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Background: Knowledge about the classic risk and protective factors of ischemic stroke
is accumulating, but the underlying pathogenesis has not yet been fully understood.
As emerging evidence indicates that DNA methylation plays a role in the pathological
process of cerebral ischemia, this study aims to summarize the evidence of the
association between DNA methylation and ischemic stroke.

Methods: MEDLINE, EMBASE, PubMed, and Cochrane Central Register of Controlled
Trials were searched for eligible studies. The results reported by each study were
summarized narratively.

Results: A total of 20 studies with 7,014 individuals finally met the inclusion criteria.
Three studies focused on global methylation, 11 studies on candidate-gene methylation,
and six on epigenome-wide methylation analysis. Long-interspersed nuclear element 1
was found to be hypomethylated in stroke cases in two studies. Another 16 studies
reported 37 genes that were differentially methylated between stroke cases and controls.
Individuals with ischemic stroke were also reported to have higher acceleration in
Hanuum ’s epigenetic age compared to controls.

Conclusion: DNA methylation might be associated with ischemic stroke and play a
role in several pathological pathways. It is potentially a promising biomarker for stroke
prevention, diagnosis and treatment, but the current evidence is limited by sample size
and cross-sectional or retrospective design. Therefore, studies on large asymptomatic
populations with the prospective design are needed to validate the current evidence,
explore new pathways and identify novel risk/protective loci.
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INTRODUCTION

Stroke is one of the major causes of death and disability worldwide, leading to substantial public
health issues and medical costs. Currently, the global burden of stroke remains high with 80.1
million prevalent cases and 5.5 million deaths in 2016 (1). Besides, stroke burden has also been
increasing in adults aged under 64 years (2, 3), suggesting that scaled-up prevention strategies with
wider coverage are needed.
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The knowledge of the classic factors which are associated
with ischemic stroke (IS) is accumulating, mostly in the aspects
of demographic characteristics, psychosocial status, cognitive
function, health behavior, medication use, and cardiometabolic
comorbidities (4). However, the underlying pathogenesis has
not yet been fully understood. The substantial advance in the
research of epigenetic modifications might provide new insights
into this field and help understand additional pathological
mechanisms (5, 6). DNA methylation is one of the most
understood epigenetic mechanisms (7). It refers to the process
of one or more methyl groups being added to a cytosine residual
without changing the DNA sequence, which thereby modulates
gene transcription and expression as well as many other cellular
processes (8). Since DNA methylation is influenced by many
environmental exposures throughout the life course (9, 10), it
reflects the environment-gene interaction. It has been proved
to be associated with some common diseases such as cancer
(11-14), psychiatric disorders (15), and dementia (16). Emerging
evidence indicated the multi-faceted role of DNA methylation in
various pathological mechanisms of cerebral ischemia (6). One
of the mechanisms might be its promoting effects on neuronal
cell death, as researchers observed that mice who expressed lower
levels of DNA methyltransferase, a catalyst of DNA methylation,
were protected from cerebral ischemia (17). Other possible
mechanisms include deficiency of methylenetetrahydrofolate
reductase (MTHFR), X chromosome inactivation, aberrant
homeostasis regulation, increasing oxidative stress, and abnormal
modulation of synaptic plasticity (6, 18, 19). Since DNA
methylation is modifiable by lifestyle factors and medical
intervention, such as mental, social, and dietary factors (20, 21) it
might be a promising biomarker for stroke prevention, diagnosis,
and targeted neuroprotective therapy.

We aimed to conduct a systematic review according to
current research literature to investigate the association of DNA
methylation with the occurrence of IS. This will help update
the latest evidence of the potential role of DNA methylation in
cerebral ischemia and provide new insights for future research.

METHODS

Literature Search

The systematic review was conducted in line with the
Preferred Reporting Items for Systematic Review and Meta-
Analyses (PRISMA) guidelines (22). We conducted the literature
search systematically in four databases—MEDLINE, EMBASE,
PubMed, and Cochrane Central Register of Controlled Trials
from inception to April 29th, 2020. To supplement the searching
result of electronic databases, we manually searched the included
studies’ references and unpublished studies from The Preprint
Server for Biology as well as The Preprint Server for Health
Science. A series of text terms and thesaurus related to DNA
methylation and IS were used, with the detailed search strategies
included in Supplementary Table 1. To make the search results
more comprehensive, “s-adenosylmethionine,” a unique methyl
donor in DNA methylation, was included in the search terms. We
also included “CpG islands” as these are regions in gene promotor

in which methylation is associated with epigenetic silencing
(23, 24). The literature search was restricted to human studies.

