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Background —Glycemic control is a strong predictor of long-term cardiovascular risk in
patients with diabetes mellitus, and poor glycemic control influences long-term risk of
cardiovascular disease even decades after optimal medical management. This phenomenon, termed
glycemic memory, has been proposed to occur due to stable programs of cardiac and endothelial
cell gene expression. This transcriptional remodeling has been shown to occur in the vascular
endothelium through a yet undefined mechanism of cellular reprogramming.

Methods: In the current study, we quantified genome-wide DNA methylation of cultured human
endothelial aortic cells (HAECsS) via reduced-representation bisulfite sequencing (RRBS)
following exposure to diabetic (250 mg/dL), pre-diabetic (125 mg/dL), or euglycemic (100mg/dL)
glucose concentrations for 72 hrs (n = 2).

Results: We discovered glucose-dependent methylation of genomic regions (DMRs)
encompassing 2,199 genes, with a disproportionate number found among genes associated with
angiogenesis and nitric oxide (NO) signaling-related pathways. Multi-omics analysis revealed
differential methylation and gene expression of VEGF (15.6% DMR, 13.6-fold expression), and
NOS3 (120.3% DMR, {1.6-fold expression), nodal regulators of angiogenesis and NO signaling,
respectively.

Conclusion: In the current exploratory study, we examine glucose-dependent and dose-
responsive alterations in endothelial DNA methylation to examine a putative epigenetic
mechanism underlying diabetic vasculopathy. Specifically, we uncover the disproportionate
glucose-dependent methylation and gene expression of VEGF and NO signaling cascades, a
physiologic imbalance known to cause endothelial dysfunction in diabetes. We therefore
hypothesize that epigenetic mechanisms encode a glycemic memory within endothelial cells.

Keywords

Whole-genome DNA methylation; glycemic memory; epigenomics; computational biology; type 2
diabetes mellitus; diabetic cardiomyopathy

INTRODUCTION

Diabetes mellitus (DM) affects roughly 10% of the global population, and nearly two-thirds
of these patients dying from cardiovascular (CVD)-related complications [1, 2]. Independent
of comorbid illnesses, DM confers a four-fold increased risk of CVD mortality. Although
DM is a multifactorial disease, the cardiovascular risk of DM correlates with degree of
glycemic control [3-5], and growing body of evidence supports that transient hyperglycemia
increases susceptibility for CVD long after the initial insult, a phenomenon termed
“glycemic memory” [2, 6-8]. Although the precise molecular mechanisms are poorly
understood, mounting interest has shifted to uncovering the epigenetic contribution of these
metabolic memories [9-11].

Dysregulation of the vascular endothelium is a common underlying factor in the
pathogenesis of DM-associated end-organ complications. Endothelial dysfunction (ED)
refers to a physiologic state in which alterations to the systemic vasculature promote
thrombosis and pro-atherosclerotic changes to increase likelihood of plaque rupture [12, 13].
Transient hyperglycemia is a known potent cytotoxic stressor capable of acutely damaging
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the vascular endothelium through several known processes, including formation of
extracellular Advance Glycation End-products (AGEs) [14], profound metabolic
perturbations [15], dysautonomia, immunologic disruption and downregulation of
endothelial progenitor cell number via SIRT1 [16]. Our laboratory has previously shown that
tight glycemic control mitigates the adverse effects of DM on circulating endothelial
progenitor cells to restore their bioavailability [17]. Interestingly, the formation both of
AGEs and glycoxidized low-density lipoprotein (LDL) downregulates endothelial nitric
oxide synthase in human coronary cells perhaps contributing to ED [18]. However, the
precise mechanism by which a glucose-dependent disruption of endothelial function is
potentiated remains unknown.

The persistence of DM-associated CVD susceptibility has led to the search for epigenetic
mechanisms of glucose-mediated endothelial dysfunction. DNA methylation is an epigenetic
modification directly to DNA that is associated with alterations to genomic architecture and
gene accessibility. Several studies have proposed endothelial DNA methylation as a
molecular determinant of “glycemic memory,” particularly as the early molecular
underpinnings of vascular damage [19, 20], leading also to diabetic end-organ complications
including diabetic nephropathy and retinopathy [10, 21-27]. However, a genome-wide
analysis of glucose-sensitive DNA methylation in the human endothelium has not yet been
performed.

