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Abstract

Individuals with type 2 diabetes (T2D) display vascular insulin resistance and decreased nitric oxide production leading to
vasoconstriction and atherosclerosis. Soluble factors such as pro-inflammatory molecules, and various genetic and epigenetic
mechanisms have been implicated to induce insulin resistance in vascular endothelial cells. Epigenetic mechanisms such as
altered promoter DNA methylation have been demonstrated in development and progression of metabolic disorders and
atherosclerosis. However, underlying precise epigenetic mechanisms regulating cross talk between insulin signaling
genes and inflammation in vascular cells remains to be fully understood. Human endothelial cells when (a) treated with
interleukin-6 (IL-6) and insulin together, (b) pretreated with IL-6, and (c) under hyperinsulinemic conditions led to a state of
vascular insulin resistance resulting in decreased Akt/eNOS activation and subsequent stabilization of STAT3
phosphorylation. IL-6 abrogated insulin effects on angiogenesis in 3D spheroid and matrigel assays. IL-6-induced insulin
resistance was associated with decreased activity of DNA methyltransferase isoforms and global DNA hypomethylation,
which inversely correlated with S-phase of cell cycle. CpG microarray analysis in IL-6 treated endothelial cells revealed
promoters associated hypo- and hypermethylation of 199 and 98 genes respectively. Promoter DNA methylation status of
genes associated with insulin signaling and angiogenesis such as RPS6KA2, PIK3R2, FOXD3, EXOC7, MAP3K8, ITPKB,
EPHAG6, IGFIR, and FOXC2 were validated by bisulfite DNA sequencing. Concentration and time-dependent analysis
revealed that IL-6 reduced DNMT1 and DNMT3B but not DNMT3A protein levels. Our data indicate a causal link between
IL-6-induced changes in global and promoter-specific DNA methylation, due to reduced DNMT1 and DNMT3B protein
levels leading to altered expression of critical genes involved in insulin signaling and angiogenesis.

Introduction

Diabetes is a chronic inflammatory disease characterized by
an increase in pro-inflammatory cytokines, transcription
factors, and surface proteins inducing insulin resistance [1].
Altered metabolic homeostasis in individuals with type 2
diabetes (T2D) has been causally related to inflammation.
Acute-phase proteins such as C-reactive protein,
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haptoglobin, fibrinogen, plasminogen activator inhibitor,
and cytokines such as interleukin (IL)-1p, IL-6, tumor
necrosis factor (TNF)-a, and monocyte chemoattractant
protein-1 are upregulated in T2D [2]. Such increased levels
of cytokines orchestrate inter-organ communication mod-
ulating insulin sensitivity.

Increased levels of circulating IL-6 is associated with
pre-disposition to T2D, insulin resistance [3], and T2D-
associated vascular complications [4]. Experimental and
clinical evidences have indicated increased serum IL-6
levels to alter insulin sensitivity in insulin-responsive tis-
sues such as adipose, hepatic, and vasculature. Chronic
infusion of IL-6 in mice led to decreased autopho-
sphorylation of insulin receptor (IR) and phosphorylation of
signal transducer and activator of transcription 3 (STAT3),
subsequently resulting in reduced insulin sensitivity [5]. In
mouse hepatocytes and HepG2 cells, IL-6 treatment
decreased tyrosine phosphorylation of IR substrate-1 (IRS1)
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and led to 75% reduction of insulin-dependent glycogen
synthesis [6]. IL-6 induced the disruption of insulin sig-
naling upon activation of suppressor of cytokine signaling
family member, SOCS-3, in hepatic tissue subcutaneously
injected with IL-6 by inhibiting IR autophosphorylation [7].
Fat cells of insulin-resistant subjects expressed increased
IL-6 levels, and in vitro in adipose cells (3T3-L1), IL-6
inhibited /RS and GLUT4 transcription, suggesting its role
in impairing insulin signaling [8]. In vascular endothelial
cells, IL-6 induced an imbalance in phosphorylation of
IRS1T12/IRS 15016 associated with activation of INK and
Erk kinases, which subsequently led to decreased endo-
thelial nitric oxide synthase (eNOS) activity [9].

T2D is multifactorial complex disease. Over the years,
epigenetic mechanisms such as chromatin modifications,
DNA methylation, and small non-coding RNAs have been
demonstrated to influence the onset, glycemic memory,
progression, and overt vascular complications in T2D
[10, 11]. Insulin resistance is one of the common patholo-
gical conditions of T2D, affecting liver and peripheral
tissues such as skeletal muscle, adipose, and vasculature.
Global DNA methylation, as studied by Alu repeat analysis
in T2D subjects in monozygotic twins, demonstrated cor-
relation of altered CpG methylation with homeostasis model
assessment (Homa-IR), suggesting an association between
insulin resistance and DNA methylation [12]. Methylome
analysis of human pancreatic islets revealed 1649 CpG
sites in 853 genes to be differentially methylated in
T2D individuals compared with normal individuals [13].
Genes such as CDKIB, EXO3CL, INS and PPARGCIA
(involved in insulin secretion), and MEF2A, NDUFB6, and
TFAM (related to insulin resistance) were epigenetically
influenced in islets analyzed from T2D individuals [13].
Dynamic modifications in DNA methylation of matrix
metallopeptidase-9 promoter due to an interplay between
active methylation and hydroxymethylation by DNA
methyltransferase 1 (DNMT1) and Tet2 in diabetic retino-
pathy was observed [14]. In vitro methylation of promoter
of insulin gene (INS) led to suppression of gene expression
[15], and further four CpG sites in the INS promoter were
significantly methylated in islets obtained from T2D sub-
jects leading to reduced insulin levels and was inversely
correlated to HbAlc levels [16]. DNA methylation of
insulin-like growth factor binding protein-1 (/GFBPI) gene
was higher in blood cells of T2D subjects and con-
comitantly led to low serum levels of IGFBP1, which was
correlated with insulin resistance [17].

