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Abstract
Objective
To highlight potential epigenetic risk factors for blood pressure (BP) and ischemic stroke (IS)
in loci identiﬁed by genome-wide association studies (GWASs).
Methods
We detected DNA methylation for BP (317,756 individuals from UK Biobank) and IS (521,612
individuals from MEGASTROKE) in Europeans by using the summary data–based mendelian
randomization (SMR) method. We selected the most relevant gene to validate the association
in 1,207 patients with hypertensive IS and 1,269 controls from the Chinese populations.
Results
We ﬁrst identiﬁed 173 CpG sites in 90 genes, 337 CpG sites in 142 genes, and 9 CpG sites in 7
genes that were signiﬁcantly associated with systolic, diastolic BP, and IS, respectively. The
methylation level of cg12760995 in CASZ1 was associated with systolic (PSMR = 1.74 × 10−12),
diastolic BP (PSMR = 2.48 × 10−10), and IS (odds ratio [OR] = 0.92 [95% conﬁdence interval
[CI]: 0.91–0.94]; PSMR = 2.28 × 10−8) in Europeans. The methylation levels of 17 sites in the
promoter of CASZ1 were measured in the Chinese individuals, and 10 of them were signiﬁcantly
associated with IS. The higher methylation level of CASZ1 was associated with a lower risk of IS
(adjusted OR = 0.97 [95% CI: 0.96–0.99]). CASZ1 seemed to be hypomethylated in hypertensive cases, and the level was negatively correlated with BP. Systolic and diastolic BP mediated
approximately 61.2% (p = 3.49 × 10−6) and 45.0% (p = 0.0029) of the association between
CASZ1 methylation and IS, respectively.
Conclusions
This study identiﬁed DNA methylations that were associated with BP and IS. CASZ1 was
hypomethylated in Chinese patients with hypertensive IS.
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Glossary
BMI = body mass index; BP = blood pressure; CATIS = China Antihypertensive Trial in Acute Ischemic Stroke; CI =
conﬁdence interval; DBP = diastolic BP; FBG = fasting blood glucose; GWAS = genome-wide association study; HDL-C =
high-density lipoprotein cholesterol; HEIDI = heterogeneity in dependent instruments; IS = ischemic stroke; LD = linkage
disequilibrium; LDL-C = low-density lipoprotein cholesterol; MR = mendelian randomization; OR = odds ratio; SBP = systolic
BP; SMR = summary data-based mendelian randomization; SMSS = Suzhou Metabolic Syndrome Study; SNP = single
nucleotide polymorphism; TC = total cholesterol; TG = triglyceride; UTR = untranslated region.

Ischemic stroke (IS) is the second leading cause of death
worldwide.1,2 Hypertension is identiﬁed as one of the most
important causal risk factors for cardiovascular diseases.3,4
Genetic and epigenetic factors play important roles in the etiology of hypertension and IS.5 Large-scale genome-wide association studies (GWASs) have successfully identiﬁed many
loci for blood pressure (BP)6 and IS7,8 and shown that BP and
IS shared some of the loci. GWASs have suggested that many
disease-associated loci or variants were ethnic speciﬁc. However, some genetic loci were shared by Europeans and East
Asians, e.g., the CASZ1 (and others) gene variants were found
to be associated with BP in both Europeans and East Asians.9

variables (e.g., mQTLs) to test whether an exposure (e.g., DNA
methylation level) has a causal eﬀect on an outcome (e.g., IS).
The SMR method can identify potential functionally relevant
methylations in the GWAS identiﬁed loci by integrating independent GWAS summary statistics with mQTL data.19,20 By
using public summary data from large-scale GWAS and mQTL
meta-analysis studies, the SMR method evaluated the causal
associations in very large samples so that the statistical power
was increased. In this study, we ﬁrst conducted SMR analysis to
identiﬁed DNA methylations that were causally associated with
BP and IS, by which we could prioritize functionally relevant
genes in the GWAS loci and ﬁnd the shared genetic inﬂuences.

DNA methylation occurs primarily on CpG dinucleotide to
control transcription. Studies have shown that blood DNA
methylation play important roles in BP regulation.10 It has been
known that epigenetic regulation participates in the development of hypertension through a comprehensive mechanism, which targets diﬀerent levels of complexity including the
renin-angiotensin-aldosterone system, the vascular wall, and
speciﬁc cell types within the vessels.11 Some studies have been
performed to identify epigenetic risk factors for stroke.12–14
DNA methylation has also been identiﬁed as potential drug
targets in the treatment of atherosclerotic diseases, including
stroke.15–17 The DNA methylation patterns could be used as
potential biomarkers of stroke.18 Even so, the role DNA methylations play in hypertension and stroke remains poorly known.

