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A SYSTEMATIC REVIEW AND DATABASE OF KNOWN CPG METHYLATION SITES

Introduction

Cardiovascular disease (CVD) is the leading cause of death globally, accounting for
approximately 30% of all deaths worldwide [1]. Tis puts an enormous burden on healthcare systems
across the globe and has prompted clinicians and researchers to explore potential causes of this
widespread disease. Te World Health Organization recognizes CVD as one of the most
environmentally driven diseases with a comparatively small genetic component [2]. It is likely that
epigenetic changes mediate, at least in part, the environmental risk for developing or progressing
CVD. One prominent factor that is thought to play a role is DNA methylation, an epigenetic mark
that can modify gene expression. DNA methylation usually refers to the methylation of the ffth
carbon of cytosine residues found throughout the genome. Methylation is most commonly observed
at so-called CpG islands [3], which are long repeats of cytosine-guanine nucleotides. As
technologies to study genome-wide DNA methylation continue to develop, there is growing
evidence that there is a strong link between DNA methylation and CVD [4-6]. However, there is
still little to no evidence of the directionality of this relationship, and clear fndings on relevant CpG
sites or genes have not yet emerged from the extensive research in this area. Te main aim of this
systematic review was to synthesize results of studies that have investigated the relationship
between DNA methylation and CVD and to create an easily accessible and searchable database
from the results of these studies. Based on this database, we identifed overlapping diferentially
methylated CpG sites and neighboring genes across studies and performed functional enrichment
and interaction network analyses. Based on these results, we highlighted pathways that may be
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involved in the development or progression of CVD through a mechanism that is associated with
DNA methylation changes.
Results
Identifed studies on DNA methylation in cardiovascular disease An overview on the
workfow of the systematic review is provided in Fig. 1.
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Fig.1 Workflow for the systematic review

Using the a priori defned search queries, a total of 5327 articles was identifed in PubMed and 236
articles in CENTRAL. After irrelevant articles were removed, a total of 207 studies were assessed
for relevance by reading the full text. A total of 99 articles [7] were considered eligible for
systematic review (Fig. 2).

After grading for risk of bias, the majority of publications (n=93) was assigned a study
quality metric of “fair” using the NHLBI quality assessment tools, with two studies graded “poor”
and four graded “good.” Eighty-fve articles provided direct data comparing CpG sites and genes
(beta-estimates of methylation level, p-value, standard errors, etc.), nine measured global DNA
methylation (i.e., total hyper- or hypomethylation), and eight studies used a methylation-based
clock without directly reporting summary statistics at the CpG site level.

A total of 87,827 individuals was included in the 99 selected studies. Across studies that
reported the sex distribution of participants, the overall proportion of females was 54% and that of
males was 46%. DNA methylation measurements were performed using a variety of assays
including the Hlumina Infnium® HumanMethylation 450 BeadChip (lllumina, California, USA),
Infnium® HumanMethylation 850 BeadChip (Illumina, California, USA), Pyrosequencing, whole
genome bisulfte sequencing, and others. Study cohorts were located in four continents: Europe,
Asia, North and South America, and Australia. Samples for DNA methylation measurements were
extracted from a variety of tissues, with whole blood used in the majority of cases. Since the type of
outcome varied widely across the studies, they were grouped into the following fve main categories
for analysis: ‘CVD’, ‘heart’, ‘vasculature’, ‘cardiovascular risk factor (CVRF)’ and ‘others’. Study
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designs were grouped as follows: ‘investigation of epigenome-wide methylation’, ‘global genome
methylation’, ‘specifc CpG site methylation’, ‘specifc gene methylation’ and ‘epigenetic clock
methylation’.
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Fig.2 PRISMA flowchart. CVD—cardiovascular disease

A meta-analysis of the collected data could not be performed since the endpoints, methods
and reported estimates of the individual studies could not be sufciently reconciled.
Database of CpG sites associated with CVD

A CpG database was created by aggregating all CpGand gene-related information from the
collected studies together with three methylation clocks: Horvath [8], Hannum [9] and GrimAge
[10]. Te database includes 74,580 unique CpG entries (73,550 entries without the methylation clock
“GrimAge”) and 19,127 gene entries (18,374 entries without the methylation clock “GrimAge”).
For each CpG/gene, there is information on the outcome, follow-up, cohort, measurement method,
location of study, sample size, tissue analyzed, age range and related publication. For each entry,
additional quantitative information such as methylation beta value, p-value, z-score, standard error,
false discovery rate, etc. is provided if the information was reported in the publication.
Two sites were referenced in>6 publications: cg01656216 (near ZNF438) related to vascular
disease and epigenetic age, and cg03636183 (near F2RL3) related to coronary heart disease,
myocardial infarction, smoking and air pollution. Of 19,127 mapped genes, 5,807 were reported
in>2 studies. Most frequently reported were TEAD1 (TEA Domain Transcription Factor 1) and
PTPRN2 (Protein Tyrosine Phosphatase Receptor Type N2) in association with outcomes ranging
from vascular to cardiac disease. Gene set enrichment analysis of 4,532 overlapping genes revealed
enrichment for Gene Ontology molecular function “DNA-binding transcription activator activity”
(q=1.65%x10-11) and biological processes “skeletal system development” (q=1.89 x 10-23).
Gene enrichment demonstrated that general CVD-related terms are shared, while “heart” and
“vasculature” specific genes have more disease-specific terms as PR interval for “heart” or platelet
distribution width for “vasculature.” STRING analysis revealed significant protein—protein
interactions between the products of the differentially methylated genes (p =0.003) suggesting that
dysregulation of the protein interaction network could contribute to CVD. Overlaps with curated
gene sets from the Molecular Signatures Database showed enrichment of genes in hemostasis
(p=2.9 x 10-6) and atherosclerosis (p =4.9 x 10-4).
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Conclusion

This review highlights the current state of knowledge on significant relationship between
DNA methylation and CVD in humans. An open-access database has been compiled of reported
CpG methylation sites, genes and pathways that may play an important role in this relationship.

Availability of data and materials

All data collected, generated, or analyzed as part of this study, except for data from the
GrimAge methylation clock, are included in this published article, or available as additional fles.

Abbreviations

AMI: Acute myocardial infarction

ACS: Acute coronary syndrome

CpG: Cytosine-phosphate-guanine

CVD: Cardiovascular disease

CVREF: CVD risk factor

DNA: Deoxyribonucleic acid

DNAm: Deoxyribonucleic acid methylation

GO: Gene ontology

GOBP: Gene ontology biological process

HP: Human phenotype

PRISMA: Preferred reporting items for systematic reviews and meta-analyses
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