by Tukey’s multi-comparison test: ***p < 0.001 for comparison versus pCpGL;
§§§p < 0.001 for comparison versus unmethylated pCpGL-PTPRD DMR.
ANOVA: Analysis of variance; DMR: Differentially methylated region; SD: Standard deviation.

DNA methylation profiles are shaped by DNMTs [16]. In the present study, we report that the hypomethylation
occurring at several genomic loci in the pre-adipocytes from FDR is accompanied by DNMT3A mRNA and protein
downregulation, suggesting a causal relationship with at least some of the identified hypomethylation events. Indeed,
previous studies document that DNMT3A inactivation decreases methylation at the genome-wide level in both
human and mouse embryonic stem cells [38,39]. Evidence has also been reported that DNMT3A deficiency restricts
adipogenesis [40,41]. We now find that the reduced expression of DNMT3A negatively correlates with SAT adipose
cell hypertrophy in FDR, where the increased adipose cell size is a marker of impaired adipogenesis [2]. It is possible
therefore that the downregulation of DNMT3A occurring in these subjects impacts on the methylation of distinct
genomic regions which are relevant to adipogenesis, contributing to impair this function.

Functional analysis of the differential methylation profile identified in FDR led us to recognize that most DMG
are related to biological pathways which are relevant to adipocyte biology or adipogenesis and T2D pathogenesis.
These include the Insulin and IGF, PKA, FGF and WNT signalling cascades. Interestingly, methylation changes
were more prevalent in gene body and intragenic regions as compared with gene promoter regions. This finding is
consistent with previous studies by our own as well as other groups of investigators showing that DNA methylation
events often involve regions other than promoters [15,42,43]. How gene body methylation may affect gene expression
remains unclear [44–46]. However, our Methylome and Transcriptome findings in human FDR pre-adipocytes suggest
that hypomethylation occurring at the gene body level may enhance gene expression; indeed, some genes in which
both DNA methylation and mRNA expression were found simultaneously altered in the FDR pre-adipocytes show
reduced methylation and increased expression.

In this study, PTPRD has been identified as the most significantly hypomethylated gene in FDR individuals.
PTPRD encodes a transmembrane PTP termed PTPδ, which is highly homologous to the LAR protein and PTPσ

tyrosine phosphatases [47]. All of them have been previously shown to modulate insulin signalling and may affect
glucose tolerance in vivo [48–50]. Moreover, overexpression of LAR leads to suppression of adipocyte differentiation
in both 3T3-L1 pre-adipocytes and human mesenchymal stem cells [51]. Whether these phosphatases also play
a role in the evolution toward T2D and how, at the mechanistic level, these deranging functions occur has not
yet been identified. Previous GWAS for T2D in a Han Chinese population have identified PTPRD as a T2D
susceptibility gene [31]. Thus, the functional consequences of the PTPRD hypomethylation we have found in
SVF from healthy FDR individuals deserve to be addressed. In this work, we have firstly shown that, in the
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Figure 5. Effect of PTPRD overexpression on differentiation of 3T3-L1 pre-adipocytes. Un-transfected cells (Ctrl) and cells transfected
with either the empty vector (pCMV) or the PTPRD expressing vector (pCMV-PTPRD), at differentiation day eight, were stained with Oil
Red O and then subjected to phase contrast microscopy. Representative fields are shown in figure A. Lipid quantification (B) was assessed
at 490 nm as described under Materials and methods. Expression levels of Pparγ 2 (C), Fabp4 (D), and Glut4 (E) were assessed by qPCR at
the indicated time points. All data are presented as means ± SD of n = three independent experiments. Statistical significance was tested
by one-way ANOVA followed by Tukey’s multi-comparison test at each indicated time point: *p < 0.05, **p < 0.01, ***p < 0.001 for
comparison versus Ctrl cells; §p < 0.05, §§p < 0.01, §§§p < 0.001 for comparison versus pCMV transfected cells.
ANOVA: Analysis of variance; Ctrl: Control; OD: Optical density; pCMV: Cytomegalovirus promoter; REU: Relative expression units; SD:
Standard deviation.