The BP GWAS data set comprised the summary statistics for
the association between more than 10 million single nucleotide
polymorphisms (SNPs) and systolic BP (SBP) and diastolic BP
(DBP) that were evaluated in 317,756 individuals enrolled in
the UK Biobank.21 This data set can be downloaded at ldsc.
broadinstitute.org/gwashare/. The IS GWAS, which comprised 521,612 individuals of European ancestry, is the largest
GWAS on IS to date.7 Raw data used in the present analysis
were the downloaded summary results from this GWAS, which
included summary data of almost 8 million SNPs and indels for
IS. These data set was available at the MEGASTROKE website
(megastroke.org/). The zip ﬁle downloaded contained 10 ﬁles
for the GWAS results of any stroke, any ischemic stroke, large
artery stroke, cardioembolic stroke, and small vessel stroke
subtypes from Europeans and trans-ethnicity samples. In this
study, we restricted the analysis to the IS subtype in Europeans,
only the ﬁle “MEGASTROKE.2.AIS.EUR.out” inside the zip
ﬁle was used in the analysis.

The functional factors among the GWAS-identiﬁed loci were not
fully understood. A major challenge remained in the post-GWAS
era was uncovering causal factors underlying the GWAS hits.
Here, we presented a 2-step study to identiﬁed additional epigenetic risk factors for BP and IS. First, we applied the summary
data–based mendelian randomization (SMR)19 method to integrate data from large-scale GWASs with methylation quantitative trait loci (mQTL) study to detect BP- and IS-associated
methylations in the European populations, among which the
public available GWAS summary data are very rich. Second, we
examined the associations between the identiﬁed methylations
and BP and IS among individuals from the Chinese populations.

Methods
Mendelian randomization analysis
Mendelian randomization (MR) is an instrumental variable
analysis approach that uses genetic variants as instrumental
2
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The available summary data contained information on the rs
number, chromosome, position, eﬀect allele, other allele,
sample size, beta, standard error, t statistic, and p value for
each SNP. Allele frequencies for the SNPs were obtained from
the 1000 Genomes Project (Europeans). The BP and IS
GWAS summary data were formatted (the plain ﬁle contains
8 columns: rs number, eﬀect allele, other allele, frequency,
beta, standard error, p value, and sample size) for the SMR
analysis by using the R language.
Another ﬁle required for the SMR analysis was the mQTL
data ﬁle (in binary format). The mQTL summary data were
from the study conducted by McRae et al.22 DNA methylation
was measured on 614 individuals from the Brisbane Systems
Neurology.org/NG

Genetics Study and 1,366 individuals from the Lothian Birth
Cohorts using Illumina HumanMethylation450 BeadChips.
The mQTL summary data in SMR binary format can be
downloaded from cnsgenomics.com/software/smr/#DataResource. Only the DNA methylation probes (88,712) with
at least a cis-mQTL at p < 5.0 × 10−8 and only SNPs within 2
Mb distance from each probe were available.
SMR jointly analyzed the mQTL and BP and IS GWAS
summary statistics to test for association between methylations
and BP and IS due to the shared variant at a locus. A heterogeneity in dependent instruments (HEIDI) test for heterogeneity in the resulting association statistics was performed.
PHEIDI > 0.05 means that there was no signiﬁcant heterogeneity
underlying the mQTL signals (the basic assumption of MR
analysis). We ran SMR (version 0.712) with default parameters
in a command line program, which was downloaded from
cnsgenomics.com/software/smr/. Genotype data of HapMap
r23 CEU were used as a reference panel to calculate the linkage
disequilibrium (LD) correlation for SMR analysis.
Study sample from Chinese populations
We conducted a case-control study investigating the association between the DNA methylations of the identiﬁed genes and
IS among Chinese individuals. The IS cases were randomly
selected from the China Antihypertensive Trial in Acute Ischemic Stroke (CATIS) project, a clinical trial registered at
clinicaltrials.gov (Identiﬁer: NCT01840072). The CATIS trial
was a multicenter, single-blind, blinded end point, randomized
clinical trial conducted in 26 hospitals across China from August 2009 to May 2014.23 The study design has been described
in a previous study.23 In brief, 4,071 patients aged 22 years or
older who had IS conﬁrmed by CT or MRI of the brain within
48 hours of symptom onset and who had an elevated SBP
between 140 mm Hg and less than 220 mm Hg were recruited.
The controls were randomly selected from the Suzhou Metabolic Syndrome Study (SMSS).24 The SMSS was an observational cohort study of 18,461 individuals in 6 rural townships in
of Suzhou in China’s Jiangsu province. Participants who had no
evidence of end organ damage, including coronary heart disease, stroke, chronic renal disease, and tumors, and signed
informed consent were recruited at baseline. By considering
both sequencing cost and statistical power, about 1,200 cases
and 1,200 controls were chosen in this study.
Standard protocol approvals, registrations,
and patient consents
This study was approved by the institutional review boards or
ethical committees at Soochow University. Written consent
was obtained from all study participants.
Measurements
Three sitting consecutive BP measurements (30 seconds
between each) were taken by trained staﬀ using a standard
mercury sphygmomanometer according to a standard protocol, after the participants had been resting for 30 minutes.
Neurology.org/NG