The current preliminary study therefore examines the impact of elevated glucose
concentrations on genome-wide DNA methylation in human aortic endothelial cells
(HAECSs). Using reduced-representation bisulfite sequencing analysis of human aortic
endothelial cells (HAECSs) exposed to varying concentrations of glucose, we find that
elevated glucose concentrations disproportionately affect genomic methylation at intronic
regions of genes involved in angiogenesis, endothelin signaling, and PI3K/AKT-mediated
insulin signaling. Specifically, we implicate differential methylation as a putative underlying
mechanism of the physiologic uncoupling between VEGF and NO signaling pathways. As a
result, this pilot study supports ongoing efforts to characterize the epigenetic modifications
that may contribute to endothelial glycemic memory.

Ethics Statement.

Stable human aortic endothelial cells were obtained from Lonza© (CC-2535, Basel,
Switzerland), which have been collected from patients who tested negative for mycoplasma,
bacteria, yeast, and fungi. HIV-1, hepatitis B and hepatitis C. All human genome-wide DNA
methylation data have been uploaded to the NCBI Gene Expression Omnibus database for
public access and reanalysis (GSE163510). The protocol of the study was approved by the
Investigation Review Board of IRCCS SDN, Naples, Italy.

Cell culture and glucose treatment.

Human aortic endothelial cells (HAECs) were obtained from Lonza, cultured in euglycemic
(5.55mM) medium EGM-2MV bullet kit (Lonza) supplemented with 10% FBS and
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antibiotics and maintained in a 5% CO» incubator at 37°C in a humidified atmosphere.
When reaching 80-90% confluence, cells were detached with 0.5 mM EDTA/0.05% trypsin
(Gibco) for 5 minutes at 37°C and then re-plated, as previously described [28, 29].

D-Glucose was purchased from Sigma-Aldrich (Milan, Italy). HAECs were seeded at a cell
density of 5 x 103 cells/cm?2. Cell number was determined using a Burker chamber,
according to the manufacturer’s instructions and cell viability was evaluated using Trypan
Blue vital dye. After cell attachment, the medium was changed to fresh culture medium
containing 125 mg/dL and 250 mg/dL D-Glucose. After 48 hours, the D-glucose containing
culture medium was refreshed for another 24 hours (total treatment 72 hours). Each
experiment was conducted in duplicate following the third passage. Absence of mycoplasma
contamination was confirmed by PCR with specific primers.

DNA extraction.

Genomic DNA was isolated from HEACs treated with 125 mg/dL and 250 mg/dL D-glucose
using DNeasy Blood and Tissue Kit (Qiagen) according to the manufacturer’s instructions.
DNA concentration and purity were determined using NanoDrop 2000 (Thermo Scientific).
DNA integrity was verified using electrophoresis on 1% agarose gel.

Reduced-representation bisulfite sequencing (RRBS).

Sequencing experiments were performed at the Genomix4Life S.r.l. (Italy) with subsequent
bioinformatics performed at the University of Alabama at Birmingham (USA), as described
[30]. Briefly, 1 ug of genomic DNA were used for each library preparation. Each DNA
sample was digested by Mspl restriction enzyme. The digested products were purified with
the GenelJet PCR Purification Kit (Thermo Fisher Scientific) and libraries were prepared by
TruSeq Library Prep Kit (Illumina, USA). Fragments were bisulfite converted using the EZ
DNA Methylation-Gold Kit (Zymo Research, USA). The converted DNA was amplified
using PfuTurbo Cx Hotstart DNA Polymerase (Agilent Technologies, USA). The amplified
fragments were purified by AMPure XP Beads and further quantified by the Agilent 4200
TapeStation (Agilent Technologies, USA). Each DNA library was analyzed by paired-end
sequencing read (2 x 75 cycles) on Illumina Nextseq 500.