T2D is characterized by comorbid conditions of vascular
diseases including insulin resistance and endothelial dys-
function. Metabolic insulin resistance leads to decreased
insulin response resulting in depleted glucose transport via
GLUT4. However, in the context of endothelial cells lack-
ing GLUT4 expression, insulin maintains vasodilator
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effects facilitating the production of nitric oxide via IR/IRS/
PI3K/Akt signaling axis. Hence, vascular insulin resistance
manifests in reduced nitric oxide production and subse-
quently leads to vasoconstriction and cardiovascular com-
plications. Pro-inflammatory cytokines such as IL-6 have
been demonstrated to disrupt insulin signaling leading to
vascular insulin resistance. We hypothesized that IL-6
might induce epigenetic changes and modulate gene
expression associated with insulin signaling. The present
study was designed to identify key epigenetic signatures
and its functional relevance during IL-6-induced vascular
insulin resistance.

Methods
Cell culture

Human umbilical vein endothelial cells (HUVECs) and
human dermal microvascular endothelial cells (HDMECsS)
were isolated from the umbilical vein and foreskin,
respectively, after obtaining ethical clearance from the
Institutional Ethics Committee, Kasturba Medical College,
MAHE, Manipal. Prior written consent was obtained from
all volunteers.

For isolation of HUVEC cells, umbilical veins were
flushed with phosphate-buffered saline (PBS), followed by
collagenase Type I (Sigma Chemicals, St. Louis, USA)
treatment for 30 min. Cells were dislodged and cultured in
gelatin (0.5%)-coated tissue culture plates. For HDMEC
isolation, foreskin tissue was minced and digested with
dispase-Il (0.5 U/ml) (Sigma Chemicals) overnight and
further treated with collagenase Type IA for 2 h. Endothelial
cells were sorted using endothelial-specific surface antigen
CD31 by magnetic beads (Miltenyi Biotec, Germany).
HUVEC and HDMEC cells were cultured in endothelial
cell growth medium with 2% Supplements (PromoCell
GmbH, Heidelberg, Germany). Isolated cells were validated
with cell-specific markers such as CD31 by flow cytometry
and VE-Cadherin by immunocytochemistry. Both HUVEC
and HDMEC cells were used at passage 3-7, with occa-
sional screening for expression of CD31 and VE-cadherin.
Experiments were carried out in tissue culture surfaces
precoated with 0.5% gelatin.

Three-dimensional spheroid culture

Three-dimensional (3D) spheroid culture was prepared from
endothelial cells using hanging drop method as described
earlier [18]. Briefly, spheroids were prepared from endo-
thelial cells (1000 cells/spheroid) in 20% methylcellulose
and after 24 h, 50-100 spheroids were embedded in col-
lagen gels (3 mg/ml) (Sigma Chemicals) and the culture



Interleukin-6 determines protein stabilization of DNA methyltransferases and alters DNA promoter... 1145

medium was overlaid with activators as mentioned in figure
legends. Spheroids were fixed with 4% paraformaldehyde
for 12h. Outgrowth of capillary-like structures from
spheroids was evaluated by morphometric analysis of the
number and total length of sprouts per spheroid, using
ImageJ (NIH, USA) program. At least 20 spheroids from
three parallel wells were analyzed for each experimental
point.

Reagents and antibodies

Human recombinant insulin was purchased from Novo
Nordisk Private Limited, Bangalore. Human recombinant
IL-6, TNF-a, Nuclease P1, and methylcellulose were pur-
chased from Sigma Chemicals. Collagen was purchased
from SERVA Electrophoresis GmbH (Heidelberg,
Germany). The following antibodies were procured from
Cell Signaling Technology (Massachusetts, USA):
anti-B-actin, anti-pAkt (Ser473), anti-Akt, anti-phospho
eNOS (Serl77), eNOS, anti-IL-6 receptor, anti-DNMT],
anti-DNA methyltransferase 3A (DNMT3A), and anti-DNA
methyltransferase 3B. Nitrocellulose membrane was pur-
chased from Whatman plc (Little Chalfont, Chiltern, UK).
Enhanced chemiluminescence (ECL) to develop western
blotting images was from ThermoFisher Scientific
(Massachusetts, USA). IL-6 enzyme-linked immunosorbent
assay (ELISA) kit was from R&D Systems (Minneapolis,
USA). DNase and calf intestinal phosphatase were pur-
chased from New England Biolabs (Massachusetts, USA).
The following nucleotide standards were purchased from
MP Biomedicals (California, USA): Adenine, Guanine,
Thymine, Cytosine, and 5-methylcytosine.

Neutrophil isolation

Neutrophils were isolated from peripheral blood of healthy
individuals at Kasturba Hospital, Manipal. The protocol
was approved by the Institutional Ethics Committee,
Kasturba Medical College, Manipal. Blood cells were
separated in a density gradient set up using Ficoll (GE
Healthcare, Bangalore, India) and neutrophils were sedi-
mented using 4% Dextran T500 (HiMedia, Mumbai, India)
as described earlier. Purified neutrophils were resuspended
in RPMI 1640 medium supplemented with 2% heat-
inactivated human serum, 2mM L-glutamine, 100 U/ml
penicillin, and 100 pg/ml streptomycin (HiMedia).

Interleukin-6 ELISA assay

Neutrophils were seeded at a density of 1 x 10° /ml cells in
96-well plate. Neutrophil conditioned medium was col-
lected after 3 and 16h, centrifuged, and the accumulated
IL-6 was measured using sandwich ELISA method

according to the manufacturer’s instruction. Absorbance
was read at 450 nm in an ELISA reader (TECAN, Austria).

Immunoblotting

Cells were briefly rinsed with PBS and lysed with lysis
buffer containing 1% SDS in PBS along with protease
inhibitor cocktail (Sigma Chemicals) and phosphatase
inhibitors such as sodium orthovanadate (1 mM) and
sodium fluoride (5 mM). Protein concentration was mea-
sured by Lowry’s method [19]. Equal amount of proteins
was loaded on to 8% polyacrylamide gels, electrophoresed,
and subsequently transferred to nitrocellulose membrane.
Proteins were immunoblotted with corresponding primary
antibody and detected with horseradish peroxidase-
conjugated secondary antibodies and ECL. Images of
immunoblots were analyzed by ImageJ (NIH).