The ﬁrst and ﬁfth Korotkoﬀ sounds were recorded as SBP and
DBP, respectively. The average of the 3 BP measurements was
calculated for each participant and used in the analyses. Hypertension was deﬁned as SBP ≥140 mm Hg and/or DBP
≥90 mm Hg and/or use of antihypertensive medication in the
last 2 weeks. For all the participants, overnight fasting blood
samples were obtained, plasma (serum) and white blood cell
samples were isolated, and DNA was extracted. The specimens were frozen at −80°C until laboratory testing. A modiﬁed hexokinase enzymatic method was applied to test fasting
blood glucose (FBG) levels. Total cholesterol (TC), highdensity lipoprotein cholesterol (HDL-C), and triglycerides
(TGs) were analyzed enzymatically using a Beckman Synchron CX5 Delta Clinical System (Beckman Coulter, Inc.,
Fullerton, California) with commercial reagents. Low-density
lipoprotein cholesterol (LDL-C) levels were calculated using
the Friedewald equation for participants who had less than
400 mg/dL TG.
DNA methylation sequencing
We applied the targeted bisulﬁte sequencing to measure DNA
methylation levels. Brieﬂy, CpG islands adjacent to the promoter region of the gene were analyzed, and based on these
CpG islands, the targets were conﬁrmed (ﬁgure e-1, links.lww.
com/NXG/A313). Genomic DNA passed quality control
(concentration ≥20 ng/μL, total DNA ≥ 1 μg, OD260/280 =
1.7–2.0, OD260/230 ≥ 1.8) was bisulﬁte converted using the
EZ DNA Methylation-Gold Kit (ZYMO, CA), and then, the
targeted DNA fragments were ampliﬁed by PCR. The ampliﬁed products were sequenced on an Illumina MiSeq
benchtop sequencer (Illumina, CA). The methylation level of
each CpG site was calculated as the percentage of the methylated cytosines over the total tested cytosines. The average
methylation level for a target was calculated using methylation
levels of all measured CpG sites within the target. To test the
reliability of methylation levels for each CpG site, 20 samples
were randomly selected for duplicate detection.
Statistical analysis
The diﬀerences of baseline risk factors between cases and
controls were compared, using a Student t test for continuous
variables and χ2 tests for categorical variables. The methylation levels of each CpG site in IS cases and controls were
assessed by 2-tailed unpaired Student t tests; bar plots depict
the means, and the error bars in the ﬁgures represent SDs.
Linear regression models were used to assess the associations
between methylation levels and BP. Logistic regression
models were used to calculate odds ratios (ORs) and 95%
conﬁdence intervals (CIs) for hypertension and IS for per
1-percent increased with methylation levels. The potential
covariates such as age, sex, smoking, drinking, body mass
index (BMI) SBP, DBP, TC, and FBG were included in the
multivariate models. The analyses were performed in the
combined sample and subgroups stratiﬁed by sex. Causal
mediation analysis was performed to examine the mediation
eﬀect of BP on the association between methylation and IS.
The mediation analysis was conducted by using the R package
Neurology: Genetics | Volume 6, Number 5 | October 2020
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“mediation,”25 with 1,000 Monte Carlo draws. Individuals with
missing data were deleted in the analysis. All analyses were
performed using the R language program (Version 3.5.0).
Data availability
Data are available to researchers on request for purposes of
reproducing the results or replicating the procedure by directly contacting the corresponding author.

