Tohoku J. Exp. Med., 2018, 244, 283-290

Hypomethylation of the Interferon y Gene as a Potential Risk
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Essential hypertension (EH) is a multifactorial disease. Interferon-y (IFN-y) plays an important role in the
onset of EH through cytokine-mediated systemic inflammatory responses. We aimed to determine whether
the methylation status of the IFN-y gene (IFNG) promoter is involved in the pathogenesis of EH. Six copies
of CpG dinucleotides are distributed between 3,203 bp and 3,121 bp upstream from the transcription
initiation site of IFNG, termed CpG1 to CpG6 in the 5'-to-3' direction. We recruited 96 patients with EH and
96 sex- and age-matched healthy subjects as controls. Using bisulfate pyrosequencing datasets, we
analyzed the methylation status of the six CpG sites and thus found that CpG5 was consistently methylated
in all of the 96 EH patients and 96 control subjects. Among the remaining five CpG sites, there was no
significant difference in the methylation levels of CpG4 and CpG6 between the two groups. By contrast,
CpG1 (P =0.003) and CpG3 (P = 5.87 x 107") were highly methylated among the EH subjects compared
with the controls, whereas CpG2 (P = 1.24 x 107'?) was significantly less methylated in among EH subjects.
The methylation levels of CpG2 were still lower after adjustment with logistic regression (adjusted P =
0.032). The CpG2 methylation level was an effective marker of EH (area under curve = 0.384; P = 1.40 x
107"®). The present study shows that hypomethylation of the IFNG promoter is significantly related to the

risk of EH, providing new insights into the pathogenesis of EH.

Keywords: DNA methylation; epigenetic; essential hypertension; Interferon-y; promoter
Tohoku J. Exp. Med., 2018 April, 244 (4), 283-290. © 2018 Tohoku University Medical Press

Introduction

Essential hypertension (EH) is a multifactorial disease.
A variety of experimental models have elucidated the dif-
ferent mechanisms underlying this disease, and the
interactions between behavioral factors (such as high
sodium and/or low potassium diet, smoking), environmen-
tal factors (long-term mental stress, being overweight, and/
or obese), and genetic factors associated with it (Hamlyn
and Manunta 2011; Hering et al. 2013; Wise and Charchar
2016). The World Health Organization stated that the prev-
alence of increased blood pressured in females aged 18
years and over is approximately 20%, and approximately
24% in males. In China, the prevalence of EH is 14.9-
29.9% (http://www.who.int/gho/ncd/risk_factors/blood
pressure_prevalence/en/).

DNA methylation is an epigenetic modification signifi-
cantly associated with behavioral and environmental fac-
tors; it may affect gene expression (Jjingo et al. 2012).

Aberrant epigenetic modifications often occur on CpG
dinucleotides, which are located in a DNA region rich in
guanidine and cytosine in a promoter (Suzuki and Bird
2008). Gene promoter methylation is an epigenetic change
leading to either gene silencing or active transcription
(Tirado-Magallanes et al. 2017). Additionally, these
changes play an important role in the regulation of gene
expression, by influencing chromatin structure, DNA con-
formational stability, and protein-protein interactions with-
out changing the DNA sequence under normal physiologi-
cal conditions and in the pathogenesis of some diseases (a
reversible process) (Feinberg 2008; Rivera et al. 2014).
Recent studies have revealed that aberrant DNA methyla-
tion is associated with various diseases, such as cancer, car-
diovascular disease, rheumatoid arthritis, and periodontal
diseases (Ishida et al. 2012; Bergman and Cedar 2013; Glier
et al. 2014). Our research group detected aberrant methyla-
tion levels in the genes of the renin-angiotensin-aldosterone
system [angiotensin II type I receptor (AGTRI) gene and
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cytochrome P450 11B2 (CYP11B2) gene], epithelial sodium
channel (sodium channel gene family), and inflammatory
cytokines [Toll-like receptor 2 (TLR2) gene and interleukin
6 (IL-6) gene], and in EH-related genes [adipocyte
determination and differentiation factor 1 gene (4DDI) and
glucokinase gene (GCK)] (Fan et al. 2015a, b; Gu et al.
2016; Mao et al. 2017a, b).