DNA methyltransferase activity assay

Nuclear extracts were prepared from HUVEC cells as
described previously [20]. Concentration of protein in
nuclear extracts was measured by Lowry’s method [19].
Reaction mixture to measure DNA methyltransferase
activity contained poly(dI-dC), protein extract (0.2 pg/ul),
and [°’H]-SAM (1.65 uCi) in a buffer containing Tris-HCI
(200 mM, pH 7.6), EDTA (50 mM), dithiothreitol (10 mM),
glycerol (50%), and protease inhibitor cocktail, and incu-
bated at 37 °C for 3 h. DNMT1 activity was calculated by
measuring incorporation of radiolabeled C*H; in poly(dI-
dC) by scintillation counter (Perkin Elmer 2900TR, USA).

Cell cycle analysis

HUVEC cells were seeded in six-well plates at the density
of 100,000 cells/ml and treated with IL-6 as indicated in
figure legends, and subsequently fixed with ethanol, washed
with PBS and treated with RNAse (0.5 ug/ml). The cells
were stained with propidium iodide (1 pg) and analyzed by
flow cytometer (BD FACS Calibur, BD Biosciences, USA).
Ten thousand events were collected from each sample. Data
acquisition and cell cycle distribution was carried out using
the BD CellQuest software (BD Biosciences).

Global DNA methylation analysis

DNA was isolated from endothelial cells by phenol-
chloroform method. Initially, DNA was digested with
DNase for 16 h at the concentration of 1 U/ug and further
DNA fragments were converted into single strands by
treating with Nuclease P1 (0.2 U/ul) overnight. Phosphate
group was removed from nucleosides by treating with calf
intestine phosphatase (0.5 U/ul) for 6 h. 5-Methylcytosine
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levels were measured by running the digested nucleotides
along with standards in reverse phase high-performance
liquid chromatography (HPLC) (Waters Alliance 2695,
MA, USA) by using 0.1 M potassium hydrogen phosphate
and methanol (9:1) in C18 column (Phenomenox, CA,
USA). Waters 2487 dual 1-absorbance detector was used to
detect the eluted nucleotides. The intensity graphs of eluted
nucleotides were plotted using Empower Waters software
(version 6.10).

Differential methylation hybridization

Differential methylation hybridization (DMH) was per-
formed as described previously [21, 22]. Briefly, 2 ug of
genomic DNA was subjected to digestion by Msel, which
restricts genomic DNA into small fragments, but retains
GC-rich CpG island fragments. The digested fragments
were ligated with H-24 and H-12 universal linkers.
Methylation sensitive endonucleases, Hpall and BstUI were
used for further digestion of DNA samples and fragments
were amplified by using H-24 primer. DNA isolated from
IL-6 treated cells was labeled with Cy5 dye (Red), whereas
the control DNA was labeled with Cy3 dye (Green). Equal
amounts of IL-6-treated and control DNA were hybridized
to a Human 244 K CpG island array slide (Agilent Tech-
nologies, CA, USA). After hybridization, the microarray
slide was scanned using Agilent p/n G2565BA scanner.
Differentially methylated probes were identified by calcu-
lating M-value [M =log2 (Cy5 /Cy3)]. Intensity of indivi-
dual probe was calculated by L value [L=0.5xlog2
(Cy5xCy3)]. Locally weighted scatterplot smoothing
(LOWESS) was used to normalize both the values.

Bisulfite DNA sequencing

Bisulfite conversion of endothelial cell DNA was achieved
using the EZ DNA Methylation-Gold kit (Zymo Research,
Orange, CA, USA) according to the manufacturer’s proto-
col. In brief, about 1.5ug of total genomic DNA from
control and IL-6-treated ECs was treated with sodium
bisulfite, purified according to the manufacturer’s protocol
before bisulfite-specific PCR. The resultant amplicons were
gel extracted from 1.5% agarose gel and the purified PCR
products were sequenced using BigDye terminator cycle
sequencing kit (ABI, USA) using Genetic Analyzer 3130
(Applied Biosystems, USA). Methylation at CpG positions
were analyzed using ESME software [23].

Statistics and bioinformatics analysis
All the experiments were performed in triplicates at inde-
pendent occasions. Unpaired two-tailed Student’s test

and analysis of variance were performed with or without

SPRINGER NATURE

post-hoc (Bonferroni’s multiple comparison test) using
Graphpad Prism. Data were represented along with SD and
a p-value<0.05 was considered as a significant change.
Microarray data was extracted with Feature Extraction
software (Agilent) with “no background correction” and
signals of the probes were normalized with LOWESS nor-
malization. The quality of data was assessed using the
box plot, M—A plot, and RG density plot using R basic
packages. Circular representation of probes was plotted
using Circos graph [24]. Differentially methylated genes
were tested for enrichment of specific gene ontology by
DAVID [25]. Pathway and literature-based gene-disease
association analysis were performed using Ingenuity Path-
way Analysis (Qiagen, Germany). Differentially methylated
CpG probes were screened for regulatory elements for
STAT3 and E26 transformation-specific (ETS) family-
binding proteins by using the UCSC genome browser
from ENCODE database.

Primers

Primers for bisulfite DNA were designed using MethylPri-
mer Express v1.0 by following the standard guidelines.
Primer list is provided as Supplementary Table-S1.