Results
BP-associated CpG sites
By integrating data from large-scale BP GWAS with mQTL study
from European populations, we found 173 CpG sites in 90 genes
that were signiﬁcantly associated with SBP and 337 CpG sites in
142 genes that were signiﬁcantly associated with DBP (PSMR <
5.67 × 10−7, PHEIDI > 0.05). The total number of CpG sites (or
genes) was 470 (199). Among them, 40 (33) were shared by SBP
and DBP. The detailed information about these SBP- and DBPassociated CpG sites is presented in tables e-1 and e-2 (links.lww.
com/NXG/A313), respectively. Among the identiﬁed genes,
the top 20 genes that contained the most signiﬁcant methylations
associated with SBP were CNNM2, NT5C2, SLC5A11, FES,
TNRC6A, CASZ1, TNXB, FAM109A, ADAMTS8, HOXA13,
NEIL2, SLC10A4, SYNPO2L, GATA4, BRAP, SH2B3, RERE,
CEP68, MSRA, and GOSR2 (ﬁgure 1). The top 20 genes that
contained the most signiﬁcant methylations associated with
DBP were FAM109A, NOV, CPEB4, ZSCAN12L1, ZNF389,
CNNM2, ZSCAN16, SH2B3, CYP21A2, FES, C6orf10, MSH5,
SDCCAG8, RERE, MSRA, HLA-DMA, ULK4, ZNF192, SRRT,
and HLA-B (ﬁgure 1).
IS-associated CpG sites
By integrating data from large-scale IS GWAS with mQTL
study from European populations, we found that more than
6,000 CpG sites were nominally associated with IS (PSMR <
0.05). Among them, p values of 28 CpG sites in 12 loci (14
genes) exceed 1 × 10−5 (ﬁgure 1) and 10 of them could be
considered signiﬁcant (PSMR < 5.67 × 10−7, Bonferroni correction). Nine of these signiﬁcant sites in CASZ1, SLC25A44,
FOXQ1, SH3PXD2A, ACAD10, LRCH1, and SLC44A2
passed the HEIDI test (PHEIDI > 0.05) (table 1).
The selected gene CASZ1
Among the 199 identiﬁed BP-related genes, we noticed that
CASZ1 SNPs were strongly associated with both SBP (PGWAS =
5.62 × 10−14) and DBP (PGWAS = 2.81 × 10−11) and DNA
methylation levels (PmQTL = 1.37 × 10−92), and CASZ1 methylation was signiﬁcantly associated with both SBP (PSMR = 1.74 ×
10−12) and DBP (PSMR = 2.48 × 10−10) in Europeans (tables e-1
and e-2, links.lww.com/NXG/A313, ﬁgure 2). Among the 7
identiﬁed IS-related genes, CASZ1 SNPs were strongly associated
with both IS risk (PGWAS = 5.51 × 10−9) and DNA methylation
levels (PmQTL = 1.37 × 10−92), and CASZ1 methylation was
signiﬁcantly associated with IS (beta = −0.08, OR = 0.92 [95%
CI: 0.91–0.94]; PSMR = 2.28 × 10−8) in Europeans (table 1,
ﬁgure 2).
4
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CASZ1 gene SNPs have also been reported to be strongly
associated with BP, hypertension, and incident hypertension
and cardiovascular diseases in the Chinese populations.9,26
Until now, the associations between CASZ1 methylation and
BP and IS have not yet been clariﬁed. Therefore, based on
these evidence, we conducted a case-control study to investigate the association between the DNA methylations in
this gene and IS to identify additional risk factors for IS among
Chinese individuals.
Association between CASZ1 methylation and
BP and IS in Chinese
A total of 1,207 IS cases and 1,269 controls were included for
bisulﬁte sequencing (table e-3, links.lww.com/NXG/A313).
The mean age and the proportion of males, smokers, and
drinkers were not diﬀerent between cases and controls. Compared with the controls, mean SBP, DBP, BMI, TC, LDL-C,
TG, and FBG levels were all signiﬁcantly higher, whereas the
HDL-C level was lower in IS cases (p < 0.05). Among the 1,207
patients with IS, 1,005 (83.3%) were thrombotic strokes, 54
(4.5%) were embolic strokes, and 173 (14.3%) were smallvessel lacunar strokes. Three patients were both thrombotic
and embolic, 22 were both thrombotic and lacunar. Thrombotic strokes included both intra- and extracranial atherosclerotic strokes. No cryptogenic stroke was included. Among the
1,269 controls, 381 (30.02%) were patients with hypertension
(table e-4, links.lww.com/NXG/A313).
We successfully measured the methylation levels of 17 sites
inside a CpG island in CASZ1. According to the duplicate
detection in 20 individuals, there was no signiﬁcant diﬀerence
between the 2 tests for the methylation levels of each of these
17 sites (paired t test p > 0.05). The missing rate of methylation level data was 0.91% (11) for cases and 0.23% (3) for
controls. The methylation levels of 10 of these sites were
signiﬁcantly associated with IS in univariate analysis (p < 3.0 ×
10−3) (ﬁgure e-2, links.lww.com/NXG/A313). The methylation levels of the associated CpG sites were highly correlated
(ﬁgure e-3, links.lww.com/NXG/A313) and seemed to be
hypomethylated in the patients with hypertensive IS (table 2).
After adjusted for covariates, the associations between
methylation levels of 8 sites and IS were nominally signiﬁcant,
and the associations between methylation levels of CASZ1_
70 (adjusted OR = 0.99 [0.98–1.00]; p = 7.26 × 10−4) and
CASZ1_67 (adjusted OR = 0.98 [0.98–0.99]; p = 5.54 ×
10−5) and IS were signiﬁcant. These sites were associated with
IS in male participants but not females (table 2). The mean
methylation level of this tested target was signiﬁcantly lower
in the patients with hypertensive IS than the controls
(ﬁgure 3A). The higher CASZ1 gene methylation level was
signiﬁcantly associated with a lower risk of IS (adjusted OR =
0.97 [95% CI: 0.96–0.99]; p = 1.59 × 10−4), and the association was signiﬁcant in males (adjusted OR = 0.96 [95% CI:
0.94–0.98]; p = 4.41 × 10−5) (table 2).
The methylation levels of 4 and 3 of the 17 sites were signiﬁcantly associated with SBP and DBP (p < 1.0 × 10−3) in
Neurology.org/NG

