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Abstract: DNA methylation is an important epigenetic modification method associated with disease and aging. In 
clinical practice, patients with atherosclerosis are generally elderly. We intend to use DNA methylation status as an 
intermediate to relate aging with atherosclerosis. We aquired DNA methylation data both in arteriosclerotic patients 
and normal samples ranging in age from 22 to 85 years old from Gene Expression Omnibus (GEO). By these data, 
the differentially expressed age-associated genes and atherosclerosis-associated genes were identified. A human 
protein interaction network (PPI) was constructed by the weight of DNA methylation regarding aging and atheroscle-
rosis. The functional modules were further mined from this network. After a biological function enrichment analysis 
of the modules, a total of 11 DNA methylation-associated genes, including VEGFA, CBX5, EPS15, PLAT, ACTA2, 
FMOD, TGFB3, CTGF, LAMB2, FBLN1 and WWP2, were found to likely play overlapping roles in both aging and ath-
erosclerosis. In conclusion, the screened DNA methylation-associated genes may be potential candidates involved 
in aging-related atherosclerosis.
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Introduction

Atherosclerosis, often considered as a disease 
of aging, is characterized by cellular senes-
cence and is impacted by several factors. There 
are multiple complications associated with ath-
erosclerosis that might be among the main 
causes of human death and disability over the 
next 20 years [1]. Therefore, it is necessary to 
identify age-related gene markers of athero- 
sclerosis.

Aging is a complex process affected by many 
factors, including telomere shortening, the ac- 
cumulation of genetic variations, oxidative st- 
ress, and cell and organ decay [2]. With age, 
the risk of multiple diseases, such as cancer, 
cardiovascular disease and neurodegenerative 
disease all increase. Unfortunately, due to limi-
tations of current genetic research, human 
aging is still not completely understood. The 
emergence of epigenetics provides a new direc-

tion to solve this critical problem. Increasing 
evidence reveals that CpG methylation plays an 
important role in gene silencing [3]. Epigenetic 
analysis has become an important prediction 
tool applied not only to cancer research but 
also in neurological and cardiovascular diseas-
es [4-6]. DNA methylation, one of the most fre-
quently studied epigenetic markers, can regu-
late the expression of genes. Similar to athero-
sclerosis, DNA methylation is affected by envi-
ronmental and other external factors, such as 
aging [7]. 

Currently, it is known that dynamic changes in 
DNA methylation exert important effects on 
both cancer and aging. Similarly, aging is con-
sidered one of the most prevalent risk factors 
for developing cancer, cardiovascular disease 
and neurodegenerative disease. Meanwhile, 
DNA methylation is considered to play a key 
role in atherosclerosis; in which several genes 
with hypo- or hyper-methylation in their respec-
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tive promoters have been detected, compared 
with healthy controls [8]. Therefore, we hypoth-
esized that DNA methylation may be associat-
ed with aging as well as the occurrence and 
development of atherosclerosis. The present 
study aimed to identify genetic markers associ-
ated with aging and atherosclerosis by DNA 
methylation profiling, to enhance disease pre-
diction in clinic.

Materials and methods

Materials 

Two Illumina Human Methylation 450 BeadChip 
derived DNA methylation data sets were down-
loaded from the Gene Expression Omnibus 
(GEO) database. One data set analyzed blood 
samples from healthy individuals; the other 
was comprised of samples from patients with 
carotid atherosclerosis, including 34 tumor and 
15 normal tissue samples (Table 1). 

Data preprocessing

First, the four age related data sets were 
merged, removing sites on SNPs and sex chro-
mosomes. Next, the R package was used to fill 
in the missing values by the k-Nearest Neighbor 
(KNN) method, which finds the nearest k neigh-
bor by using the Euclidean distance d(x,y) 
according to the KNN algorithm, and sets the 
median to fill in the missing values. We com-
pute this test d(x,y) by using the following for-
mula (1):
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= -/                                 (1)

The R package sva was used to remove the 
batch effects of multiple data sets by identify-
ing and estimating surrogate variables for 
unknown sources of variation in high-through-

put experiments. The same procedure was per-
formed for the carotid atherosclerosis samples. 
The study workflow is shown in Figure 1.