Study Selection

Two reviewers (MZ and JZ) independently screened the titles
and abstracts to initially assess the relevance of studies to this
systematic review. Studies meeting the inclusion criteria were
subsequently assessed by full-text reading. Studies were included
if they quantitatively assessed the association between the
level of DNA methylation (global, candidate-gene, or genome-
wide) and the diagnosis of IS. Only the studies that involved
at least one or more individuals with a diagnosis of IS, or
followed individuals until such a diagnosis was made were
eligible. No restrictions on methods/approaches for IS diagnosis
or DNA methylation measures were imposed. Studies were
excluded if they: (1) were animal studies, editorials, erratum,
letters, reviews, and case reports; (2) investigated irrelevant
outcomes, exposures, or comparisons. A third reviewer (ZL or
JH) was involved for consensus after discussion if there was a
discrepancy between the results from the two reviewers in the
initial screening.

Data Extraction

Two reviewers (MZ and ]JZ) independently extracted the relevant
data from the full-texts and supplementary materials from
the eligible articles using a standardized extraction form. Data
extracted included study design, characteristics of the study
subjects, IS diagnostic approach, tissue sources of DNA, genes
of interest, platforms of DNA methylation analysis, methylation
patterns, and main findings relevant to the aim of this
review. Discrepancies between the two reviewers were resolved
through discussion and consultation with a third reviewer (ZL
or JH).

Assessment of Methodological Quality

The Newcastle-Ottawa Scale (NOS) was used to assess the risk
of bias and quality of the studies (25). This scale is focused
on several aspects, including the selection of study participants,
comparability, and the measurement of exposure and outcome.
The score of NOS ranges from 0 to 9 for case-control, cohort
studies, and cross-sectional studies. A study with 6 stars or lower
was regarded as a high risk of bias; 7 or 8 stars as medium
risk of bias; 9 stars as low risk of bias. Two reviewers (MZ
and JZ) independently conducted the quality assessment, and
disagreements were resolved by discussion and reconfirmation
with a third reviewer (ZL or JH).

Data Synthesis
Results were summarized narratively. Data synthesis was not
conducted due to the heterogeneity across studies.

RESULTS

Search Results

As shown in Figure 1, a total of 2,398 articles were identified
via the initial search. Subsequently, 1,577 articles, including
editorials, erratum, letters, reviews, case reports, animal studies,
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and irrelevant articles, were further excluded. After full-text
assessment of the remaining 115 articles, 20 articles with
7,014 individuals fulfilled the inclusion criteria and were finally
included in this systematic review.

Summary of Findings

The characteristics of eligible studies shown in
Supplementary Table 2. Of the 20 studies, 17 were case-
control studies (26-42), two were prospective cohort studies
(43, 44), and one was a cross-sectional study (45). Participants
of the included studies were mostly older adults, with mean age
ranging from 47.4 to 75.0 years. Nineteen studies recruited both
male and female participants, while one study included males
only (44). Eighteen studies had an independent evaluation for
the diagnosis of IS and claimed the use of imaging tests such
as brain computed tomography, magnetic resonance imaging,
or magnetic resonance diffusion weighted imaging (26-42, 44).
Nineteen out of 20 studies assessed DNA methylation from
acute/subacute stroke patients (26-44). Seventeen studies were
assessed as high or medium-quality, and three studies were
evaluated as low-quality (Supplementary Table3 for case-
control studies, Supplementary Table 4 for cohort studies and
cross-sectional studies).

Tables 1-3 summarizes the main relevant findings
from the eligible studies. Fourteen studies extracted
DNA from whole peripheral blood and the rest from
peripheral blood leukocytes (n = 6). Eighteen studies
reported differential patterns of DNA methylation between
individuals with and without IS, but results were unable to
be synthesized for a meta-analysis due to high heterogeneity
across studies. Therefore, relevant results are narratively
summarized below.

were

Global Methylation

A total of three studies measured global methylation level in
relation to IS, with two using LINE-I repetitive elements and
one using ALU plus Satellite 2 repetitive elements. Among
these three studies, one used a cross-sectional study design
(35), and the other two used prospective study designs (43, 44)
(Supplementary Table 2). However, one of prospective studies
did not report the follow-up results of DNA methylation with IS
(43). All three studies adjusted for risk factors to control the bias
(Supplementary Table 2).

Findings of the association between global methylation and
IS were summarized in Table 1. Two of the studies found
that LINE-1 was hypomethylated in IS patients. Specifically,
Baccarelli et al. (44) indicated that lower LINE-1 methylation
level was associated with higher IS prevalence (every 2.5% 5-
methylcytosine decrease in LINE-1 methylation, OR = 1.90,
95%CI = 1.16-3.10), but this association did not reach statistical
significance for IS incidence in follow-up analyses(every 2.5%
5-methylcytosine decrease in LINE-I methylation, OR = 1.80,
95%CI = 0.72-4.46). Lin et al. (35) also found that IS patients had
lower LINE-1 methylation level (IS vs. control: 75.9 vs. 77.0%, p
= 0.0024). After the adjustment for risk factors, this association
still existed in male patients (every 1% decrease in LINE-I
methylation, OR = 1.20, 95%CI = 1.10-1.32). No associations

were observed in the study estimating ALU and Satellite 2 in
relation to IS (43).