Bioinformatic analysis and data visualization.

A detailed description of the analysis performed, including coding scripts, is available as an
online supplement and GitHub data repository: https://github.com/mepepin/
Glycemic.Memory.HAECs. To assess RRBS quality, FastQC (0.11.9) was used both before
and after adapter trimming (PHRED < 30) via TrimGalore (0.4.4). The bisulfite-reduced and
sequenced reads were then aligned to the CT- and GA-converted human hg38
(GRCh38.p12) genome assembly via BWA-meth [31] to quantify relative alignment of
methylated and unmethylated CpGs, respectively [32]. The alignment yielded a mapping
efficiency of 98.4+0.2% (32.9+7.2 million) paired-end reads following quality trimming and
alignment. Differential DNA methylation was computed using 500-base windows to exploit
the regional CpG methylation analysis afforded by RRBS using the R package methylKit
(1.16.0). Statistical significance of differential-methylation was assumed based on an over-
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correction adjusted Chi-squared test, as recommended by Wreczycka et a/. [33]. To adjust ~-
values for multiple testing, a post hoc sliding linear model (SLIM) method was applied [34].

Gene-set enrichment and response element identification.

ResuLts

Computational enrichment analysis was performed using Enrichr[35] to identify biological
pathways which are disproportionately affected by glucose-dependent differential
methylation. The PANTHER pathway database [36] was parsed using genes containing
differentially-methylated promoters (DMRS) at a statistical threshold of @ < 0.05. Pathways
were then sorted by P-value significance per the Fisher’s exact test. Heatmap and
hierarchical clustering generation was performed using pheatmap package (1.0.8) in R
(4.0.3). Unless otherwise indicated, statistical significance of RRBS data was determined via
unpaired two-tailed Bonferroni-adjusted P-value (Q) < 0.05.

Dose-responsive regions of differential methylation in HAECs.

Quantification of differential methylation identified 2,605 genomic regions (DMRs) (Q <
0.05) found to be in association with 2,199 known genes that exhibit differential methylation
(Table S1). Hierarchical clustering and heatmap visualization demonstrated a clustering of
HAEC samples treated with glucose, with sub-grouping according to dosing (Fig. 1A).

Owing to the site-specific nature of cytosine DNA methylation on transcriptional activity
[37, 38], differentially-methylated regions (DMRs ,Q < 0.05) were mapped onto both
genetic regions (promoter, 5’UTR, gene body, and 3’UTR) and according to proximity from
CpG-rich genomic territories termed “CpG lIslands” (Fig. 1B, Table S2). DMRs were found
to disproportionately occur within intronic and exonic CpG islands, suggesting that the
glucose-responsive CpG methylation dynamics predominantly occur in the gene body. Gene
body methylation may directly correlate with endothelial gene expression in the setting of
diabetes mellitus, as has been described elsewhere [39].