Results

Interplay between IL-6 and insulin results
in stabilization of STAT3 activation and impeded
eNOS phosphorylation

As a first step, based on dose-dependent assays (Fig S1A)
and our earlier observations [18], we selected the
concentrations of IL-6 and insulin showing highest
STAT3™7% and Akt>™"3 phosphorylation with 25 ng/ml
and 100 nM, respectively. Treatment of endothelial cells
with IL-6 and insulin, both individually and together, for
36h did not affect cell survival (Fig S1B & Fig S1D).
Further, we investigated the cooperative effects of IL-6 and
insulin signaling pathways by measuring the kinetics of
effector molecules associated with both the pathways in the
presence of (a) IL-6, (b) insulin, and (c) IL-6 + insulin. In
HUVECs, IL-6 induced robust phosphorylation of
STAT3™7% after 6h of treatment (compared with basal
levels) (Fig. 1a). Stimulation of endothelial cells with IL-6
resulted in a fourfold elevation of Akt>™"* phosphorylation
at 18 h, which increased to fivefold at 24 h before returning
to basal levels at 36 h. IL-6 induced a steady increase in
eNOSSe!177 phosphorylation levels at 6h and decreased
subsequently to control levels by 36h (Fig. 1a). Insulin-
activated profound phosphorylation of Akt>™”3 by 6h,
which was nearly eightfold higher compared with untreated
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Fig. 1 Influence of IL-6 and insulin alone or in combination on
endothelial cells: HUVEC cells were serum deprived for 4h and
treated with IL-6 (25 ng/ml) (a) or insulin (100 nM) (b), or together
(c¢) for indicated time periods and cells were lysed. Cell lysates
were processed for immunoblotting and probed for phospho-AktSe™73
and total Akt, phospho-STAT3™7% and total STAT3, phospho

control, and subsequently reduced to basal levels (Fig. 1b).
In response to insulin, phosphorylation of eNOSS!77
increased by threefold and subsequently reduced to steady
state. Interestingly, IL-6 effects on the kinetics of phospho-
eNOS did not mirror that of phospho-Akt, where IL-
6-induced phosphorylation of eNOS was followed by
phosphorylation of Akt (Fig. 1a, b). Hence, to understand
the mechanism for IL-6-induced eNOS activation, we
treated endothelial cells with IL-6 in the presence or
absence of LY294002, a potential inhibitor of phosphatidyl
inositol 3-kinase (PI3K). We observed that 1.Y294002

eNOSS'7 " and total eNOS and actin. Changes in phosphorylation/
total effector ratios are expressed relative to respective initial time.
Significant modulation in phosphorylation status of three independent
experiments is denoted by asterisk, *p<0.05, **p<0.0l,
*#%p <0.001

inhibited IL-6-induced Akt>™3 phosphorylation but not
eNOS®"'77 phosphorylation. This suggested that IL-6-
activated eNOS was independent of Akt phosphorylation
(Fig S2). Further, we examined the influence of IL-6 and
insulin together on endothelial cells. Any influence of both
IL-6 and insulin on phosphorylation of Akt>™’* and
eNOSS!77 was nullified when treated together (Fig. 1c).
On the other hand, insulin along with IL-6 stabilized
phospho-STAT3™7% Jevels. Both IL-6 and insulin-induced
expression of total STAT3 and these effects were abrogated
when treated together (Fig S1F).
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Fig. 2 Effects of chronic IL-6 on insulin response in endothelial cells.
a HUVECs were pretreated with or without IL-6 in serum free (SF)
medium (basal ECGM + 0.5% FBS) for 36 h and followed by sti-
mulation with insulin (100 nM) for 30 min. b HUVECs were treated
with or without insulin (100 nM) in serum-deprived medium for 18 h
and followed by IL-6 (25 ng/ml) treatment for indicated time points.
Cell lysates from (a) and (b) were processed for immunoblotting and
stained for pAkt 573 and total Akt. Significant differences in Phospo/
total Akt ratios are denoted by *p <0.05, **p<0.01. ¢ Cells were
treated with IL-6 for indicated time points and lysates were processed
for immunoblotting and stained for phospho and IRSSer636/639 4nd total
IRS and actin. Experiments (a, b, ¢) were conducted three times
independently. Spheroids from endothelial cells were prepared in

Chronic IL-6 and hyperinsulinemic conditions lead
to vascular insulin resistance

Next, we investigated the influence of insulin on endothelial
cells pretreated with chronic IL-6. In response to insulin, we
observed activation of Akt>*™"? (2-fold) and eNOSS*!!"’
(2.5-fold) phosphorylation and insulin effects were abro-
gated in cells pretreated with IL-6 (Fig. 2a). The IL-6
induced insulin resistance was dose dependent where cells
treated with higher doses (25 ng/ml) did not respond to
insulin as compared with lower doses (10 ng/ml) (Fig S1C).
Previous studies have demonstrated hyperinsulinemia as
one of the potential causes of insulin resistance [26]; we
noticed that IL-6 stimulated Akt>™® and eNOSSer!!"’
phosphorylation (Fig. 1a). Therefore, we tested the influ-
ence of IL-6 on Akt>™"* in cells pretreated with insulin.
Hyperinsulinemic conditions were mimicked by treating the
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methylcellulose (20%) and embedded in collagen gels in the presence
or absence of IL-6 (25 ng/ml) for 8 h followed by inclusion of insulin
(100 nM) for further 24 h. Data from four independent experiments is
represented as percentage sprout length (d) and numbers (e) relative to
control. f Representative micrographs of 3D cultures in collagen gels
are provided. Sprouts are indicated by red arrows. Scale bar: 50 um.
g Cells were serum deprived for 4 h and treated with or without IL-6
(25 ng/ml) for 36 h and equal number of cells were seeded in plates
precoated with matrigel for 6 h in the presence or absence of insulin
(100 nM). Tube formation was assessed and represented as percentage
number of tubes/field and significant differences of four independent
experiments are denoted as **p <0.01, ***p <(0.001. h Representative
fields of tube formation is given. Scale bar: 200 um

cells with insulin for 18 h and further stimulated with IL-6
for different time periods. We observed minimal activation
(twofold) of Akt>*™”® by IL-6 at 6h in insulin pretreated
cells, which showed a nearly threefold increase at 12 h and
subsequently returned to basal levels (Fig. 2b). This sug-
gested chronic insulin treatment influences IL-6 effects.
IL-6-induced insulin resistance was also supported by
significant elevation (threefold compared with control at
36h) in the phosphorylation of IRS15¢3¢/63 (Fig 2¢),
which is known to signal for proteasomal degradation of
IRS1, leading to a state of insulin resistance in various cell
types [27].