Identification of differential DNA methylated 
genes associated with aging and atheroscle-
rosis 

The samr package in R was used to screen the 
different DNA methylation sites between 
healthy individuals and patients with carotid 
atherosclerosis, based on the gene chip signifi-
cance analysis method (SAM) [9]. Algorithm 
SAM used relative difference (di) to judge the 
degree of difference between the two types of 
samples. We compute this test di by using the 
following formula (2):
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where x1i
-  and x2i

-  are the mean value of the 
expression of gene i in two classes of samples, 
si is the sum of variance within the sample 
class, and is s0 a correction factor.

Then, the Benjamini-Hochberg (BH) method 
was employed for multiple testing adjustment 
(FDR<0.01). Fold change was used for further 
screening, with cutoff values greater than 2 or 
below 0.5. Finally, the corresponding genes 
with differential DNA methylation based on the 
GPL13534 platform were identified.

Age-related DNA methylation data show a lin-
ear distribution [10-12]. Therefore, we used the 
lm function in R, taking age as the dependent 
variable and the gene’s DNA methylation status 
as the independent variable. To obtain age 
related genes with differential DNA methyla-
tion, the Benjamini-Hochberg (BH) method in 
multiple testing adjustment (FDR<0.01) was 
used. Then, the age related genes with differ-
ential DNA methylation were determined.

Establishment of weighted networks 

Weighted networks for age and atherosclerosis 
were established as following. First, PPI data 
were downloaded from five PPI network data-
bases, namely HPRD, IntAct, DIP, MINT and 
BIND, and combined to form the human protein 
interaction network. Secondly, with the human 
PPI as the background network, one step net-
works of genes related with age and athero-
sclerosis were extracted. In these two net-

Table 1. Database information

GEO series Atherosclerosis 
related data Age related data

GSE69270 - 184
GSE72773 - 310
GSE72775 - 335
GSE72777 - 46
GSE46394 34 15
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works, a specific DNA methylated gene and the 
interaction represented the node and edge, 
respectively. For the DNA methylation status of 
the interaction gene in each sample, we found 
the Pearson correlation coefficient (r) by using 
the following formula (3):

r
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The weights were determined by |r|, the abso-
lute value of Pearson correlation coefficient 
between both nodes.

Module mining and function enrichment analy-
sis

Algorithm Cluster ONE is a network clustering 
algorithm, which can handle weighted networks 
and overlapping clusters, obtaining modules 
within a given network. Algorithm Cluster ONE 
(Clustering with Overlapping Neighborhood 
Expansion) was used to mine modules in net-
works related with age and atherosclerosis 

sclerosis based on DNA methylation profiles 

By using SAM and fold change we determined 
genes with differential DNA methylation status 
in atherosclerosis (assessing 34 diseased and 
15 normal samples), 668 genes were identified 
(Supplementary Table 1). Then, by intersecting 
with genes associated with aging, a total of 
354 genes were retained for further analysis 
(Figure 2A, Supplementary Table 2).

Using the hierarchical clustering method, we 
demonstrated that the DNA methylation values 
of age-related genes were significantly lower in 
samples from patients with atherosclerosis, 
compared with those of normal samples.

Functional enrichment analysis of differential 
genes 

Functional enrichment analysis was performed 
on atherosclerosis-associated genes, age-as- 
sociated genes, and genes related to both  
age and atherosclerosis in DAVID (Figure 3). 
Functional enrichment analysis of age-related 
genes showed that most genes with differential 

Figure 1. Study 
workflow.