Candidate Gene Methylation

The main findings from studies of candidate gene methylation
were summarized in Table 2. There were 11 studies (case-control
studies) that compared the methylation levels of candidate genes
between the IS cases and controls. Eight studies measured DNA
methylation in the promoter region and three measured in the
gene body. Nine studies adjusted for risk factors to control the
bias (Supplementary Table 2).

Overall, IS cases showed lower methylation levels in the
promoter region of four genes, including human tumor
necrosis factor (TNF-«) (26), estrogen receptor a (ERa) (28),
matrix metalloproteinase-2 (MMP-2) (29), and microRNA223
(MIR-223) (33). In contrast, seven genes showed higher
methylation levels in IS cases compared to controls. These
include the promoter regions of apolipoprotein E (APOE)
(30), tumor protein p53 (TP53) (32), thrombomodulin (TM)
(34), and Cystathionine B-synthase (CBS) (41) and gene body
of methylenetetrahydrofolate reductase (MTHFR) (31), ATP-
binding cassette G1 (ABCGI) (38), and S-adenosylhomocysteine
hydrolase (AHCY) (42). The methylation level of Paraoxonase
(PON) promoter was observed to be interacting with energy
intake in IS cases (26). No associations were observed in the gene
body of APOE methylation and IS (38). Furthermore, two studies
conducted sub-analyses according to stroke subtypes. One found
that women with large-artery atherosclerosis and cardio-embolic
(LAA/CE) had lower methylation levels of ERa promoter (28),
and the other one found MMP-2 promoter being hypomethylated
in men with small-vessel stroke (29).

Epigenome-Wide Methylation

The main findings of the epigenome-wide association studies
(EWAS) were summarized in Table 3. Six studies (five case-
control studies and one cross-sectional study) used this
hypothesis-free approach. Specifically, one case-control study
investigated IS in relation to two types of DNA methylation
age, which were calculated according to the methylation level
of 353 and 71 CpG probes across the genome, respectively
(36). It found that individuals with an IS diagnosis had higher
age acceleration (the residual results from regressing DNA
methylation age on chronological age) in the epigenetic clock
calculated by Hannum’s method. However, no associations
were observed when using Havorth’s method. The other five
studies identified potential DNA methylation sites without a
pre-specified hypothesis that they were related to IS. Among
which, a maximum of 438 CpG sites were identified to be
differentially methylated in IS cases compared to controls. Four
studies conducted validation tests, and 26 candidate genes were
detected to be associated with IS (27, 37, 39, 40). However,
one study observed no association between methylation and IS
(45). Three studies conducted enrichment analyses showing that
the identified loci were related to several biological pathways
including, inflammation, angiogenesis, metabolic, and immune-
related function (27, 39, 40).

Frontiers in Neurology | www.frontiersin.org

October 2020 | Volume 11 | Article 566124


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Zeng et al. DNA Methylation and Stroke

2398 records identified:
1354 EMBASE
- 585 PUBMED
kS 431 MEDLINE
5 28 CENTRAL
h=
‘g
= No additional findings from medRxiv and bioRxiv
—
706 duplicates
— 1692 titles and abstracts screened
)
g
§ 1577 excluded:
5 1048 for editorials, erratum, letters, reviews, or case reports
= 255 for animal studies
— 206 for other outcomes
"l 68 for irrelevant exposure (no epigenetic marks, e.g.
global, gene-specific or genome-wide methylation of
DNA) or irrelevant comparison
M v
- 115 full-text articles assessed for eligibility
2
o0 91 excluded:
= 46 for other outcomes
34 for irrelevant exposure (no epigenetic marks, e.g. global,
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FIGURE 1 | Flowchart of study selection.
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TABLE 1 | Global methylation analysis for ischemic stroke.

Study Sample size Tissue Methylation sites, Methylation Main relevant findings
platform pattern®
(352 Case: n =280 Peripheral blood LINE-1 repetitive Hypomethylation e Mean methylation level: case vs. control,
Control: n = 280 leukocytes elements, 75.9 vs. 77.0%, p = 0.0024; male: case vs.
pyrosequencing control, 75.7 vs. 77.3%, p = 0.0012; female,
case vs. control, 76.2 vs. 76.7%, p = 0.3010.
* Men: per 1% decrease in LINE-1 methylation
level, OR = 1.20, 95% Cl: 1.10-1.32, p <
0.0001; women: not stated.
(43) Cohort: n = 286 Peripheral blood ALU and Satellite 2 No association e Prevalence stroke (baseline): no difference
(Stroke: n = 4) leukocytes repetitive elements, was observed in geometric mean methylation
MethyLight-based level between cases and controls (215 vs.
assay 147, p = 0.15).
e |ncident stroke (follow-up): not analyzed.
(44) Cohort: n =712 Peripheral blood LINE-1 repetitive Hypomethylation ® Prevalent stroke (baseline): per 2.5%
(Stroke: leukocytes elements, decrease in methylation level, OR = 1.90,
Baseline: n = 51, pyrosequencing 95% Cl: 1.16-3.10.