The interferon-y (IFN-y) gene (official symbol: IFNG)
is located in the 68154770-68161741 region of human
chromosome 12 (https://www.ncbi.nlm.nih.gov/gene/3458),
and IFN-y activates antigen-presenting cells and promotes
the differentiation of type 1 helper T cells (Thl cells) by
upregulating the transcription factor T-bet (Zhou et al.
2011). A methylation island is distributed between 3203
and 3121 bp upstream from the transcription initiation site;
promoter hypermethylation levels lead to lower gene tran-
scription and vice versa (Deaton and Bird 2011). IFN-y can
cause systemic inflammation by promoting cytokine infil-
tration, expression, and synthesis; it is also protective
against intracellular pathogens and cancer (Klinker et al.
2017). IFN-y enhances the class I antigen presentation
pathway, induces the replacement of constitutive protea-
some subunits in the CD8" T cell population, and indepen-
dently clears infection and damaged cells of the endothe-
lium as a part of CD8" T cell homeostasis (Denton et al.
2011). Accumulating evidence indicates that IFN-y, the
first cytokine identified in endothelial cells, induces the
expression of major histocompatibility complex genes and
enhances the antiviral activity of immune cells (Lubina-
Dabrowska et al. 2017). Furthermore, some studies
revealed that the methylation of proinflammatory-cytokine
genes is associated with blood pressure, e.g., genes of
C-reactive protein, IL-6, IL-1 beta (IL-1f), and tumor
necrosis factor o (Sullivan et al. 2007; Lopezjaramillo et al.
2008; Bay-Richter et al. 2012; Mao et al. 2017b). However,
the methylation status of /NG among EH patients remains
unclear.

In this case-control study, we tested whether methyla-
tion of IFNG contributes to the risk of EH, and determined
the relation between /FNG methylation levels and clinical
indicators in patients with EH.

Materials and Methods

Sample collection

The Ethics Committee of the Seventh Hospital of Ningbo City,
Zhejiang Province, approved a hospital case-control study of EH, and
all participants signed written informed consent forms. A total of 192
individuals, including 96 EH patients and 96 controls, were recruited
from the Seventh Hospital for health examination in Ningbo City,
Zhejiang, China. The case group was defined as hypertensive based
on the following parameters: systolic blood pressure (SBP) > 140
mmHg and/or diastolic blood pressure (DBP) > 90 mmHg, according
to the 2016 guidelines for the diagnosis and management of hyperten-
sion in adults (Gabb et al. 2016). In addition, all hypertensive partici-
pants were incident cases and did not receive therapy for hyperten-
sion, such as drugs or nutritional interventions. The control group,

with SBP < 120 mmHg and DBP < 80 mmHg, had no history of sec-
ondary hypertension, diabetes mellitus, myocardial infarction, stroke,
renal failure, drug abuse, or other serious diseases, and no family his-
tory of hypertension in first-degree relatives; the subjects were
matched by age (+ 3 years) and by sex with the controls. All the par-
ticipants were of Han nationality and had resided in Ningbo for at
least three generations. A calibrated mercury sphygmomanometer
with an adult-size cuff was used to measure blood pressure, according
to the standard instructions recommended by the American Heart
Association (Perloff et al. 1993). Blood pressure was measured in the
supine position at an interval of > 10 min by two trained healthcare
professionals. After 12 hours of overnight fasting, blood samples
were drawn from the antecubital vein into vacutainer tubes containing
ethylenediamine tetraacetic acid (EDTA), and were stored at —80°C
until DNA extraction.

Biochemical analyses

Biochemical variables, including alanine transaminase (ALT)
activity, and concentrations of total cholesterol, triglycerides (TGs),
uric acid, high-density lipoprotein (HDL), low-density lipoprotein
(LDL), homocysteine (Hcy), urea, glucose, and creatinine as well as
the white blood cell (WBC) count, lymphocyte count, monocyte
count, and neutrophil granulocyte count were measured on an
Olympus AU2700 automatic analyzer (Tokyo, Japan). A nucleic acid
extraction analyzer (Lab-Aid 820; Zeesan Biotech, Xiamen City,
China) was used to extract genomic DNA from the peripheral-blood
samples. The concentration of extracted DNA was measured on an
ultramicro nucleic-acid ultraviolet-light tester (NanoDrop 4002;
Thermo Fisher Scientific, Waltham, MA, USA).