[13]. For the two networks, 
modules with p<0.05 were 
selected. Enrichment analysis 
was performed on genes over-
lapping between the mined 
modules in the two related net-
works (p<0.01). The obtained 
genes were considered func-
tional genes associated with 
both age and atherosclerosis.

Results

Genes associated with aging 
based on DNA methylation 
profiles 

The DNA methylation data con-
tained age information, and a 
total of 875 normal samples 
from individuals aged between 
22 and 85 years were reana-
lyzed. After preprocessing, the 
linear correlation model was 
utilized to predict age associ-
ated genes. Finally, a total of 
8761 genes related to aging 
(FDR<0.01) were screened.

Genes associated with athero-
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DNA methylation were involved in cell cycle reg-
ulation and system development. Enriched 
genes associated with atherosclerosis were 
involved in extracellular matrix organization, 
blood circulation and angiogenesis. The en- 
riched genes associated with both age and ath-
erosclerosis are shown in Figure 3. They were 
mainly involved in skeletal system develop-
ment, blood vessel growth, angiogenesis and 
vasculature development. All these genes were 
closely linked to age and atherosclerosis.

Establishment of the weighted network

The background network was merged from five 
human protein databases, with 80,980 node 
pairs interacting with each other. Age-related 
differential genes were introduced into the  
network to form an age-dependent network  
containing 4,638 nodes and 19,820 edges. 
Atherosclerosis-associated differential genes 
were introduced into the network to form the 
atherosclerosis network with 120 nodes and 
107 edges. The weight was determined by the 
absolute value (|r|) of the Pearson correlation 
coefficient between two nodes. Then, selecting 
edges with nodes showing p<0.05, weighted 
networks associated with age and atheroscle-
rosis were formed (Figure 4). The mean degree 
and clustering coefficient of the weighted net-
works associated with age were 4.264 and 
0.338, respectively; those associated with ath-

erosclerosis had values of 2.053 and 0.029, 
respectively. In these two weighted networks 
associated with age and atherosclerosis, the 
majority of the nodes had a low degree, and 
only a small number showed a large degree; 
namely, the two weighted networks followed 
the power-law distribution model.

Modules in weighted networks associated with 
age and atherosclerosis, and enrichment 

Cluster ONE was used to mine modules in the 
two networks that were associated with age 
and atherosclerosis. In these two networks, 
modules with p<0.05 were selected, i.e. 22 and 
7 modules in age-and atherosclerosis-related 
networks, respectively. Then, the degree of 
enrichment of the modules in both weighted 
networks was determined by hypergeometric 
distribution (p<0.01). After identifying the over-
lapping modules, the associated genes were 
considered as the functional genes related to 
both age and atherosclerosis. 

Four genes (VEGFA, CBX5, EPS15 and PLAT) in 
two or more module pairs were found (green 
points in Figure 4); while 7 others (ACTA2, 
FMOD, TGFB3, CTGF, LAMB2, FBLN1 and 
WWP2, Figure 4) were identified in one overlap-
ping module. As shown in Figure 5A, EPS15, 
CBX5, PLAT, VEGFA, WWP2 and ACTA had lower 
methylation levels in normal samples com-

Figure 2. Selected genes associated with aging and atherosclerosis. A. Venn diagram showing the numbers of 
age- and atherosclerosis-associated genes. A and B are numbers of aging-and atherosclerosis-associated genes, 
respectively. C is the number of overlapping genes. B. Heat map of age-associated differentially expressed genes 
in atherosclerosis. Rows and columns represent genes and samples, respectively. Yellow and orange represent low 
and high DNA methylation levels, respectively.
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pared with those from patients with atheroscle-
rosis. Meanwhile, FBLN1, CTGF, LAMB2, FMOD 
and TGFB3 in normal and atherosclerotic sam-
ples all had low methylation levels.