Follow-up: n = 8)

Incident stroke (follow-up): per 2.5%
decrease in methylation level, OR = 1.80;
95% Cl, 0.72-4.46.

LINE-1, long-interspersed nuclear element 1, OR, odds ratio; Cl, confidence interval.

*Methylation pattern refers to the methylation alteration of the site(s) in stroke cases compared to non-stroke controls.

aQverlapping participant.

DISCUSSION

This systematic review involving 7,014 individuals suggested that
DNA methylation appeared to be associated with the occurrence
of IS. Thirty-two genes were found to be hypermethylated
and five were hypomethylated in stroke cases compared to
controls. LINE-1 methylation and epigenetic clock also showed
an association with IS. Gender might influence the differences of
DNA methylation levels in stroke subtypes, such as LAA/CE and
small-vessel stroke. Energy taking and obesity were found to be
interacting with the methylation level of specific loci in IS cases.

Methods of DNA Methylation Analysis

According to different laboratory processes, conditions, and
methods of data analysis, DNA methylation analysis can be
categorized into three main types, including global, gene-specific,
and epigenome-wide methylation analysis (46). All studies
included in this review used one of the methods to measure the
DNA methylation accordingly and explored their relationship
with IS.

Global methylation refers to the overall level of 5-
methylcytosine content in the genome. This is mostly measured
using repetitive elements which constitute approximately 55%
of the human genome and account for a significant fraction of
DNA methylation in human (47-49). Analyses of candidate gene
methylation, on the other hand, are focused on the methylation
level of one or more specific sites which were pre-selected based
on their possible involvement in the pathological mechanism
(50). This analysis approach investigates the role of epigenetic
modifications according to the functions of these candidate
genes. In terms of epigenome-wide methylation, studies of
this type utilize wide arrays to quantify the DNA methylation
level of particular sites across the genome, in order to discover
disease-associated methylated sites without a predilection on

specific loci using a hypothesis-free approach. Due to such
heterogeneity in analysis methodologies, it is difficult to directly
compare the results of previous studies, especially for external
validation, even though great efforts have been made to help
standardize the analysis approach and improve the reliability of
the findings (51).

Global DNA Methylation

Global DNA Methylation and Stroke

Methylation levels of LINE-1, ALU and Satellite 2 repeats were
found to be significantly associated with global DNA methylation
as measured by high-performance liquid chromatography (52).
Therefore, the average methylation levels of these elements are
commonly considered as surrogates to express the methylation
level of total cytosine in the genome (53, 54). Two studies
included in the present review found that individuals with IS had
lower methylation level of LINE-1, and it is worth noting that one
of them observed this association prospectively. The consistent
trend of association found in the robust cohort study could
provide stronger evidence that LINE-1 hypomethylation plays an
important role in the pathogenesis of IS at a pre-clinical stage in
the asymptomatic individuals and thus might be considered as an
early etiologic factor.

Possible Pathological Mechanisms of Global
Methylation

LINE-1 accounts for approximately 17% of the genome sequence,
and it is the only type of elements that can be activated in LINE
families (49). Hypomethylated alternation of LINE-1 in somatic
cells may trigger genomic instability and gene deregulation,
which then alters gene coding and expression (55, 56). Although
the biological function of LINE-1 has not been fully understood,
there have been a few studies suggesting that its hypomethylated
alternation is associated with risk factors of stroke. According
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TABLE 2 | Candidate-gene methylation analysis for ischemic stroke.