Genomic DNA was extracted from the stored peripheral-blood
samples using a nucleic acid extraction automatic analyzer (Lab-Aid
820). DNA methylation was quantified by sodium bisulfite DNA
conversion coupled with pyrosequencing (Jiang et al. 2013).
Unmethylated cytosine residues of the target sequences of a candidate
gene were first converted to thymine with sodium bisulfite (EpiTech
Bisulphite Kit; Qiagen, Hilden, Germany). The converted DNA was
selected, and appropriate polymerase chain reaction (PCR) primers
were designed in the PyroMark Assay Design software, version
2.0.1.15 (Qiagen). Analysis of /FNG in the University of California
Santa Cruz (UCSC) Genome Browser (http:/genome.ucsc.edu/)
revealed one CpG island in the region containing the promoter and
exon 1. The PCR products were subsequently denatured with a dena-
turation solution (Qiagen) and turned into single-stranded DNA for
pyrosequencing (Bassil et al. 2013). The PCR mixture consisted of
10 uL of ZymoTaq™ Premix (Zymo Research Corporation, Irvine,
CA, USA), 5 uL of DNase-and-RNase-free water, 2 uL of the con-
verted DNA, and 1.5 uL each of the forward and reverse primer. The
target was amplified with the forward primer 5-TGGAGAGTGTTT
GTAGTTTT-3" and reverse primer 5-CTCTATCACCCAAACTAA
AATAC-3"; the primer 5'-GAGTGTTTGTAGTTTTAGTTA-3" was
employed to detect the target sequence. The reaction program com-
prised an initial denaturation at 95°C for 10 min, followed by 40
cycles at 95°C for 30 s, 46.7°C for 40 s, and 72°C for 50 s, and
finally, one cycle of 72°C for 7 min.

Statistical analysis

The results are presented as the mean + standard deviation (SD)
or the number (percentage) of patients. The means of continuous
variables such as body-mass index (BMI), neutrophil granulocyte



The Association between Gene Methylation and EH 285

count, uric acid levels, total cholesterol levels, and LDL levels
between cases and controls were compared by the #-test. The
Wilcoxon signed-rank test was carried out to analyze non-normally
distributed variables such as DNA methylation levels, age, smoking,
drinking, HDL, ALT, TGs, urea, creatinine, and WBC. Pearson y* or
Fisher’s exact test was performed to determine the association of EH
and categorical variables including sex, smoking, and drinking.
Spearman analysis was conducted to determine the association
between /FNG methylation and metabolic characteristics. A receiver
operating characteristic (ROC) curve was constructed to analyze the
sensitivity of DNA methylation of /FNG for EH diagnosis.
Multivariate analysis with logistic regression was performed to ana-
lyze the interactions between /FNG methylation and other variables,
and to adjust the results for confounding factors. All analyses were
conducted in the Predictive Analytics Software (PASW) Statistics
18.0 software (SPSS, Inc., Chicago, IL, USA). 2-sided P-values
< 0.05 indicated statistical significance.

Results

In total, 192 participants aged between 30 and 70 years
including 96 patients with EH and 96 sex- and age-matched
(= 3 years) controls were enrolled in the present study. Age
and sex did not significantly differ between the patients and
controls (Table 1). The mean BMI, baseline characteristics,
and all metabolic parameters were within the normal

ranges. However, there were significant differences in SBP,
DBP, HDL levels, TG levels, and uric acid levels between
the patients and controls.

We selected a genomic DNA fragment containing six
copies of CpG dinucleotides to explore the association of
DNA methylation levels of /FNG (chrl2: 68154770-
68161741) promoter and EH (Fig. 1). These CpG sites are
distributed between 3,203 bp and 3,121 bp upstream from
the transcription initiation site of IFNG, termed CpGl to
CpG6 in the 5'-to-3' direction. Because the fifth CpG dinu-
cleotide site (CpG5) was 100% methylated in both groups,
only the other five CpG sites were analyzed. The correla-
tion among these five CpG sites is shown in Fig. 1.