Figure 1 Results for the association between DNA methylations and IS

The x-axis represents the chromosome positions. The y-axis shows the –log10 p values for the association between levels of DNA methylation sites and BP (UK
Biobank) and IS (MEGASTROKE) in European populations. Among the CpG sites analyzed for (A) SBP, (B) DBP, and (C) IS, 430, 581, and 28 passed the suggestive
significance threshold of 1.0 × 10-5 (blue line), respectively. Only the top 20 genes were annotated for SBP and DBP. Other CpG sites associated with SBP and DBP
are presented in tables e-1 and e-2 (links.lww.com/NXG/A313), respectively. BP = blood pressure; DBP = diastolic BP; IS = ischemic stroke; SBP = systolic BP.

univariate analysis (table e-5, links.lww.com/NXG/A313), respectively. After adjustment for IS status and other covariates,
the associations of methylation levels of 3 sites with SBP were
nominally signiﬁcant. The mean methylation level of this target
seemed to be hypomethylated in hypertensive cases (ﬁgure 3B)
Neurology.org/NG

and was negatively correlated with SBP and DBP (ﬁgure 3, C
and D, respectively). The association between the mean
methylation level of this target and SBP was still nominally
signiﬁcant after adjustment for IS status and other covariates
(beta = −0.3641, p = 0.0341). In the median analysis, the
Neurology: Genetics | Volume 6, Number 5 | October 2020
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Table 1 Methylations significantly associated IS identified by mendelian randomization analysis
GWASc

Methylation ID

Gene

CHR

Methylation
positiona

cg12760995

CASZ1

1

10789713

rs880315

cg24849049

SLC25A44

1

156161651

cg06970220

SLC25A44

1

cg15105476

FOXQ1

cg04688330

a

b

mQTL

SMR

EA

OA

EAF

Beta

p Value

Beta

p Value

Beta

PSMR

PHEIDI

10796866

C

T

0.35

0.052

5.51E-09

−0.656

1.37E-92

−0.080

2.28E-08

1.51E-01

rs2842857

156168736

C

T

0.35

−0.055

1.89E-09

0.328

5.06E-23

−0.167

2.72E-07

4.29E-01

156163860

rs2842857

156168736

C

T

0.35

−0.055

1.89E-09

0.721

2.04E-110

−0.076

6.09E-09

4.60E-01

6

1335849

rs17260640

1334861

C

G

0.12

0.076

9.38E-08

−1.442

1.69E-266

−0.052

1.42E-07

2.75E-01

SH3PXD2A

10

105451802

rs2295786

105616482

T

A

0.34

−0.046

2.00E-07

0.639

3.29E-86

−0.072

4.87E-07

4.81E-01

cg01727419

SH3PXD2A

10

105616523

rs10786772

105610326

A

G

0.34

−0.045

3.27E-07

−1.198

1.18E-611

0.038

3.58E-07

5.95E-01

cg08577424

ACAD10

12

112123256

rs642898

112141233

G

A

0.34

−0.051

3.73E-07

−0.939

3.30E-187

0.054

5.58E-07

6.05E-02

cg00476653

LRCH1

13

47169346

rs912426

47169419

C

T

0.19

−0.058

1.50E-07

−0.962

1.01E-129

0.060

2.95E-07

8.19E-02

cg16900796

SLC44A2

19

10755136

rs6511707

10767790

G

A

0.61

−0.047

9.72E-08

−0.896

1.41E-216

0.052

1.58E-07

6.45E-01

TopSNP ID

TopSNP position

Abbreviations: CHR = chromosome; EA = effect allele; EAF = effect allele frequency; GWAS = genome-wide association study; HEIDI = heterogeneity in dependent instruments; ID = identity; IS = ischemic stroke; mQTL =
methylation quantitative trait locus; OA = other allele; SMR = summary data–based mendelian randomization.
a
GRCh37.p13.
b
Minor allele frequency in European populations.
c
The results were from the MEGASTROKE GWAS.
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Figure 2 The association between CASZ1 methylation and BP and IS

The 3 panels present the associations between CASZ1 methylation and SBP (A), DBP (B), and IS (C) in European populations. Each panel consists of 2 parts. The
x-axis represents the genomic position (GRCh37.p13). The lower part of each panel shows the results of mQTL. The y-axis represents –log10(P mQTL). In this
part, we can see that CASZ1 SNPs were strongly associated with DNA methylation levels (mQTL). The upper part of each panel shows the results of GWAS and
SMR analysis. The y-axis represents –log10(P GWAS or SMR). In this part, we can see that CASZ1 SNPs were strongly associated with SBP (A), DBP (B), and IS (C).
According to the mendelian randomization analysis, a DNA methylation level of cg12760995 in the CASZ1 gene was significantly associated with SBP (A), DBP
(B), and IS (C). DBP = diastolic BP; SBP = systolic BP; GWAS = genome-wide association study; IS = ischemic stroke; SMR = summary data–based mendelian
randomization.