Study Sample size Tissue Methylation sites, Methylation pattern*  Main relevant findings
platform
(26)° Case:n=12 Whole peripheral TNF-a promoter (19 Promoter e | ower methylation level of TNF-a promoter
Control: n =12 blood CpG sites), PON hypomethylation was positively associated with stroke (OR =
promoter 9.0, 95% Cl, 1.4-57.1, p = 0.020).
(22 CpG sites), e Methylation level of PON promoter was
Sequenom EpiTYPER found to be interacting with energy intake in
stroke cases (p = 0.017).
(28)2 Case: n = 201 Whole peripheral ERa promoter Promoter e Mean methylation level: site 13, case vs.
Control: n = 217 blood (14 CpG sites), hypomethylation control, 2.60 vs. 3.05%, p = 0.035; site 14,
pyrosequencing case vs. control, 6.95 vs. 7.87%, p = 0.026.
e Stroke subtypes, LAA/CE: site 5, case vs.
control, 3.55 vs. 4.34%; site 9, case vs.
control, 2.40 vs. 2.93%; site 12, case vs.
control, 3.60 vs. 4.40%; site 13, case vs.
control, 2.48 vs. 3.05%; site 14, case vs.
control, 6.68 vs. 7.87%. (Allp < 0.05).
(292 Case: n =298 Whole peripheral MMP-2 promoter (8 Promoter * Mean methylation level: all 8 sites, case vs.
Control: n = 258 blood CpG sites), hypomethylation control, 3.24 vs. 3.64%; site 1, case vs.
pyroseqguencing control, 1.88 vs. 2.13%; site 5, case vs.
control, 1.92 vs. 2.25%; site 7, case vs.
control, 2.70 vs. 3.02%; site 8, case vs.
control, 4.46 vs. 4.98%. (Allp < 0.05).
e Stroke subtypes, small-vessel stroke: men,
case vs. control, 3.01 vs. 3.65%, p = 0.018;
women, not stated.
(30) Case:n =26 Whole peripheral APOE promoter (17 Promoter e Higher methylation level of site 16 was
Control: n = 26 blood CpG sites), hypermethylation positively associated with ACI (OR = 16.1,
pyrosequencing 95% Cl, 1.2-225.8, p = 0.039).
(31) Case: n = 446 Whole peripheral MTHFR gene (2 CpG Hypermethylation e Higher methylation level of CpG A was
Control: n = 159 blood sites), pyrosequencing positively associated with stroke (OR = 4.73,
95% Cl, 2.56-8.75, p < 0.001).
32) Case:n=178 Whole peripheral TP53 promoter, Promoter e Mean methylation level: case vs. control,
Control: n = 86 blood Sanger sequencing hypermethylation 32.1 vs. 16.3%; p < 0.001.
(33) Case:n =23 Peripheral blood MIR-223 promoter (9 Promoter * Lower mean methylation levels of a total of 7
Control: n = 32 leukocytes CpG sites), hypomethylation CpG sites (sites 2, 3, 4, 6, 7, 8, 9) as well as
methylation-specific island 1 and 2 of MIR-223 promoter were
PCR found in ACI cases compared to controls. (all
p < 0.05).
(34) Case: n = 120 Whole peripheral TM promoter, Promoter * Mean methylation level: case vs. control,
Control: n =80 blood methylation-specific hypermethylation 74.2 vs. 47.5%, p < 0.01.
PCR
(38) Case: n =55 Peripheral blood ABCGT1 gene, APOE Hypermethylation e Higher DNA methylation at the cg02494239
Control: n = 55 leukocytes gene, pyrosequencing site in ABCG1 was positively associated with
stroke (OR = 2.416, 95% Cl: 1.024-5.700, p
= 0.044).
¢ No associations were observed for the
cg06500161 site in ABCG1 and the
914123992 site in APOE.
41) Case:n =132 Whole peripheral CBS promoter, Promoter e Median methylation level: case vs. control,
Control: n = 218 blood methylation-specific hypermethylation 38.05 vs. 30.53%, p < 0.001.
PCR o Higher methylation level of CBS promoter
was positively associated with stroke. (OR =
1.015 95% CI: 1.003-1.028).
(42) Case:n =64 Whole peripheral AHCY gene, Hypermethylation e Median methylation level: case vs. control,

Control: n = 138

blood

methylation-specific
PCR

0.13 vs. 0.06%, p < 0.0001.

ABCG1, ATP-binding cassette G1; AHCY, S-adenosylhomocysteine hydrolase; APOE, Apolipoprotein E; CBS, Cystathionine B-synthase; ERa, estrogen receptor alpha; MIR-223,
microRNA223; MIMP-2, Matrix metalloproteinase-2; MTHFR, methylenetetrahydrofolate reductase; PON, paraoxonase; TM, thrombomodulin;, TNF-«, human tumor necrosis factor;
TP53, tumor protein p53; LAA/CE, large-artery atherosclerosis and cardioembolism; ACI, atherosclerotic cerebral infarction; OR, odds ratio; Cl, confidence interval.

*Methylation pattern refers to the methylation alteration of the site(s) in stroke cases compared to non-stroke controls.
aQverlapping participant; ® Overlapping participant.
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TABLE 3 | Epigenome-wide methylation analysis for ischemic stroke.

Study Sample size Tissue Methylation site, Methylation pattern®  Main relevant findings
platform
(36)° Case:n =82 Whole peripheral DNA methylation age: Differentially e Hannum age acceleration was positively
Control: n = 41 blood Horvath’s method: methylated associated with stroke (OR = 1.13, 95%Cl:
353 methylation 1.00-1.26, p = 0.045).
probes; Hannum'’s ¢ No association was observed between
method: 71 Horvath age acceleration and stroke.
methylation probes,
lllumina HVI450K
27) Case: n = 161 Whole peripheral 485,578 CpG sites, Hypermethylation ¢ |n the validation study, higher methylation
Control: n = 161 blood lllumina HMVI450K, levels of HLA-DRB1 and HLA-DQB1 were
pyrosequencing and found in stroke cases compared to control
Sequenom EpiTYPER (both p < 0.05).
(37)P° Case:n =72 Peripheral blood 27,578 CpG sites, Hypermethylation ® 80 CpG sites were found to be differentially
Control: n = 67 leukocytes lllumina HM27K methylated in stroke cases compared to
controls, and 56 CpG sites were found to be
interacting with obesity in stroke cases.