IL-6 abrogates insulin effects on angiogenesis

We examined the effect of insulin and IL-6 alone and
together in in vitro angiogenesis models. Both insulin and
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IL-6 facilitated significant increase in number of sprouts and
their length in collagen spheroid assays (Fig. 2d, e). In
response to insulin, both sprout length and numbers
declined in the spheroids pretreated with IL-6, indicating
that insulin-resistant conditions exerted by IL-6 led to
decrease in insulin-induced angiogenesis (Fig. 2f). Similar
effects of insulin and IL-6 together on matrigel tube forming
assays were observed, where both insulin and IL-6 indivi-
dually induced significant tube formations, but failed to do
so when treated together (Fig. 2g, h).

IL-6 reduces 5-methylcytosine levels in endothelial
cells

Next, we conducted a series of experiments to elucidate
constitutive and inducible changes in DNA methylation
patterns in endothelial cells. HPLC-based analysis revealed
basal levels of total methylcytosine contents to be
342+0.1% and 3.6+0.14% in HUVECs and HDMECs,
respectively. Cells cultured in the presence of a DNA
methyltransferase inhibitor, 5-azacytidine for 36 h, reduced
methylcytosine levels by nearly 1%, yielding 2.45 +0.07%
and 2.5+0.13% in HUVECs and HDMECs, respectively
(Fig. 3a). MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide)-based cytotoxicity assays revealed 1-3%
cell death in 5-Azacytidine-treated cells (data not shown),
suggesting cytosine methylation changes were not due to
severe cytotoxic effects.

To determine DNA methylation changes under the con-
ditions of vascular insulin resistance, we investigated the
influence of IL-6 on global DNA methylation. Neutrophils
are one of the major sources of IL-6 and endothelial-
neutrophil interactions are common during inflammation.
Neutrophil cultures showed accumulation of significant
levels of IL-6 in a time-dependent manner, which reached
1275+ 106 pg/10° cells by 16h of culture (Fig S3A).
Subsequently, HUVECs were treated with neutrophil con-
ditioned medium for 36h and tested for methylcytosine
content. Neutrophil conditioned medium (NCM) led to
significant decrease in methylcytosine levels (3.8% vs.
2.2% in treated) (Fig S3B), indicating that inflammatory
response induces genome-wide hypomethylation, which
might be responsible for expression of pro-inflammatory
genes. Further inclusion of neutralizing antibody of IL-6R
in the presence of NCM, increased the DNMT1 protein
levels (Fig S3C), suggesting that IL-6 present in NCM
might be one of the cytokines responsible for modulation of
DNA methylation during inflammation. Next, we examined
the direct effect of IL-6 on methylcytosine content in
HUVECs (Fig. 3b). Kinetic analysis suggested that IL-6
induced a transient increase in methylated cytosine levels
(3.87+£0.02%) at 24 h and a significant decline of 0.7% at
36 h compared with control (3.15+0.05 vs. 2.62 +0.12%).

IL-6-induced demethylation of DNA was within the mod-
ifiable range of 1% that was observed with 5-Azacytidine
treatment.

IL-6-induced vascular insulin resistance is paralleled
with DNA hypomethylation and DNA synthesis

Our earlier experiments indicated that IL-6-induced insulin
resistance was associated with kinetics of DNA hypo-
methylation. Hence, to examine possible inter-relationship
between insulin resistance and DNA methylation, we tested
the consequence of pharmacological inhibition of DNA
methyltransferases on insulin response. We observed that
cells cultured in the presence of 3 and 6 uM of 5-
Azacytidine did not respond to insulin for Akt3e’3
(Fig. 3c) and eNOS®*™77 (Fig. 3d) phosphorylation, which
was in parallel with degradation of DNMT1 (Fig. 3e). This
suggested that vascular insulin resistance was associated
with DNA hypomethylation. As DNA methylation is cou-
pled with DNA replication, we investigated cell cycle status
in IL-6 treated endothelial cells in a time-dependent manner.
IL-6 stimulated DNA synthesis (12.27% vs. 10.81% of
control) at 12 h, which further increased to 15% and sus-
tained for 36h. Although 12.09% control cells entered
synthetic phase at 24 h, which further declined to 8.7% at
36 h. DNA methyltransferase inhibitor 5-Azacytidine treat-
ment also induced and maintained DNA synthesis until 36 h
though not as potent as IL-6 (Fig. 3f).

IL-6 significantly alters endothelial epigenome

Next, we performed CpG microarray analysis encompass-
ing 237,220 probes to identify differentially methylated
genes responsible for IL-6-induced alterations in gene
expression patterns under insulin-resistant conditions. Glo-
bal changes and localization in DNA methylation pattern
has been illustrated as density graph (Fig. 4a) and circos
diagram (Fig. 4b). We observed significant changes in
methylation patterns across the genome. Statistical analysis of
microarray data indicated a total of 4390 probes showing >
1.5-fold change compared with untreated control. These
probes were further annotated based on their genomic
location to their nearest genes and classified into promoter
region, 3’-untranslated region, gene body, and intergenic
space. Major ratio of probes with significant modulation of
DNA methylation was distributed in gene body, followed
by promoter regions (Fig S5A). When precisely analyzed,
we found 2438 hypomethylated probes pertaining to 199
genes and 1892 hypermethylated probes associated with 98
genes. In both the cases, the probes were mostly accumu-
lated at transcription start sites, suggesting that changes in
DNA methylation of these regions might strongly affect
gene transcription (Fig. 4a). Probes located in promoter