Discussion

Aging is the most acknowledged cause of ath-
erosclerosis. Age-related atherosclerosis is 
highly prevalent in the elderly. We identified 
overlapping genes with similar DNA methyla-
tion between aging and atherosclerosis using 
stepwise biomathematics. A total of 11 methyl-
ated genes, including VEGFA, CBX5, EPS15, 

PLAT, ACTA2, FMOD, TGFB3, CTGF, LAMB2, 
FBLN1 and WWP2, were associated with both 
atherosclerosis and aging. 

The present study showed that most age-asso-
ciated gene clusters with DNA methylation were 
involved in cell cycle regulation and system 
development. It is well documented that extra-
cellular matrix components are involved in car-
diovascular atherosclerosis [14]. Meanwhile, 
the extracellular matrix has been found to be 
closely related to aging [15]. Therefore, this 
study indicated that aging-accumulated athero-
sclerosis was entangled with cellular DNA 

Figure 3. Enrichment analysis of age- and atherosclerosis-associated genes. A. Age-associated genes. B. Atheroscle-
rosis-associated genes. C. Genes associated with both age and atherosclerosis.
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methylation. Functional clustering analysis indi-
cated that candidate genes of atherosclerosis 
were related to extracellular matrix organiza-
tion, blood circulation and angiogenesis. Cell- 
ular changes of degenerative epithelial or endo-
thelial vascular cells in atherosclerosis are in- 
fluenced by epigenetic modifications, telomer-
ase shortening, and mitochondrial dysfunction 
[16, 17]. Therefore, DNA damage is considered 
one of the cellular bases of atherosclerotic phe-
notypes [18]. Moreover, the identified methyla-
tion-related genes were associated with cardi-
ac development and/or degeneration accord-
ing to the above functional analysis. Intriguingly, 
disparity of DNA methylation status was shown 
between elderly and atherosclerotic patients. 
Six genes (EPS15, CBX5, PLAT, VEGFA, WWP2 

and ACTA2) showed hyper-methylation only in 
patients with atherosclerosis; whereas five ge- 
nes (FBLN1, CTGF, LAMB2, FMOD and TGFB3) 
were hypo-methylated in both atherosclerotic 
patients and healthy controls. This phenome-
non indicated that baseline DNA methylation 
may occur during general ageing. 

Among the identified overlapping genes that 
were altered both in aging and atherosclerosis, 
VEGFA was one of the most remarkable, inten-
sively focusing on vascular performance [19]. 
As the top molecular determinant of vascular 
growth and hemostasis, VEGFA was methylated 
during aging-related atherosclerosis. Moreover, 
seven genes, including CBX5, PLAT, EPS15, 
TGFB3, CTGF, LAMB2 and FBLN1, have been 

Figure 4. Age-and atherosclerosis-associated weight-networks. A. Age-associated weighted network. B. Atheroscle-
rosis-associated weighted network. Green points represent genes in two or more pairs of modules at the same time 
(VEGFA, CBX5, EPS15 and PLAT). Red points are genes in one overlapping module (ACTA2, FMOD, TGFB3, CTGF, 
LAMB2, FBLN1 and WWP2). C. Degree distribution in the age-associated weighted network. D. Degree distribution 
in the atherosclerosis-associated weighted network.
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previously shown to play distinct roles in vascu-
lar differentiation and aging [14, 20-25]. How 
these methylation-involved genes interact in an 
integrative network requires cellular validation 
in further investigation. 

The present study was not without limitations. 
First, patients with arthrosclerosis and aging, 
had enormous heterogeneity, and were not fur-
ther stratified, which resulted in loose repre-
sentation. Secondly, functional validation at the 
cellular level has not been carried out. 

In conclusion, eleven genes, including VEGFA, 
CBX5, EPS15, PLAT, ACTA2, FMOD, TGFB3, 
CTGF, LAMB2, FBLN1 and WWP2, profoundly 
involved in DNA methylation, and were differen-
tially expressed in both atherosclerosis and 
aging. The potential molecular network inte-
grating the overlapping genes could help deci-
pher the mechanism of methylation-based 
aging-related atherosclerosis. 
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