FDR pre-adipocytes, decreased methylation at the PTPRD-associated intronic DMR chr9:10448607-10450000
is accompanied by PTPRD upregulation. Importantly, we demonstrated that methylation at this locus directly
represses transcriptional activity of PTPRD in vitro, which may occur in vivo as well. This novel finding prompted
us to hypothesize that methylation changes causing PTPRD upregulation contribute to the abnormalities in SAT
function occurring in FDR and to the consequences of these abnormalities. Consistent with this hypothesis, we
have found that methylation at the PTPRD-DMR negatively correlates with subcutaneous adipose cell size, while
the PTPRD mRNA levels were positively correlated. In addition, we have further demonstrated that overexpression
of Ptprd in cultured 3T3-L1 pre-adipocytes impairs their differentiation into mature adipocytes, as shown by
reduced adipogenic gene expression and decreased lipid droplet accumulation. Collectively, these data suggest that,
by impairing adipocyte precursor cell differentiation, methylation changes at PTPRD gene associate to increased
risk of T2D in FDR.

The PTPRD methylation profile distinguishing SVF cells from FDR and from individuals who have no familiarity
for T2D closely reflects that in blood-borne DNA obtained from PBL of the same study group subjects. Similar to
the SVF adipocyte precursor cells, PBL methylation at the PTPRD locus negatively correlated with the subcutaneous
adipose cell size in FDR where adipocyte hypertrophy is an independent predictor of T2D [4,5]. Thus, PBL seem
to represent a convenient and easily accessible proxy of the SVF epigenetic profile at this gene in FDR. Our study
further suggests the potential use of the PTPRD DNA methylation pattern in PBL as a promising biomarker of
T2D risk since we have been able to replicate the FDR-associated PTPRD epigenetic profile in an independent
cohort of severely obese patients, who feature – similar to the FDR individuals – an increased risk of T2D [33,52].
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Figure 6. PTPRD DNA methylation in peripheral blood
leukocytes from first-degree relative and CTRL subjects.
(A) BS analysis of PTPRD DMR in PBL from FDR (n = 8) and
CTRL (n = 11) subjects available from the study group.
Data points represent DNA methylation percentage at
the PTPRD-associated DMR. Mean values ± SD are also
shown. ***p < 0.001 in a two-tailed Mann–Whitney
U-test. Correlation between PBL PTPRD DNA methylation
and adipose cell size in FDR (n = 8) and CTRL (n = 11) (B)
or SVF PTPRD. DNA methylation in FDR (n = 8) and CTRL
(n = 9) subjects (C). r correlation coefficient and p values
are indicated on the graph.
BS: Bisulphite sequencing; CTRL: Control; DMR:
Differentially methylated region; FDR: First-degree
relatives; PBL: Peripheral blood leukocytes; SD: Standard
deviation; SVF: Stromal vascular fraction cells.

Of note, the risk of T2D increases as BMI increases, from three-times in overweight people to more than 15-times
in severely obese patients compared with individuals with a healthy BMI [53]. In our study, PBL DNA methylation
at the PTPRD locus negatively correlated with BMI in individuals with severe obesity, strongly supporting a role
for PTPRD methylation pattern in identifying individuals at high risk of developing T2D.

Previous investigations have shown that hypermethylation occurs at the PTPRD locus in PBL from Han Chinese
individuals diagnosed to have T2D [54]. Interestingly, these methylation events were reported to induce down-
regulation of PTPRD with progressive repression of its transcription with increasing duration of diabetes in the
patients. These methylation changes may therefore be secondary to diabetes itself unlike those occurring in our
FDR subjects who were not diabetic at the time they were recruited in the study. Importantly, these methylation
events were caused by increased expression of DNMT1, which does not occur in our population, and involved the
promoter rather than the intronic chr9:10448607-10450000 region at PTPRD. The genetic background of the
Han Chinese population and the subjects in our study group is likely different as PTPRD and DNMT1 diabetes
risk polymorphisms occurring in the former were not detected in the individuals we have studied (data not shown).
This diversity might have contributed to the occurrence of different epigenetic profile in the two groups.
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Figure 7. PTPRD DNA methylation in peripheral blood
leukocytes from obese and lean subjects. (A) BS analysis
of PTPRD DMR in PBL from obese (n = 10) and lean
(n = 10) subjects from the replication group. Data points
represent DNA methylation percentage at the
PTPRD-associated DMR. Mean values ± SD are also
shown. ***p < 0.001 in a two-tailed Mann–Whitney
U-test. (B) Correlation between PBL PTPRD DNA
methylation and BMI in obese (n = 10) and lean (n = 10)
subjects. r correlation coefficient and p values are
indicated on the graph.
BS: Bisulphite sequencing; DMR: Differentially
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Standard deviation.