As shown in Table 2 and Fig. 2, methylation levels of
CpG1, CpG2, and CpG3 of the IFNG promoter were signif-
icantly associated with EH. CpG1 [patients vs. controls
(%): 37.59 £ 1.50 vs. 36.94 + 1.60, P = 0.003] and CpG3
[patients vs. controls (%): 21.83 + 1.06 vs. 20.98 + 1.07, P
= 5.87 x 1077] were hypermethylated in EH, when com-
pared to the controls, whereas CpG2 was hypomethylated
[patients vs. controls (%): 9.23 + 0.83 vs. 10.50 £ 0.92, P =
1.24 x 107"%]. After the logistic regression analysis, the
final model included the DNA methylation level of IFNG
CpG2 in the equation (adjusted P = 0.032). In contrast,

Table 1. Comparison of characteristics between controls and EH groups.

Controls

EH

Characteristics (Mean + SD) (Mean + SD) HZ)/x2 P
Age 56.3+8.2 56.7+8.7 0.32 0.747
Sex (M/F) 38/58 38/58 / /
Smoking (Y/N) 79/17 69/27 2.95 0.086
Drinking (Y/N) 65/31 56/40 1.81 0.178
BMI (kg/m?) 22.16 +2.30 23.6 +3.09 4.09 9.1x107
SBP (mmHg) 115.05+8.16  145.10+9.73 23.19  2.67x1077
DBP (mmHg) 71.73+£535  90.28 £ 6.65 2130 3.17x1077
HDL(mmol/L) 7.99 + 6.32 2.07+5.58 6.57 2.6x10°
LDL (mmol/L) 3.21+0.87 3.31+0.68 0.90 0.370
ALT (IU/L) 26.41+16.1 2827+ 12 0.89 0.370
TGs (mmol/L) 1.21+0.68 1.43+0.72 2.33 0.022
Total cholesterol 5194089  538+0.6 1.71 0.091
(mmol/L)

Urea (mmol/L) 4.96 +1.07 5.03+1.11 0.52 0.607
Uric acid (umol/L) ~ 300.32+73.15  325.75 +82.63 2.75 0.007
Creatinine 82.68+ 1228  83.46+ 11.04 0.53 0.600
(umol/L)

WBC count 5.59+0.93 6.17 +0.98 4.84 1.30%10°
Lymphocyte count 1.98 +0.61 2.1+0.55 2.05 0.040
Monocytes count 0.30+£0.18 0.31+£0.17 0.49 0.622
Neutrophile 3.05 +0.97 335 +0.92 2.55 0.011

granulocyte count

P value less than or equal to 0.05 is in italics.
BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure;
HDL, high-density lipoprotein; LDL, low-density lipoprotein; ALT, alanine transam-
inase; TGs, triglycerides; WBC, white blood cell.
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Fig. 1. Six CpG sites located in the /FNG promoter region.
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Genomic positions and functional annotations of /FNG were retrieved from the UCSC Genome Browser according to

the human genome version 2013 (GRCh38/hgl8).

Table 2. Logistic regression analysis of the six CpG sites methylation levels.

Controls vs EH
Variables (MCeZEtLOISSD) (Meal;:lli spy d OR (95% CI) P
CpGl  36.94+1.60 37.59+150  2.94 0.003 1.874(0.26-13.65) 0.535
CpG2  10.50+0.92  9.23+0.83 7.10  1.24x1077 0.005(4.4x107-0.64) 0.032
CpG3  2098+1.07 21.83+1.06 500  587x107  10.835(0.15-773.22) 0.274
CpG4  27.04+3.16 2697+234 0363 0.717 0.912(0.30 -2.77) 0.871
CpG5 100 100 1.00 1.00 / /
CpG6  31.66+1.30 31.93+1.51 1.40 0.162 0.062(0.001-2.71) 0.149

*Adjust for age, sex, smoking, drinking, uric acid, HDL and BMI.

there was no significant association between the remaining
four CpG methylation levels after adjustment for age, sex,
smoking, drinking, uric acid levels, creatinine levels, TG
levels, HDL levels, and BMI (Fig. 2, Table 2).

Moreover, significantly higher CpGl [males vs.
females (%): 37.58 £ 1.31 vs. 36.52+ 1.64, P=2.6 x 10],
CpG4 [males vs. females (%): 28.16 + 2.62 vs. 26.31 +
3.29, P =0.007], and CpG6 [male vs. female (%): 32.0 =
1.01 vs. 31.43 + 1.43, P = 0.006] DNA methylation levels
were observed in males than in females within the control

group, but only the difference in CpG1 methylation levels
(adjusted P = 0.024) was statistically significant after
adjustment for age, smoking, drinking, uric acid levels,
HDL levels, TG levels, and BMI. (Table 3).