To understand the ontological networks most affected by glucose-dependent alterations in
DNA methylation, gene-set enrichment analysis (GSEA) was performed on DMRs using the
PANTHER database [40]. Several canonical diabetes-associated pathways were found to be
enriched, among which “angiogenesis” (18% enriched, A= 0.01), “endothelin signaling”
(20% enriched, = 0.02), and “Insulin/IGF signaling” (24% enriched, A= 0.03) were
present among the five most-enriched pathways (Fig. 2, Table S3). Inspection of the genes
containing DMRs revealed a subset present in multiple pathways. Specifically, 11.4%
hypermethylation of the Protein kinase B (AKT1) proximal promoter occurred in the pre-
diabetic range of glucose exposure, but this DMR was conversely hypomethylated 7.5% in
the diabetic range (Table S1). Vascular endothelial growth factor A (VEGFA) was found to
contain promoter hypermethylation in both pre-diabetic (3.7%, Q < 0.05) and diabetic
(5.6%, Q < 0.001) treatments. By contrast, endothelial NOS (NOS3) possessed
hypomethylation (intron-exon, 20.3% hypomethylated, Q = 0.002) only at the diabetic-range
of glucose exposure.
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Among genes associated with the “Angiogenesis” pathway, the top most-enriched among
dose-responsive DMRs associated with several genes found to be robustly hypermethylated
only in diabetic-range glucose concentrations and otherwise unchanged in the pre-diabetic
range of glucose exposure (Fig. 2): Rho GTPase activating protein 8 (ARHGAPS; intronic,
11.7% hypermethylated, Q = 0.04), notch receptor 1 (NOTCHL1, inter-genic, 24.3%
hypermethylated, Q = 2.3 x 107°), receptor-tyrosine kinase HEK2 (EPHB3; intronic, 23.6%
hypermethylated, Q = 3.4 x 10713), Phosphatidylcholine-Hydrolyzing Phospholipase D2
(PLD2; exon-intron, 23.8% hypermethylated), and Protein kinase C beta (PRKCB; inter-
genic, 23% hypermethylated, Q < 0.05). In contrast, hypomethylation was found to occur
within NOS3 (intron-exon, 20.3% hypomethylated, Q = 0.002), PRKCZ (intron, 14%, 1.0 x
1079), JUN (exon, —18.8%, Q = 8.4 x 107°), PDGFB (intron, -11.5%, Q = 0.002), EPHB2
(intron, —9,9%, Q = 0.03), and GRB7 (exon, —14.0%, Q = 0.005).

Because regional alterations in genomic methylation correspond with alterations to genomic
architecture and gene accessibility, we inspected genome-wide distribution of DMRs to
identify genes and genomic regions likely influenced by differential methylation (Fig. 3).
From this circular genome plot, we observed several hyperdynamic regions of differential
DNA methylation in response to diabetic-range, but not pre-diabetic levels, of glucose
exposure. Specifically, chromosome 19 possessed highest density of DMRs and was
associated with differential methylation of 246 DMRs, 22 of which exceeded 25% difference
in methylation at diabetic-range glucose exposure. Among them, robust alterations in DNA
methylation of INSR (27.6% hypermethylated, intergenic, Q = 0.004) and GSK3A (54.3%
hypermethylated, promoter, Q = 3.5 x 10~18) was noted.

DNA methylation has been shown in other contexts to regulate transcriptional activity by
interfering with regulatory binding to genomic elements [41]. Therefore, we performed a
motif enrichment analysis to identify the regulatory elements that may be disproportionately
affected by alterations in DNA methylation across the proximal promoter, intronic and
exonic coding regions (Fig. 4A). Consequently, we identified SRY-box transcription factor 6
(SOX6), RAR-related orphan receptor alpha (RORA), and (Scratch Family Transcriptional
Repressor 1 (SCRT1) as the most enriched transcriptional regulators among the DMRs
within proximal promoter, intronic and exonic regions, respectively.

GO-term enrichment of genes containing glucose-responsive DMRs identified several
known and novel endothelial pathways within HAECs affected by the diabetic milieu.
Among the pathways most affected by promoter methylation, “Endothelial NOS activation”
was most significant (P = 2.1 x 1074, followed by “ERBB2 signaling” (P= 2.1 x 1074) and
“VEGF Receptor 1 Signaling” (P= 3.3 x 1074) (Fig. 4B). By contrast, intronic and exonic
DMRs concordantly enriched “RhoA Activity” (Peyon = 2.4 x 1074, Antron = 4.5 % 1076) and
“Rho GTPase cycle” (Pexon = 4.0 X 107>, Ajtron = 4.0 x 1074) pathways (Fig. 4C, D).
Exonic DMRs additionally enriched “Oxidative stress signaling via NRF2” (P=0.006), a
pathway implicated in the pathogenesis of endothelial inflammation and integrity [42].
Together, these observations suggest that differential DNA methylation occurs in a regional
manner to impact both established pathological processes.
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To determine the putative functional consequences of these early glucose-responsive
epigenetic modifications, we analyzed a publicly-available microarray dataset generated by
Hazra et al. of endothelial precursor (CD34+) cells obtained from diabetic and non-diabetic
human subjects (n = 5) (GSE43950). This resource revealed increased expression of AKT1
(12.5-fold, P=0.005), MAPK1 (12.6-fold, P=0.001), and VEGFA (13.6-fold, 7= 0.001) in
samples from diabetic subjects relative to those of non-diabetics; conversely, we found
decreased expression of both NOS3 (11.6-fold, A= 0.02) and CAV1 ({1.2-fold, P=0.01)
(Fig. 5). Additionally, we found several epigenetic regulators to be increased in diabetic
samples: DNMT3A (11.4X, P=0.04), HDAC4 (13.5X, P=0.0005), TET2 (14.3X, P
=0.001), and GADD45B (14.5X, = 0.0005).