Neurology.org/NG

Neurology: Genetics | Volume 6, Number 5 | October 2020

7

8
Neurology: Genetics | Volume 6, Number 5 | October 2020

Table 2 Methylation sites significantly associated with IS in CASZ1
All (1,207 patients with IS from the CATIS and 1,269 controls)

Male (656 cases and 696 controls)

Female (551 cases and 573 controls)

Namea

Positionb

OR (95% CI)

p Value

OR (95% CI)c

p Valuec

OR (95% CI)

p Value

OR (95% CI)c

p Valuec

OR (95% CI)

p Value

OR (95% CI)c

p Valuec

CASZ1_98

10856897

0.96 (0.94–0.97)

1.26E-07

0.99 (0.98–1.00)

6.53E-02

0.96 (0.94–0.98)

2.80E-04

0.99 (0.98–1.00)

5.23E-02

0.95 (0.93–0.98)

1.22E-04

1.00 (0.98–1.01)

6.29E-01

CASZ1_94

10856901

0.96 (0.94–0.98)

5.07E-04

0.99 (0.98–1.00)

2.70E-01

0.96 (0.93–0.99)

5.04E-03

0.99 (0.97–1.00)

7.13E-02

0.97 (0.94–1.00)

3.91E-02

1.00 (0.99–1.02)

5.95E-01

CASZ1_80

10856915

0.96 (0.94–0.97)

4.25E-09

0.99 (0.98–1.00)

1.18E-02

0.95 (0.94–0.97)

1.76E-06

0.99 (0.98–1.00)

1.55E-02

0.96 (0.94–0.98)

6.14E-04

0.99 (0.98–1.01)

2.88E-01

CASZ1_74

10856921

0.97 (0.95–0.98)

4.18E-05

0.99 (0.98–1.00)

2.27E-02

0.98 (0.96–1.00)

5.23E-02

0.99 (0.97–1.00)

1.11E-02

0.95 (0.93–0.98)

6.34E-05

1.00 (0.99–1.01)

6.10E-01

CASZ1_72

10856923

0.96 (0.94–0.98)

1.72E-04

0.99 (0.98–1.00)

3.50E-02

0.96 (0.94–0.99)

6.38E-03

0.99 (0.97–1.00)

8.72E-02

0.96 (0.93–0.99)

9.79E-03

0.99 (0.97–1.01)

2.31E-01

CASZ1_70

10856925

0.97 (0.96–0.98)

6.70E-08

0.99 (0.98–1.00)

7.26E-04

0.97 (0.95–0.98)

7.31E-05

0.98 (0.97–0.99)

5.56E-05

0.97 (0.95–0.98)

2.42E-04

1.00 (0.99–1.01)

7.77E-01

CASZ1_67

10856928

0.97 (0.95–0.98)

4.60E-05

0.98 (0.98–0.99)

5.54E-05

0.96 (0.94–0.98)

2.32E-04

0.98 (0.97–0.99)

1.74E-05

0.98 (0.95–1.00)

5.17E-02

0.99 (0.98–1.01)

3.64E-01

CASZ1_62

10856933

0.97 (0.96–0.98)

8.61E-08

0.99 (0.98–1.00)

5.24E-03

0.97 (0.95–0.98)

5.88E-05

0.99 (0.98–1.00)

1.23E-02

0.97 (0.95–0.99)

4.29E-04

0.99 (0.99–1.00)

2.19E-01

CASZ1_58

10856937

0.96 (0.95–0.98)

1.41E-07

0.99 (0.98–1.00)

3.40E-02

0.96 (0.94–0.98)

2.12E-05

0.99 (0.98–1.00)

1.65E-02

0.96 (0.94–0.99)

1.83E-03

1.00 (0.99–1.01)

6.32E-01

CASZ1_51

10856944

0.98 (0.97–0.98)

8.78E-10

0.99 (0.99–1.00)

1.03E-02

0.97 (0.96–0.98)

1.13E-06

0.99 (0.98–1.00)

1.43E-03

0.98 (0.97–0.99)

1.84E-04

1.00 (0.99–1.01)

9.44E-01

CASZ1

—

0.91 (0.89–0.94)

1.35E-11

0.97 (0.96–0.99)

1.59E-04

0.92 (0.89–0.95)

1.49E-06

0.96 (0.94–0.98)

4.41E-05

0.90 (0.87–0.94)

1.68E-06

0.99 (0.97–1.01)