In addition, the CpG2 methylation level was found to
be an effective marker of EH [Fig. 3; area under curve
(AUC) = 0.834; P=1.40 x 10""°]. By contrast, methylation
at the remaining four CpG sites was not a successful diag-
nostic marker of EH.

We also performed correlation tests between [FNG
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Fig. 2. Significant difference in methylation levels of CpG2
between the control and EH groups.
“Case” indicates subjects with essential hypertension
(EH), and “control” indicates subjects without EH.

287

ROC curve

— CpG2

0.8+

Sensitivity

0.4

0.2+

CpG2: AUC=0.834 p <0.001

0.0 T T T T
0.2 04 0.6 0.8

1 - Specificity

1.0

Fig. 3. A receiver operating characteristic (ROC) curve
showing the CpG2 methylation of /FNG in EH group.

Table 3. Logistic regression analysis of the six CpG sites methylation levels between male and

female in control group.

Male Female Male vs. Female
Variables Z

(n=38) (n=58) OR (95% CI) P*
CpGl 3758+ 131 36.52+1.64 —3.65 2.6x107  0.38(0.16-0.88) 0.024
CpG2 10.53+1.08 10.48+0.80 —0.39 0.70 0.54(0.17-1.78) 0.312
CpG3  20.87+1.10 21.05+1.05 —0.87 0.38 4.33(0.95-19.91) 0.059
CpG4  28.16+2.62 2631+3.29 -2.719  0.007 0.70(0.48-1.02) 0.064
CpG5 100 100 0 1.00 / /
CpGo6 320+1.01 3143+143 -2.75 0.006 0.91(0.34-2.50) 0.853

* Adjust for age, smoking, drinking, uric acid, HDL, BMI and TGs.

DNA methylation levels and metabolic phenotypes in the
controls (Table 4). Significant correlations were observed
between CpG2 methylation and creatinine levels (r, =
—0.207; P =0.043), glucose levels (r,=—0.218; P = 0.033),
and smoking (r,= —0.226; P = 0.050). By contrast, no sig-
nificant differences were detected in SBP, DBP, HDL levels,
TG levels, and uric acid levels.

Discussion

Some studies showed that IFN-y can exert immune
regulation, anticancer, and antimicrobial activities, affect
vascular endothelial cells, and regulate blood pressure by
binding to vascular smooth muscle cells in vitro (Gozalbo
et al. 2014; Zhou et al. 2014; Lin et al. 2017). In this study,
we hypothesized that aberrant /FNG methylation plays a
major role in the development of EH. Results revealed
hypomethylation of /FNG in the samples from the EH
patients, when compared to those from the controls. These
results also uncovered that methylation status of the /FNG

CpG?2 site was significantly correlated with EH; the analy-
sis of risk factors may provide insights into the pathogene-
sis of EH.

Generally, promoter hypomethylation promotes tran-
scription, whereas hypermethylation inhibits it (Castro et al.
2003; Deaton and Bird 2011). One research group found
that DNA is hypomethylated in peripheral-blood leukocytes
in patients with atherosclerotic cardiovascular disease
(Aavik et al. 2015). In vascular tissues, lower levels of
DNA methylation increase the susceptibility to mutations or
abnormal gene expression patterns by increasing the
deposition of vascular smooth cells and lipids, resulting in
changes from the normal phenotype to vascular fibrotic
lesions (Kawano et al. 2014). The results of the present
study suggest that epigenetic modification of the /FNG pro-
moter regulates the expression of IFN-y and contributes to a
continuous elevation of blood pressure. According to a pre-
vious report, aberrant methylation of /FNG directs chemo-
taxis into the vascular endothelium in EH patients with



288 X.J. Bao et al.

Table 4. Spearman’s rank correlation analyses between the
CpG?2 site methylation levels and characteristics
in control group.