* |n validation study, higher methylate on levels
at CpG site 19_20 in WTT, at the CpG site
1.2_10, 11, 12, 138, 14, 16_17, 18, 22 in
PMZ20D1 promoter were found in stroke cases
compared to controls (all p < 0.05).

e |n the validation study, CpG site 1 and 8
in CALD1 and CpG site 8.9 in KCNQ1
were found to be interacting with obesity in
stroke cases.

¢ |n the subgroup analysis, higher methylation
levels of CPG 1_2_3 was found to be
correlated with NIHSS (P = 0.016, r
=0.371).

(40)° Case: n = 548 Whole peripheral 358,709 CpG sites, Hypermethylation * |n validation study, higher methylation levels
Control: n = 245 blood Infinium of 22 CpGs in 21 loci (CAMSAPS3, SLC35ET,
MethylationEPIC ZFHX3, PIM3, MAPK1, LRRC26, HIF1A,
Beadchip and lllumina RNF126, SENP3, ANAPC11, PLBD2,
HM450K CCNL2, PUM1, ITPKB, NAPA, IL15RA,
ACSL1, JMY, PUF60, CHSY1, and BAMBI)
were found in stroke cases compared to
controls (all p < 0.000).
(39) Case: n = 301 Whole peripheral 482,360 sites Differentially e |n the validation study, lower methylation
Control: n = 313 blood CpG sites, methylated levels of 438 CpG loci were found in stroke
lllumina HM450K cases (mean difference, —7%, 95%Cl, —5
to —38.7%).

® In the validation study, higher methylation
levels of 574 CpG loci were found in stroke
cases (mean methylation, 6.8%, 95%Cl, 5
10 28.9%).

¢ |n the validation study, lower average
methylation level of 7 CpG sites (including
CpG_3, CpG_4.5, CpG_8, CpG_9, CpG_10,
CpG_11, CpG_13.14, and CpG_16) in
MTRNR2L8 was found in LAA stroke cases
(mean difference: —13.01%, p < 0.000).

(45) Cohort: n =729 Whole peripheral 470,789 CpG sites, No association ¢ No association between CpG methylation

(Stroke: n = 27)

blood

lllumina HM450K

level and stroke was reported.

ACSL1, Long-chain-fatty-acid-CoA ligase 1; ANAPC11, Anaphase-promoting complex subunit 11; BAMBI, BMP and activin membrane-bound inhibitor homolog; CALD1, Caldesmon
1; CAMSAP3, Calmodulin-regulated spectrin-associated protein 3; CCNL2, Cyclin-L2; CHSY1, Chondroitin sulfate synthase 1; HLA-DRB1, human leukocyte antigen DR beta 1; HLA-
DQBT1, human leukocyte antigen DQ beta 1; HIF1A, Hypoxia-inducible factor 1-alpha; ITPKB, Inositol-trisphosphate 3-kinase B; IL15RA, Interleukin-15 receptor subunit alpha; JMY,
Junction-mediating and -regulatory; LRRC26, Leucine-rich repeat-containing protein 26; KCNQ1, potassium voltage-gated channel, KQT-like subfamily,member 1; MAPK1, Mitogen-
activated protein kinase 1, PIM3, Serine/threonine-protein kinase pim-3; PM20D1, peptidase M20 domain containing 1; PLBD2, Putative phospholipase B-like 2, PUM1, Pumilio homolog
1; PUF60, Poly(U)-binding-splicing factor PUF60; RNF126, RING finger protein 126; SENP3, Sentrin-specific protease 3; SLC35E1, Solute carrier family 35 member E1; WT1, wilms’
tumor 1; ZFHX3, Zinc finger homeobox protein 3; HMA450K, Infinium HumanMethylation450 BeadChip; HM27K, Infinium HumanMethylation27 BeadChip; NIHSS, the National Institute
of Health Stroke Scale; OR, odds ratio; Cl, confidence interval.

"Methylation pattern refers to the methylation alteration of the site(s) in stroke cases compared to non-stroke controls.

bOverlapping participant; °Overlapping participant.
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to previous studies, LINE-I hypomethylation could modify the
metabolism of lipid and carbohydrate and cause aberrant lipid
profile and impaired glucose metabolism, which might further
lead to the formation of atherosclerotic plaques (55, 57-61).
Additionally, LINE-1 methylation was reported to become lower
with age, which might reflect the cumulated effects of age-related
environmental risk factors on the onset of stroke (55). The
other study focusing on the methylation of ALU and Satellite
2 repetitive elements, on the other hand, failed to observe
an association. ALU and Satellite 2 were also reported to be
associated with risk factors of IS, including higher BMI and
blood pressure in previous studies (54, 61). The non-significant
association might be due to the underpowered analysis since
there were only four stroke cases included in the analysis. On the
other hand, a combined measurement of ALU and Satellite for
global DNA methylation analysis differs from the measurement
of LINE-1 in the assay and genetic position. Previous studies
indicated that the methylation levels of ALU and LINE-1 were
correlated only in cancer cells rather than peripheral blood cells,
and their regulatory mechanisms regarding DNA methylation
might be different (62, 63). Therefore, ALU and Satellite 2 might
show different traits and patterns in relation to cerebral ischemia.