SPRINGER NATURE
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regions were annotated and further screened for the pre-
sence of putative regulatory elements for endothelial cell-
specific ETS family transcription factors (Fig S5B). As
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STATS3 is attributed in modulating angiogenesis in vascular
pathologies [28], we stratified our data based on localization
of STAT3-binding elements (Table 1). Among the 297
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Fig. 3 Global DNA hypomethylation in endothelial cells is associated
with insulin resistance and DNA synthesis. a Genomic DNA isolated
from cultures of HUVEC and HDMEC treated with or without 5-
Azacytidine (3 uM) for 36 h was subjected to nucleoside isolation and
processed for HPLC. Data from four independent experiments is
cumulated. b Genomic DNA isolated from cultures of HUVEC treated
with or without IL-6 (25 ng/ml) for 36 h was subjected to nucleoside
isolation and processed for HPLC. Data from experiments conducted
in quadruplicates is represented as % S5-methylcytosine. ¢ HUVECs
were treated with 5-Azacytidine (3 uM and 6 uM) for 36 h and cells
were serum starved for 4 h and further treated with insulin (100 nM)
for 30 min, and lysates were processed for immunoblotting. Fold
change with respect to untreated control in levels of phospho-AktS#7,
phospho-eNOS>™147 and DNMT1 are shown with significant changes
marked by asterisk **p <0.01, ***p<0.001. Representative blots
from four individual experiments are shown. d Cell cycle analysis was
performed in HUVEC cells treated with IL-6 (25ng/ml) or 5-
Azacytidine (3 uM) at indicated time points. Cells after treatment
were fixed and stained with propidium iodide and processed for flow
cytometry analysis. Percentage of cells in different phases of cell cycle
and PI intensity are shown

differentially methylated genes, 9 were selected for
further validation based on number of probes per gene,
fold-change level (Table 2), network analysis (Fig S5C,
S5D), pathway analysis, gene ontology (Table 3), and lit-
erature survey.

Validation of differentially methylated genes was carried
out by direct bisulfite DNA sequencing method (Fig. 4c).
Among the hypomethylated genes, RPS6KA2, PIK3R?2,
FOXD3, EXOC7, and MAP3K8 were considered for vali-
dation, of which, RPS6KA2 and PIK3R2 showed maximum
influence of IL-6 on promoter hypomethylation. In pro-
moter fragment of RPS6KA2, 8/30 CpG sites and in
PIK3R2, 17/35 CpG sites were significantly demethylated
in response to IL-6. CpG sites of FOXD3, EXOC7, and
MAP3KS8 genes were moderately hypomethylated, which
showed demethylation of 7/15, 3/18, and 3/28 CpG sites,
respectively. For hypermethylated genes, IGFIR, ITPKB,
EPHAG6, and FOXC2 were validated. We observed sig-
nificant hypermethylation on 8 CpG sites and 19 CpG sites
in FOXC2 and EPHAG, respectively in IL-6-treated cells.
ITPKB and IGF IR showed moderate hypermethylation with
seven and nine CpG sites, respectively.

Further, we selected six genes and studied kinetics of
CpG methylation at 12, 24, and 36 h post IL-6 treatment
(Fig S6). RPS6KA2 and PIK3R2 genes showed delayed
response to IL-6 for demethylation of CpG sites, which
exhibited alterations only after 36 h. On the other hand,
CpG sites in EXOC7 promoter region demethylated at 12 h
and showed sustained hypomethylation until 36 h. Promoter
of MAP3KS exhibited varied methylation pattern over dif-
ferent time points but subsequently showed complete
hypomethylation at 36 h. CpG sites in promoter region of
ITPKB showed hypermethylation only after 36h and
methylation of CpG residues in FOXC2 promoter started at
24 h and increased at 36 h.

IL-6 modulates DNMT1 and DNMT3B but not
DNMT3A protein levels

Time-dependent assays indicated that IL-6 significantly
modulated DNMT1 (Fig. 5a) and DNMT3B (Fig. 5c) but
not DNMT3A (Fig. 5b) protein levels. IL-6 transiently
increased DNMT1 (threefold) and DNMT3B (approxi-
mately twofold) levels by 6 h, gradually started declining to
basal levels at 24 h and further decreased at 36 h. However,
we did not find any influence of IL-6 on DNMT3A levels.
Concentration-dependent assays indicated a 50% decline in
DNMT1 levels in response to 10 ng/ml IL-6 and a further
75% decrease with 25 ng/ml (Fig. 5d). However, 25 ng/ml
IL-6 was required to downregulate protein levels of
DNMT3B (Fig. 5f). In line with the kinetic analysis,
DNMT3A levels remained unaltered in response to IL-6
(Fig. 5e). To elucidate the functional consequence of
decreased DNMT1 and DNMT3B levels in response to IL-6
in endothelial cells, we measured DNMT enzyme activity
by analyzing transfer of radiolabeled methyl group from S-
adenosyl methionine to DNA. IL-6 treatment for 36 h sig-
nificantly (p <0.05) reduced DNMT activity in nuclear
extracts of HUVECs and HMDECs (Fig. 5g). IL-6 effects
on reduced DNMT1 levels were further confirmed by
inclusion of neutralizing antibody against IL-6R. Influence
of IL-6 (10 and 25 ng/ml) on DNMT1 levels were abolished
significantly upon inclusion of IL-6R neutralizing antibody
for 36 h (Fig. 5h), confirming that IL-6 has an important
role in the regulation of DNMT1 expression. To investigate
whether IL-6 modulates DNMT1 protein levels by effecting
stabilization, we measured DNMT1 levels in the cells in the
presence of MG132, a potent proteasome inhibitor. IL-6
reduced DNMTI levels in 24h but MG132 rescued the
degradation and brought back to higher than control levels
(Fig. 5i), suggesting involvement of IL-6 in maintaining
stability of DNMTI1. To address whether downstream
effects of IL-6 on DNMT1 and DNMT3B changes were due
to modulation in IL-6 receptor (IL-6R) per se, we examined
expression levels of IL-6R in a time-course experiment.
However, IL-6R expression levels remained unaltered in
response to IL-6 treatment (Fig S4).