Characteristics CpG2
Ts P

BMI (kg/m’) -0.102 0.324
Sex —0.040 0.699
Age -0.132 0.200
Urea (mmol/L) —0.141 0.172
Creatinine (umol/L) -0.207 0.043
Uric acid (umol/L) —-0.113 0.273
TGs (mmol/L) —0.103 0.318
Total cholesterol 0.120 0.246
(mmol/L)

HDL (mmol/L) —0.086 0.407
LDL (mmol/L) 0.079 0.442
Glucose (mmol/L) -0.218 0.033
ALT (IU/L) —0.008 0.935
SBP (mmHg) —-0.160 0.120
DBP (mmHg) —0.097 0.346
Smoking -0.226 0.050*
Drinking —0.134 0.600%*

*Spearman’s rank correlation analyses between the CpG2
site methylation levels and characteristics in male group.

long-term exposure to low levels of injury and infiltration
of Thl cells (Dong et al. 2013), whereas another study
revealed that cardiovascular risk factors serve as evidence
of a chronic low-grade inflammatory state in humans and
other animals (Taddei et al. 2006) . One study showed that
IFN-y can affect vascular endothelial cells and regulate
blood pressure by binding to vascular smooth muscle cells
in vitro (Zhou et al. 2014).

Some studies indicate differences in DNA methylation
levels due to sex among EH patients (Zacharia et al. 2003;
Ulrich et al. 2012). Thus, EH is affected by a variety of
factors, including DNA methylation levels and sex (Mitu et
al. 2013). As previously reported (Post et al. 1999; Bynoté
et al. 2008; Choubey et al. 2011), the levels of IFNG
methylation correlate with sex hormone levels; this finding
is consistent in part with the results of the present study.
CpGl, CpG4, and CpG6 showed significant differences
between males and females (see Table 3). Additional
studies are needed to clarify the relationship between sex
hormones and the aberrant methylation of /FNG.

Smoking is a risk factor for EH. Some researchers
confirmed and expanded the list of DNA methylation mark-
ers associated with smoking, and methylation levels show a
linear relation with current and past exposure to smoking
(Zhang et al. 2016). In our study, CpG2 was also negatively

correlated with smoking. Biomarkers of smoking exposure
(such as cotinine), the number of cigarettes smoked per day,
and dose-response relations have been evaluated elsewhere
to assess the levels of DNA methylation corresponding to
current and past smoking exposure (Zhang et al. 2014;
Reynolds et al. 2015). After smoking cessation, 751 CpG
sites were found to be significantly correlated with smoking
status; besides, dynamic changes in methylation and 1501
CpG sites of DNA in buccal cells have been associated with
smoking (Guida et al. 2015; Teschendorff et al. 2015). On
the basis of these studies, we can conclude that DNA
methylation and smoking can affect the risk of EH.

A positive correlation between plasma glucose levels
and blood pressure has been reported (Yan et al. 2016).
Additionally, there is a strong correlation between glyco-
lytic activity and IFN-y production (Jacobs et al. 2008; Carr
et al. 2010; Macintyre et al. 2014). In the present study, a
significant relationship was found between plasma glucose
levels and CpG2 methylation status. One research group
showed that glucose is particularly important for initiating
IFNG translation, and that it induces the degradation of
glyceraldehyde-3-phosphate dehydrogenase, which binds to
the 3'-untranslated region of /FNG mRNA, and thus regu-
lates IFN-y expression (Chang et al. 2013). These results
indicate that /FNG gene methylation plays a role in EH risk
through the above pathways.

Creatinine is also significantly and independently asso-
ciated with cardiovascular disease (Wang et al. 2001). In
immune-system diseases, the levels of creatinine have been
found to increase with IFN-y levels (Amirzargar et al. 2005;
Mohammadnia et al. 2011; Yazici et al. 2014). In the
present study, creatinine levels negatively correlated with
IFNG methylation levels. This result suggests that CpG2
methylation in /FNG contributes to EH possibly by
increasing creatinine levels. Further studies are needed to
clarify the pathways involved.

The results of this study indicate that the hypomethyl-
ation of CpG2 in /FNG contributes to EH. The CpG2 site
may play an epigenetic role in the pathogenesis of EH.
Further research is needed to determine the influence of
epigenetic markers and determinants of disease progression,
as well as their potential diagnostic and theranostic utility.
These data may improve the diagnosis and treatment of EH.
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