4.74E-01

Abbreviations: CATIS = China Antihypertensive Trial in Acute Ischemic Stroke; CI = confidence interval; FBG = fasting blood glucose; OR = odds ratio; SBP = systolic BP; TC = total cholesterol.
a
The numbers in the names represented the position of the site in the genomic fragment sequenced.
b
GRCh37.p13.
c
Adjusted for age, sex, smoking, drinking, BMI, SBP, TC, and FBG.
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Figure 3 The relationship of mean CASZ1 methylation levels with BP and IS among Chinese

The mean methylation levels for CASZ1 for each individual were calculated using methylation levels of all measured CpG sites within the genomic fragment
sequenced. The bar plots depict the means, and the error bars in the figures represent SDs; the differences were assessed by t tests. (A) This gene was
significantly hypomethylated in the 1,207 patients with hypertensive IS compared with the 1,269 controls. (B) This target was hypomethylated in the
hypertensive cases (1,207 IS hypertensives plus 381 non-IS hypertensives or only 381 non-IS hypertensives) compared with the 888 controls. The 2 scatter
plots present the relationship between the mean methylation level of CASZ1 and SBP (C) and DBP (D). The blue lines represent linear regression lines, and the
gray areas represent the corresponding 95% confidence intervals. DBP = diastolic BP; IS = ischemic stroke; SBP = systolic BP.

mediation eﬀect estimations were −0.0445 (p = 0.0021) and
−0.0315 (p = 0.0062) for SBP and DBP, respectively. SBP
and DBP mediated approximately 61.2% (p = 3.49 × 10−6) and
45.0% (p = 0.0029) of the association between CASZ1 methylation and IS, respectively (ﬁgure 4).

Discussion
The current study represented an eﬀort to identify potential
causal epigenetic factors for BP and IS by integrating data from
large-scale GWASs initiative on DNA methylation, BP, and IS
risk. Hundreds of CpG sites in important genes (e.g., CASZ1)
were found to be causally associated with BP and IS in Europeans
Neurology.org/NG

by using this strategy. In addition, by applying a target sequencing
method, we found that CASZ1 methylations were associated with
BP and IS in the Chinese populations.
DNA methylation plays an important role in BP regulation and IS
pathology and could be potential therapeutic targets.15–17 Previous studies have identiﬁed some DNA methylations for hypertension and IS10,12–14; however, the statistical power of these
traditional case-control studies was very limited due to the small
sample size, and reverse causation always existed in observational
studies. Integration of GWAS data with data from the mQTL
study by applying the SMR approach was a possible way to
identify relevant methylations in the GWAS loci.19 This methodology not only limited bias due to confounding and was not
Neurology: Genetics | Volume 6, Number 5 | October 2020
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Figure 4 The indirect effect of CASZ1 methylation on IS

Proportion mediated: the proportion of the association between methylation and ischemic stroke that was explained by the mediator. The analysis
was performed on the 1,207 patients with hypertensive IS from the CATIS
and 1,269 controls. ACME = average causal mediation effect; ADE = average
direct effect; DBP = diastolic blood pressure; SBP = systolic blood pressure.