As a potent driver of vascular dysfunction, diabetes mellitus is a leading cause of
cardiovascular disease worldwide [43], though the precise mechanisms by which glycemic
stress potentiates endothelial dysfunction remains poorly-understood. DM is a multifactorial
disease involving both genetic and environmental factors, but the cardiovascular risk due to
DM is most strongly associated with the degree of glycemic control [3-5]. Furthermore,
evidence exists to suggest that even transient episodes of hyperglycemia can increase
susceptibility for CVD long after the initial insult, a phenomenon termed “glycemic
memory” [2, 6-8]. In the current study, we explore the role of epigenetic alterations,
specifically DNA methylation dynamics, as a program activated in response to short-term
glucose challenges.

Among the molecular pathways most associated with glucose-dependent differential DNA
methylation, we found “Angiogenesis” as the most statistically enriched. Neoangiogenesis
has long been associated with diabetic microvascular complications, with its disruption
found to occur within the vascular networks of retinal [44], renal [45], and cardiac [46]
tissues. Additionally, hyperglycemia has been demonstrated to cause an imbalance, or
“uncoupling,” between the endothelial vascular endothelial growth factor (VEGF) and nitric
oxide signaling cascades, wherein VEGF activation occurs alongside endothelial NOS
suppression [47]. Although the molecular signals responsible for this uncoupling process
remain poorly understood, genetic models have shown that genetic depletion of NOS3
causes a severe vascular phenotype in diabetic mice [48]. We observe gene body
hypermethylation associated increase in expression of VEGFA with concomitant gene body
hypomethylation and reduction in expression of NOS3. Although future mechanistic work is
needed, we hypothesize that glucose-dependent epigenomic reprogramming of the vascular
endothelium causes discordant regulation of VEGF and NO signaling.

Although the current study provides no molecular mechanism through which glucose
reprograms the endothelial epigenome, we hypothesize that the transcriptional activation of
growth arrest and DNA damage inducible protein beta (GADD45) may contribute to this
process. GADDA458 is itself a molecular chaperone, or coactivator, required for the
recruitment of DNA demethylases such as the ten-eleven translocases (TETS) in the removal
of methyl groups via 5-hydroxymethylation in a DNA repair-like mechanism [49-51]. This
mechanism of active demethylation is established in the context of memory formation in the
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brain [51, 52], but has not been explored in the context of diabetes. Additionally, GADD45p
is required for the liver’s oxidative stress-mediated induction of apoptosis via TGFB
signaling [53]. As a stress sensor, GADD45f responds to both oxidative and osmotic
stressors, serving a central role in initiating intrinsic apoptosis [53-58]. We hypothesize that
endothelial GADDA45p induction in diabetes leads to pathological reprogramming of
endothelial DNA methylation and, consequently, diabetic vasculopathy.

Furthermore, our analysis identified robust differential methylation within the coding region
of genes following treatment with diabetic-range glucose. Gene body methylation has been
proposed to be “epiphenomenal,” or the spurious result of genomic accessibility to
epigenetic machinery [37]. Nevertheless, gene body methylation has been widely shown to
correspond with a positive effect on associated genes’ expression through an as-yet
undefined mechanism [59]. The precise physiologic role(s) of epigenetics in the
pathogenesis glycemic remains poorly understood, continued efforts exist to elucidate both
the metabolic signals and functional consequences of glycemic reprogramming [11, 60].