Discussion

Our study was aimed at dissecting the intricate role of
inflammatory mediators on insulin signaling and identifying
underlying epigenetic changes in the vascular endothelium.
Using 2D and 3D endothelial cell culture models, we
demonstrated the role of IL-6 in manifestation of vascular
insulin resistance. Global DNA methylation patterns under
the influence of IL-6 indicated possible inter-relationship of
impeded insulin response, DNA hypomethylation, and

SPRINGER NATURE
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Fig. 4 Influence of IL-6 on endothelial methylome. Density plot shows
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represent hypermethylated genes and red dot represent hypomethy-
lated genes. Significant alterations (more than 1.5-fold) of DNA
methylation in response to IL-6 is represented with thicker stroke.
d Graphical representation of differentially methylated CpG sites in

DNA synthesis. CpG microarray analysis revealed that IL-6
significantly altered promoter DNA methylation patterns of
genes involved in insulin signaling and angiogenesis.
Finally, mechanistic studies showed IL-6 facilitated mod-
ulation of DNMT1 and DNMT3B protein levels, providing
a causal link for IL-6-induced differential DNA methylation
and its possible role in deregulation of insulin signaling axis
(Fig. 6).

Although IL-6 and insulin alone induced activation of
AkeST3 STAT3™05 eNOSSer! 177 phosphorylation, and
angiogenesis in vitro, the magnitude and kinetics varied
between both inducers. The effects were abrogated when
IL-6 and insulin were treated together, suggesting a state of
insulin resistance in presence of IL-6. Our observation of
IL-6 effects on insulin resistance was in agreement with
earlier studies that demonstrated IL-6 treatment in endo-
thelial cells impaired insulin effects on IRS1/Akt/eNOS
activity in Erk1/2- and JNK-dependent manner [9]. Further,

SPRINGER NATURE

response to IL-6. Genomic DNA extracted from untreated and IL-6-
treated HUVEC were subjected to PCR after bisulfite conversion.
Methylation pattern was obtained by direct DNA sequencing using
bisulfite-specific primers. Data from three independent experiments are
represented as percentage methylated CG in the amplicon pool. Ticks
in X axis denotes CpG sites. UCSC CpG track is shown to indicate
position CpG island in chromosome for each gene

IL-6-induced eNOS activation was PI3K/Akt independent.
Similar observations were made in bovine aortic endothelial
cells, where thrombin-induced eNOS was calcium depen-
dent and Akt independent [29]. AMPK has been shown as a
potential kinase to phosphorylate eNOS in endothelial cells
[30]. In another study, IL-6 impaired insulin-induced eNOS
activation and nitric oxide production that were associated
with increased expression of TNF-o in human aortic
endothelial cells [31]. Hyperinsulinemia is also known to
induce insulin resistance [26] and circulating IL-6 has been
correlated with hyperinsulinemia and insulin resistance
[32]. In a time-course analysis, IL-6 showed an additive
effect on Akt phosphorylation in insulin pretreated cells at
an early time point, followed later by complete reduction,
suggesting that hyperinsulinemia along with IL-6 caused
disruption in insulin signaling.

HPLC analysis showed 3.42 +0.1% and 3.6 +0.14% of
basal DNA methylation levels in HUVEC and HDMEC
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Table 1 List of representative CpG probes of various genes harboring putative regulatory elements for STAT3-binding sites

Hypomethylated genes

Hypermethylated genes

Name Coordinates FC Name Coordination FC

PRR15 chr7:29603316-29603664 — 15.7490 KIF11 chr10:94352667-94353159 2.0165
MAP3KS ¢chr10:30723393-30723709 —10.3585 Cllorfl chrl1:111749570-111750078 2.0624
DNAIC17 chr15:41099234-41099644 —8.7568 RNF10 chr12:120972167-120972447 2.2421
ZNF776 chr19:58257858-58258268 —5.8570 JARIDIA chr12:498098-498920 2.9081
IRF7 chrl1:615450-615766 —4.2730 TMBIM4 chr12:66563202-66563945 2.7344
SLCI16A13 chr17:6938993-6939273 — 3.4837 GAPDH chr12:6643261-6644607 2.2367
G3BP2 chr4:76598618-76598934 —3.3510 TSC22D1 chr13:45011151-45011395 2.0210
RPL10A chr6:35436031-35436347 —3.3109 BAHCC1 chr17:79366806-79374742 2.2303
INTS10 chr8:19674173-19674489 —3.0453 C18orf37 chr18:33077545-33078063 2.2096
WWwWC2 chr4:184020125-184020455 —2.9430 SLC39A10 chr2:196521555-196522950 2.2975
SIAE chr11:124543457-124543958 —2.7164 PCGF3 chr4:699541-699951 2.2504
Cl4orf24 chr14:35515461-35515825 —2.6794 RNF44 chr5:175963498-175965116 2.7747
ATXNI1 chr6:16761377-16761693 —2.6743 ARSK chr5:94890407-94891169 2.0948
ZNF747 chr16:30546225-30546617 —2.6656 TNRCI18 chr7:5458503-5469256 29104
RPS26 chr12:56435492-56435832 —2.6055 TNRC18 chr7:5458503-5469256 29104

FC, fold change

Table 2 List of differentially methylated genes in response to IL-6

S.No Gene Gene coordinates Fold change Amplicon coordinates Amplicon size No of CpGs Distance from
TSS
From To

Hypomethylated
1 MAP3K8  chr10:30762955-30790768  10.3 chr10:30762407-30762720 314 28 —548 —1235
2 PIK3R2  chr19:18124987-18142343 5.4 chr19:18124669-18124986 318 35 —318 -1
3 FOXD3 chr1:63561317-63563385 4.6 chr1:63558136-63558396 260 15 —3181 —2921
4 EXOC7 chr17:71588668-71611463 3.1 chr17:71611483-71611727 245 18 — 264 —-20
5 RPS6KA2 chr6:166742841-166960755 2.1 chr6:166960149-166960463 315 30 292 606

Hypermethylated
6 FOXC2 chr16:85158357-85160038 5.9 chr16:85158772-85159140 369 34 415 783
7 IGFIR chr15:97009290-97325282 4.6 chr15:97009325-97009722 398 59 35 432
8 ITPKB chr1:224886013-224993499 2.3 chr1:224992385-224992703 319 23 796 1114
9 EPHA6 chr3:98641126-98850111 2.3 chr3:98014886-98015283 398 51 —1229 —-832

cells, respectively. Studies have indicated the dynamics in
cell type-specific DNA methylation. A microarray-based
analysis of 82 human cell lines and tissues showed 3—-15%
of global DNA methylation, which significantly varied
between normal and transformed cells [33]. Inflammatory
mediators have been demonstrated as potential modulators
of DNA methylation and subsequent cause for altered gene
expression [34].