Global DNA methylation of repetitive elements can be
a novel marker for stroke as standardized assays of DNA
methylation are available, and they can nicely reflect global
DNA methylation changes. However, there are concerns to be
considered. The methylation alternation of the promoter and
gene body might have different effects on gene expression.
For example, hypermethylation in the gene body normally
increases gene expression, while higher methylation in CpG
islands of a promoter mostly leads to lower gene expression
(54). Global DNA methylation of repetitive elements could only
provide a rough measurement of methylation patterns. Some
correlations between methylation of repetitive elements and
specific genes were found, but the majority of these studies
focused on other diseases, such as gastritis and glioma (64-
66). Therefore, further studies are encouraged to expand the
mechanisms of global methylation to specific loci and investigate
their inter-relationship.

Genome-Wide and Candidate Gene

Methylation

Genome-Wide and Gene-Specific DNA Methylation
and Stroke

Genome-wide and candidate gene methylation studies identified
a total of 37 genes that were differentially methylated between
stroke cases and controls. Twenty-five genes identified in
genome-wide association studies were validated in replication
samples, while none of the findings in candidate-gene studies was
validated by other studies.

Possible Pathological Mechanisms of Genome-Wide

and Gene-Specific DNA Methylation

The influence of DNA methylation alternations on the
pathogenesis of IS has been studied in the past few years.
Generally, methylation alternations of these genes regulate gene
expression and risk factors of IS via a variety of pathological
processes, such as disorders of the coagulation cascade, higher

plasma homocysteine, dyslipidemia, atherosclerosis, and
inflammatory response (54). For example, APOE controls an
essential enzyme for lipid profile, and it was found that APOE
genotype, especially the E4 allele, was associated with a higher
level of LDL-C and carotid intima-media thickness (67-69). The
hypermethylation of the APOE promoter can cause aberrant
expression of the APOE gene, eventually leading to dyslipidemia
and earlier onset of stroke.

DNA methylation alternations might also be involved in
the pathway of the inflammatory response and cell death. For
example, TNF-« has detrimental effects on both neuronal and
glial cells by disrupting the blood-brain barrier or activating
cell death signaling pathways (70). The lower methylation level
of TNF-« promoter might increase the expression of TNF-« in
stroke patients, causing glutamate excitotoxicity and apoptosis on
neurons (71). Likewise, the genes of TP53, HLA-DRBI, and HLA-
DQBI were also found to be associated with early neurological
deterioration in IS for its function of regulating cell proliferation
in atherosclerotic plaques (72, 73). Aberrant methylation on these
genes might lead to an inflammatory response in arteries and
the formation of arterial plaques, which accelerates the formation
of atherosclerosis.

DNA methylation might also elevate the level of plasma
homocysteine, which is one of the most established risk factors
for stroke (74). CBS is a major enzyme in the metabolism
of homocysteine converting to cysteine, and its deficiency
could cause hyperhomocysteinemia (74). Hypermethylated CBS
promoter might silence CBS gene expression and subsequently
reduce enzyme activity, leading to plasma homocysteine
accumulation and increased risk of stroke (75). Another possible
mechanism is related to disorders of coagulation cascade.
TM gene acts as a cofactor of thrombin and reduces blood
coagulation, and its deficiency might cause cerebral thrombosis
for less inhibited coagulation and fibrinolysis (76).

However, the biological mechanism affected by gene
expression might only partially explain the mechanisms of stroke
onset. For example, MTHFR is a major enzyme in the metabolism
of vitamin folate, and its deficiency caused by hypermethylation
might lead to hyperhomocysteinemia and subsequently increase
the risk of stroke (6, 77). Meanwhile, hypermethylated MTHFR
gene might function as a mediator on a broader pathological
pathway, synergistically leading to hypermethylation of the TM
gene promoter and further inducing TM gene silencing (34). On
the other hand, Wei et al. (31) failed to observe an association
of MTHFR methylation with plasma homocysteine despite
its association with IS in this study. Therefore, there are still
some underlying mechanisms unexplored, suggesting that new
biological pathways as well as new loci related to the risk factors
and onset of IS are needed to be explored.

Epigenetic Clock and Stroke

One of the included studies found that age acceleration using
Hannum’s method was positively associated with stroke (36). As
the epigenetic clock is an algorithm calculated by the methylation
level at a number of age-related loci across the human genome
(78), it works as a marker of biological age against chronological
age. Acceleration in biological age is probably a better scale for
aging than the chronological age, and it is associated with many
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diseases as well as mortality risk (79). Since aging is an extremely
chronic process influenced complicatedly by a large number of
environmental factors (80, 81), Hannum’s epigenetic clock could
be a marker for the interaction between brain aging and the
environment in relation to stroke.