Although we provide novel insights, the current study is limited in several ways.
Furthermore, our limited sample size (n = 2) limits our ability to make broader inferences
regarding the DNA methylation events detected. Although our /n vitro use of human aortic
endothelial cells permitted us to examine genome-wide DNA methylation at different
glucose concentrations, our experimental conditions are unlikely to reflect the heterogeneity
and clinical relevance of in vivo studies. Lastly, the current experimental design does not
provide an understanding of how long these alterations exist, particularly once euglycemic
conditions are restored. We therefore recommend follow-up experiments to address these
mechanistic and experimental limitations.

In the current study, we provide novel evidence that hyperglycemia triggers dose-responsive
changes in DNA methylation dynamics affecting key physiological processes involved in
maintaining endothelial function. As a preliminary study of these events, we propose future
experiments which test the hypothesis that de novo alterations in endothelial DNA
methylation cause a glucose-dependent physiologic uncoupling of VEGF and NO signaling
to cause endothelial dysfunction. As such, the current study advances our current insights
into a putative mechanism whereby glycemic memory is encoded within cells to potentiate
short-term cytotoxic stress.
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Data avalLABILITY

All data generated or analyzed during this study are included in this article and are found on
the NCBI Gene Expression Omnibus (GEO) repository (GSE163510), as well as at the
following repository: https://github.com/mepepin/Glycemic.Memory.HAECs.
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Figure 1: Differential DNA methylation is glucose-responsive in human endothelial cells.
A. Hierarchical clustering via Wald.D2 Test and dendrogram constructed by Euclidean

distance with heatmap visualization of differentially methylated regions (DMRs)*. B. 3-
dimensional bar plot depicting the distribution of DMRs according to both genic annotation
(promoter, intron, exon, and 5” untranslated regions) and proximity to CpG Islands (CpG
Island, Shore, and Shelf). *statistical significance of DMRs assumed at Q< 0.05
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Figure 2: Hierarchical Pathway Enrichment Clustering.
Hypergeometric gene set enrichment analysis of glucose-responsive DMRs with statistical

significance of DMRs assumed at Q < 0.05. Pathways were sorted by Fisher’s exact test
statistic of gene set enrichment, with top 5 most-enriched pathways shown. The genes
containing DMRs within the top 5 most-enriched pathways were reported based on the

percent methylation difference from glucose treatment (125mg/dL, 250mg/dL).
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Figure 3: Epigenetic topography of glucose-responsive DMRs.
Circular genome plot illustrating the distribution of regional methylation, with methylation

density plotted as the outermost data track (red). Genes possessing DMRs > 25%
methylation under diabetic-range (250mg/dL) glucose were labeled, with the middle track
representing percent methylation of increased (red) and decreased (green) DMRs (Q < 0.05,
|Percent Methylation| > 25%). The innermost track depicts a normalized heatmap of average
percent methylation for control, pre-diabetic, and diabetic-range glucose concentration (n =
2).
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Fig. 4.
Locus-specific motif enrichment and pathway analysis of differential DNA methylation. De

novo motif enrichment and gene set enrichment analyses were performed using DMRs*
based on location relative to known gene annotations, specifically examining the gene
promoter (green), introns (yellow), and exons (grey). Locus-specific gene set enrichment of
DMRs annotated to reside within A. Promoter, B. Intron, and C. Exon regions. *Q < 0.05, |
Percent Methylation| > 25%.
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Figure 5: Differential expression of VEGF signaling and NO signaling intermediate genes.
Bar graph of normalized gene expression via array-based transcriptomic analysis of diabetic

and non-diabetic subjects (n =5) endothelium of key intermediate genes involved in A.
VEGF signaling and B. NO signaling cascades. Bars shown as mean + standard error of the
mean, with statistical significance assumed via student’s t-test.
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Figure 6: Working Model.
Hypothesized role of DNA methylation as a glucose responsive mediator of endothelial

glycemic memory, encoding the pathophysiologic imbalance of VEGF and NO signaling.
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