Epigenetic mechanisms including DNA methylation have
been implicated in endothelial dysfunction in T2D [35] and
development and progression of atherosclerosis [36]. Global
DNA analysis of atherosclerosis plaques indicated hypo-
methylation [37] and was associated with decreased

DNMT1 expression in human carotid plaques [38]. In our
study, global DNA methylation analysis and microarray data
of endothelial cells treated with IL-6 showed significant
DNA hypomethylation. Endothelial cell-specific methylome
analysis has been carried out with different stimulants such
as high glucose [39] and shear stress [40]. In aortic endo-
thelial cells, hyperglycemia induced significant alterations in
both  DNA methylation and chromatin modifications,
resulting in changes in expression of genes related to pro-
inflammatory pathway, endothelial dysfunction, and ather-
ogenesis [39]. Disturbed flow upon employing carotid
ligation surgery in murine model and oscillatory shear stress
in cultured endothelial cells led to increased expression of

SPRINGER NATURE
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Fig. 5 IL-6 modulates DNMT isoforms. Kinetics of DNMT isoform
protein expression in response to IL-6 (25ng/ml) in HUVEC
cells were measured after treating for indicated time points. Cell
lysates were processed for immunoblotting for the detection of
DNMT1 (183 kDa) (a) and DNMT3A (120 kDa) (b), and DNMT3B
(100kDa) (c), and actin (44 kDa). Data from three independent
experiments is represented as fold change of untreated control.
HUVEC cells were treated with IL-6 (10 and 25 ng/ml) for 36 h and
cell lysates were immunoblotted for DNMT1 (d), DNMT3A (e), and
DNMT3B (f). Representative blots and graphical representation
are provided. g HUVEC and HDMEC cells were treated with or

B-ACHN [ e s e e e e e | 43

without IL-6 for 36 h and nuclear extracts were tested for DNMT
activity by 3H-labeled S-adenosyl methionine using poly-dI-dC
(30 ug/ml) as substrate. DNMT1 activity was measured in scintilla-
tion counter and data is represented as counts per minute. *p <0.05
indicates statistical significance. HUVEC were pretreated with or
without IL-6R neutralizing antibody (1 pg/ml) (h) or MG132 (5 uM)
(i) in presence of IL-6 (25 ng/ml) for 36 h. Cell lysates were processed
for western analysis and probed for DNMT1 and actin. Data are
represented as fold change of untreated control. Statistical significance
calculated from three different experiments is denoted by *p <0.05,
*#p <0.01
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DNMT1 and subsequent microarray analysis indicated
hypermethylation of mechanosensitive genes involved in
induction of atherosclerosis [40].

Knowledge of regulation and function of DNMT iso-
forms in vascular endothelial cells is sparse. In brain
endothelial cells, homocysteine increased the expression of
DNMTI1 and DNMT3A, and simultaneously decreased
DNMT3B levels and caused mitochondrial toxicity [41].
Krause et al. [42] showed the role of DNMT]1 in upregu-
lating eNOS expression in endothelial cells isolated from
intrauterine growth restricted fetuses, which resulted in
altered response to hypoxia. Mesenchymal stem cells dif-
ferentiated into arterial endothelial cells and induced
angiogenesis upon treating with DNMT inhibitor 5-aza-dc
and when knocked out with DNMT1 and DNMT3A genes
[43]. We observed transient increase, followed by a decline,
in both DNMT1 and DNMT3B in response to IL-6, whereas
DNMT3A remained unaltered. Earlier studies have
demonstrated role of IL-6 in regulating DNMT1 function
[44]. TL-6 induced Akt dependent phosphorylation of
nuclear localization signal and subsequently increased
nuclear translocation of DNMT1 [45]. In pancreatic cancer
cells, IL-6-induced STAT3 recruited DNMT1 to the pro-
moter site of SOCS3 and inhibited its transcription via DNA
methylation [46].

SPRINGER NATURE

nucleus

CH3 CH3
WA AV AAY/AY/AN
Hypomethylation

Angiogenesis Insulin Resistance  Angiogenesis

EPHA6 RPS6KA2 EXOC7
ITPKB PIK3R2
MAP3K8
FOXD3

-------- » Predicted Interactions

Enhanced activity of DNMT1 was demonstrated during
the S-phase of cell cycle [47]. Our analysis indicated that
IL-6 increased the population of S-phase cells, which was
kinetically associated with DNA hypomethylation, sug-
gesting that reduced replication-associated DNMT1 levels
may be due to activation of certain genes by DNA hypo-
methylation. 5-Azacytidine has been shown to induce pro-
teasomal degradation of DNMT1 [48], which reduced its
activity leading to DNA hypomethylation. Increased
S-phase cell population was associated with decreased
DNMT1 and DNMT3B levels upon treatment with
5-azacytidine and thus followed similar pattern of IL-6
effects, suggesting that DNA methylation changes due to
IL-6 might be transmitted to next generation.

Our study provides novel insights into IL-6 biology
modulating DNMT1 and DNMT3B in vascular endothelial
cells and thereby regulating the expression of genes
involved in insulin signaling and angiogenesis by promoter
DNA methylation. Validation of the methylation signatures
of associated genes and their function in T2D warrants
animal and clinical models. Abnormal endothelial function
due to insulin resistance is a known risk factor for the
development of diabetes associated micro and macro vas-
cular diseases. Novel therapeutic interventions that restore
epigenetic changes, thereby ameliorating endothelial
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function, might facilitate lowering of the cardiovascular risk
in diabetes mellitus.
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