Although we have included two independent cohorts in our analyses and different types of tissues (i.e., PBL
and SVF samples), we are aware that the small sample size of the recruited individuals could represent a limitation
of our study which, however, deserves to be replicated in larger populations and analysed in further prospective
studies.

Conclusion
This work provides the first genome-wide DNA methylation analysis in human adipocyte precursor cells from SAT
of healthy non-obese individuals who are FDR of diabetic patients. It is shown that the Methylome profile of these
subjects features significant differences at genes known to be implicated in both adipose cell function and T2D
development. In addition, these studies have revealed a previously unrecognized function of PTPRD in restraining
adipogenesis and found evidence that PTPRD hypomethylation, which is also reflected in blood-borne DNA, may
contribute to adipose cell hypertrophy in FDR of T2D patients.

Future perspective
Use of data from the present work may, in the future, reveal epigenetic changes contributing to T2D risk. Some of
these changes may further represent marks of disease applicable to prediction and treatment, particularly lifestyle-
based treatment.

Supplementary data

To view the supplementary data that accompany this paper please visit the journal website at: www.futuremedicine.com/doi/sup

pl/10.2217/epi-2019-0267

Acknowledgments

The authors thank M Ceccarelli for his valuable support and comments.

future science group 10.2217/epi-2019-0267

http://www.futuremedicine.com/doi/suppl/10.2217/epi-2019-0267


Research Article Parrillo, Spinelli, Longo et al.

Financial & competing interest disclosure

L Parrillo is the recipient of the SID-FO.DI.RI/MSD ITALIA 2017 Research Fellowship and the EFSD/Lilly Research Fellowship 2015.

This study was funded, in part, by the European Foundation for the Study of Diabetes (EFSD), by the Ministero dell’Istruzione, Uni-
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Summary points

• Epigenetic signature of first-degree relatives (FDR) subcutaneous adipose tissue (SAT) pre-adipocytes is
characterized by global DNA hypomethylation.

• DNA methylation changes in FDR SAT pre-adipocytes occur in key genes implicated in adipocyte functions and
Type 2 Diabetes.

• Hypomethylation at the PTPRD risk gene strongly associates with SAT hypertrophy in FDR subjects.
• Adipogenesis is impaired by Ptprd overexpression in cultured 3T3-L1 pre-adipocytes.
• Pre-adipocyte PTPRD hypomethylation reflects in blood-borne DNA, indicating that peripheral blood leukocytes

represent a proxy of epigenetic signature at this locus.
• PTPRD hypomethylation could identify individuals with a high risk of developing Type 2 Diabetes.
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32. Barciszewska AM, Nowak S, Naskręt-Barciszewska MZ. The degree of global DNA hypomethylation in peripheral blood correlates with
that in matched tumor tissues in several neoplasia. PLoS ONE 9, e92599 (2014).

• Reports that DNA methylation measured in whole blood is a marker for other tissues directly involved in disease.

33. Laakso M. Biomarkers for Type 2 diabetes. Mol. Metab. 27S, S139–S146 (2019).

34. Nilsson E, Matte A, Perfilyev A et al. Epigenetic alterations in human liver from subjects with Type 2 diabetes in parallel with reduced
folate levels. J. Clin. Endocrinol. Metab. 100, e1491–e1501 (2015).
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