aﬀected by reverse causation but also increased statistical power.
As we showed in the present study, the methylation levels of
many genes were detected to be signiﬁcantly associated with BP
and IS. Genes identiﬁed in our study were located in the BP and
IS GWAS-identiﬁed loci, which have implicated the importance
of these genes in BP regulation and IS etiology. Our study
highlighted the involvement of methylation in these loci. The
mQTLs were detected in blood samples, so our study identiﬁed
blood cell DNA methylations that were associated with BP
and IS.
CASZ1 encodes a zinc ﬁnger transcription factor. CASZ1 is
required to directly regulate an EGFL7/RhoA-mediated
pathway to promote vertebrate vascular development27 and
plays a key role in cardiac homeostasis and dilated cardiomyopathy.28 The association between CASZ1 methylations and IS
has not been reported. The newly identiﬁed methylations locate in the CpG Island, which overlaps the promoter in the 59
region of CASZ1 (ﬁgure e-1, links.lww.com/NXG/A313).
Moreover, this promoter is connected to several nearby enhancers (GeneHancer regulatory elements29) by long-range
interactions. DNA methylations in long-range interactive promoters and enhancers have been shown to aﬀect the long-range
interactions and to be associated with disease risk.30–32
Therefore, it seems that the CASZ1 promoter methylation may
have the regulatory potentials that aﬀect IS risk.
CASZ1 gene variants have been conﬁrmed to be associated
with BP by many GWASs from diﬀerent populations.9,26,33–35
In SMR analysis, we also detected the association between
10
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blood cell DNA methylation of CASZ1 and BP. Therefore, the
CASZ1 methylation level should be associated with BP, given
the identiﬁed relationship of genetic variants and methylation
at this locus with BP or hypertension. But although we found
that CASZ1 was hypomethylated in patients with hypertensive IS and detected some nominal associations, we did not
detect signiﬁcant association between the CASZ1 methylation
level and BP or hypertension in non-IS individuals. The nonIS sample (only 381 non-IS hypertensive individuals) in our
study may be too small to detect the association. Therefore,
the eﬀect of CASZ1 methylation on BP and whether BP
mediates the eﬀect of CASZ1 methylation on IS need to be
validated in studies with larger samples.
We observed sex diﬀerences in the association between
CASZ1 methylation and IS risk in this study. Signiﬁcant differences between males and females were observed for age,
smoking, and drinking in our data. The CASZ1–BP association has suggested to be inﬂuenced by age in a sex-speciﬁc
manner, which documented the modulation of genetic eﬀects
on BP by sex and age.34 Besides, sex- and age-speciﬁc associations between methylation and diseases for other genes and
diseases have been reported.36,37 Blood cell DNA methylation
can be inﬂuenced by smoking and drinking.38,39 However, in
our study, no signiﬁcant association between sex and methylation was observed in patients with IS or the controls or
combined samples. Methylation levels were not associated
with age, smoking, or drinking either. No signiﬁcant interaction eﬀect between methylations and age, smoking, or
drinking on IS was found. The associations between methylation levels and IS risk were not signiﬁcant in subgroups
stratiﬁed by smoking or drinking. The diﬀerences of age,
smoking, and drinking between the men and the women in
this study might not account for the observation of sex difference. The sex diﬀerences in the association between
CASZ1 methylation and IS risk needed to clarify in future
studies.
In addition to CASZ1, methylations of other genes identiﬁed
in the MEGASTROKE GWAS were found to be potential
causal factors for IS in this study. The original GWAS has
linked the genetic variants of these genes to IS risk, whereas
the present study associated their methylations with IS. The
identiﬁed genes have been shown to play certain roles in the
cardiovascular system. For example, the SLC25A44 gene,
encodes solute carrier family 25 member 44 that is widely
expressed in the CNS,40 has been identiﬁed to be associated
with intracerebral hemorrhage.41 SLC44A2 (solute carrier
family 44 member 2), also named CTL2 (choline transporterlike protein 2), codes for a human leukocyte alloantigen. It has
been shown that SLC44A2 is expressed on the endothelium, where it expresses an isoform involved in choline transport.42 This gene was a well-known susceptibility gene for
thrombosis.43–45 SLC44A2 may be involved in choline uptake
in mitochondria, which is the rate-limiting step in DNA
methylation.46 Methylation in this gene has been shown to be
associated with MS47 but not stroke.
Neurology.org/NG

In addition, some of the identiﬁed genes have been paid less
attention to and not been discussed in the original article.
The ACAD10 gene encodes a member of the acyl-CoA
dehydrogenase family of enzymes, which participate in the
beta-oxidation of fatty acids in mitochondria. ACAD10
gene variants were also associated with platelet count and
mean platelet volume,48 coronary artery disease,49 type 2
diabetes, insulin resistance, and lipid oxidation.50 In the
MEGASTROKE GWAS, ACAD10 was signiﬁcantly associated with IS in the gene-based test, and an intronic variant
rs4766897 in ACAD10 was a shared genetic inﬂuence of
large-artery atherosclerotic stroke and small-vessel stroke.
But in this genomic region, SH2B3 and TBX3 were the
reported associated genes. In our SMR analysis, methylation of CpG site cg08577424 (chr12: 112123256) was
signiﬁcantly associated with IS, without signiﬁcant heterogeneity. This site locates in a CpG island (chr12:
112123247-112124059), which overlaps with the 59untranslated region of ACAD10. However, the role of
ACAD10 methylation was unknown.
This study showed the advantage of integration of multiomics data in identiﬁcation of regulatory mechanisms
underlying the genetic associations. But there were also
several limitations. First, we were unable to validate the
results of the SMR analysis in an independent large sample
because of lacking in data. For the same reason, we were
unable to perform SMR analysis in populations other than
Europeans. Second, DNA methylation is known to be tissue speciﬁc. We measured methylation levels in peripheral
blood cell DNA, so we could have lost signals by not
choosing distinct tissues, although peripheral blood cell is
commonly used as a surrogate tissue in studies of cardiovascular diseases.14,24 Third, we only tested the CASZ1
gene in our samples due to the high cost of sequencing.
Associations between methylations of other identiﬁed
genes and BP and IS risk are needed to validate in future
studies. Finally, the proportions of thrombotic, embolic,
and lacunar stroke subtypes in the CATIS participants were
77.9%, 5.0%, and 19.7%, respectively.23 Although the sequenced samples were randomly selected from the CATIS
participants, the distribution of subtypes of the selected samples was signiﬁcantly diﬀerent from that of the CATIS (χ 2 =
18.428, p = 9.96 × 10−5). The proportion of thrombotic stroke
was 5.4% higher in our selected patients. Therefore, the interpretation of the association should be cautious.
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