Limitations of the Current Evidence

First, among the included studies in the present review, only one
study used prospective data to identify the association of DNA
methylation with IS while the other studies basically used case-
control or cross-sectional study design. Such study designs could
not provide robust evidence for the temporality or causality of
associations presented as reverse causations might have existed.
Although some of the pathological processes mentioned above
could provide evidence for the biological function, these are
not enough to demonstrate the causal relationship due to the
complexity of the pathological mechanisms. Second, in terms
of the collection of bio-samples, all studies collected DNA from
the blood while it is unclear if DNA methylation in blood could
accurately reflect its level in brain tissues. Moreover, given the
dynamic nature of the epigenetic modification, the level of DNA
methylation might change as the disease progresses. Therefore,
the amount of time between the onset of stroke and collection
of bio-sample is an important factor that reflects the potentially
changeable role of DNA methylation in different phases before
and after stroke. The majority of the included studies assessed
DNA methylation at an acute/subacute stage of stroke. No
study measured DNA methylation longitudinally or recorded the
exact time interval between stroke and bio-sample collection,
leaving an open question of how DNA methylation would change
through the course of the disease. This could be an important
consideration for future studies. Third, the homogeneity of the
study sample might have limited the generalizability of the
results. For example, 13 out of 20 studies used samples which
are comprised exclusively of Asians. Also, several studies used the
data from overlapping participants.

Prospective

In order to improve the quality of evidence, it is preferable to
investigate this research question by a large-scale prospective
cohort study with comprehensive data collection in a well-
defined healthy population. First, longitudinal observation of
the trajectory of DNA methylation might help to reflect
the environment-gene interaction, especially the cumulated
environmental effects on DNA methylation over time. Also, such
a study design with a baseline as well as multiple measurements
of DNA methylation during follow-up in healthy individuals
provides evidence for the longitudinal properties of DNA
methylation and its complex interaction with cerebral ischemia.
It delineates a more comprehensive epigenetic pathway for
stroke prevention and recovery. For example, in addition to
only focusing on the association between DNA methylation and
occurrence of stroke, one study also found that methylation
at the baseline was correlated with stroke severity at hospital
admission, suggesting that it might be predictive of the functional
loss/recovery after admission (37). Therefore, it is a promising
direction for future studies to investigate how DNA methylation

at the early stage of stroke is associated with the short- or long-
term functional outcome of IS using a patient sample. Second,
studies with large sample size and sufficient length of follow-
up are important, as the prospective study included in this
review only observed eight IS cases during follow-up, which
might have caused underpowered analysis. Third, it is crucial
to standardize the methods of DNA methylation measure for
reliable comparison of results across different studies. Fourth, a
large number of covariates have been adjusted in data analyses
of the previous studies, which is done most likely to control for
the confounding effects. For example, many risk factors of IS
that were adjusted in the included studies, such as BMI/obesity,
blood pressure/hypertension, and smoking are proved to be
associated with both cerebral ischemia (82) and the level of
methylation (60, 83-85). However, the covariates considered in
previous studies have been highly heterogeneous, possibly due
to data availability. Some studies collected the data of physical
examination and history of disease from the study participants
(31, 41, 44), while some only had basic information (32). For
future studies, it is important to adequately collect and adjust
a wide range of potential confounders, including demographic,
lifestyle, and health data at both baseline and follow-up, to avoid
residual confounding bias.

The clinical utility of epigenetic biomarker is promising as
techniques in epigenome-sequencing is rapidly developing. Since
DNA methylation is involved in many pathological pathways
related to the well-established risk/protective factors of stroke,
epigenetic biomarker has the potential to become a prediction
tool to identify people at risk of stroke at the asymptomatic
stage. Also, a better understanding of how DNA methylation
interplays with metabolism, inflammation, or other pathways
will help supplement the current treatment of IS. Epigenetic
therapies that target the post-translational stage by modifying
DNA methylation might be of huge clinical value for stroke
patients, as aforementioned evidence has indicated genetic causes
of cerebral ischemia and potential effects of DNA methylation.
Some epigenetic therapies have already been used clinically for
cancer patients (86). It is possible to prioritize and explore
epigenetic therapies for ischemic stroke.

Strengths and Limitations of this Review

To our knowledge, this study involving more than 7,000
participants, is the first study systematically and comprehensively
summarizing the current evidence of the relationship of DNA
methylation with IS. We identified the studies from four major
databases as well as other sources manually and extracted all
the relevant information from these studies. Also, we performed
quality assessments for these studies using an established tool.
However, two limitations need to be acknowledged. First, we
only focus on ischemic stroke, which might cause the omission
hemorrhagic stroke. Second, due to high heterogeneity, we were
unable to perform meta-analyses and use Begg’s funnel plot and
Egger’s test to examine publication bias.

CONCLUSION

This review systematically integrated current evidence for the
role of DNA methylation in IS. Epigenetic clock and methylation
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of LINE-1 repetitive elements, as well as a number of genes, were
found to be associated with IS. However, conclusive evidence
has not yet been drawn due to high heterogeneity across
studies, uncertain causal relationship, and complex process of the
pathogenesis of IS. Future studies with a large-scale, prospective
design, comprehensive data collection, and robust methylation
measures, might help answer the research question.
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