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Association of DNA methylation and genetic variations of
the APOE gene with the risk of diabetic dyslipidemia
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Abstract. Apolipoprotein E (APOE) is a key regulator of
lipoprotein metabolism, and consequently, affects the plasma
and tissue lipid contents. The aim of the present study was to
investigate the parallel effects of APOE genetic variants and
promoter methylation levels of six CpGs on the risk of diabetic
dyslipidemia. A total of 204 Palestinian type 2 diabetes
(T2D) patients (mean age + SD: 62.7+10.2) were enrolled in
the present study (n=96 with dyslipidemia and n=108 without
dyslipidemia). Next generation sequencing was performed to
analyze five single nucleotide polymorphisms: Two variants
rs7412 and rs429358 that determine APOE ¢ alleles, and
three variants in the promoter region (rs769446, rs449647,
and rs405509). For all subjects, the most common genotype
was €3/e3 (79.4%). No statistical differences were observed in
the APOE ¢ polymorphisms and the three promoter variants
among T2D patients with and without dyslipidemia (P>0.05).
A comparison of lipid parameters between €3/e3 subjects and
€4 carriers in both groups revealed no significant differences
in the mean values of LDL-C, HDL-C, TG, and TC levels
(P>0.05). Six CpG sites in the APOE promoter on chromo-
some 19:44905755-44906078 were identified, and differential
DNA methylation in these CpGs were observed between the
study groups. Logistic regression analysis revealed a signifi-
cant association of DNA methylation level at the six CpGs with
an increased risk of diabetic dyslipidemia (odds ratio, 1.038;
95% confidence interval, 1.012-1.064; P=0.004). In conclusion,
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the present study revealed that DNA methylation levels in six
CpGs in the APOE promoter region was associated with the
risk of diabetic dyslipidemia independently of the APOE &4
variant which could be a potential therapeutic target to reverse
the methylation of the APOE promoter.

Introduction

Apolipoprotein E (ApoE) is a constituent of chylomicrons,
and plasma very low density lipoproteins (VLDL), and high
density lipoproteins (HDL). Human ApoE-encoded by the
APOE gene-is a polymorphic protein with three common
isoforms (ApoE2, ApoE3, and ApoE4) defined by two single
nucleotide polymorphisms (rs429358 and rs7412) in the coding
region of exon 4 that overlaps with a well-defined CpG island
(CGI) (1). These isoforms have differing affinities for binding
to LDL receptors: ApoE3 and ApoE4 bind with similar
affinity, while ApoE2 has only 2% of this binding affinity.
ApoE3 is the most commonly expressed isoform in healthy
people (2). ApoE protein plays a key role in lipid metabolism,
including the redistribution of lipoproteins and maintenance
of cholesterol homeostasis by stabilization of lipoprotein
particles in the circulation and enhancing uptake by the liver
and other tissues. Different genetic studies have revealed the
association between APOE and its €2/e3/e4 alleles with several
pathological conditions and disorders, including Alzheimer's
disease (AD) (2), cardiovascular disease (3), familial dysbet-
alipoproteinemia (4), metabolic syndrome and diabetes (5).
The €4 allele has been associated with higher total and LDL
cholesterol levels than in patients with the €3 allele, and thus
reported as the strongest genetic factor for AD and coronary
artery disease in several studies and across several ethnic
groups (1).

Furthermore, it has been reported that €4 carriers are
less responsive to lipid lowering therapy (i.e Statins) but
more sensitive to a low fat diet and physical activity (6). A
population-based study reported that e4/e4 carriers had a
2.28-fold increased risk of discontinuing a statin therapy



2 EREQAT ef al: DNA METHYLATION OF APOE PROMOTER AND RISK OF DIABETIC DYSLIPIDEMIA

compared to €3/e3 carriers (7), which has been attributed to
therapeutic inefficacy and severe side effect (8). Moreover, €2
carriers had a better response in TG, TC, and LDL-C reduction
percentage in response to statins treatment, compared with &4
carriers (9). Thus, knowing the APOE genotype may be useful
in guiding the choice of treatment, in assessing the potential
side effects, and in suggesting the complementary approaches
that can be used to control metabolic variations in €4 carriers.
In addition, three common single nucleotide polymorphisms
(SNPs) 15449647 (A491-T), rs769446 (C427-T), and rs405509
(G219-T) located in the promoter region of the APOE gene
have been reported to influence APOE transcriptional activity,
most likely through differential binding of transcription factors
and thus differential APOE gene expression (10).

Conversely, it is well known that epigenetic mecha-
nisms such as DNA methylation regulate the transcription
of several genes and has been linked to the development of
various diseases. Several studies investigated the regula-
tory mechanisms underlying APOE gene regulation (11).
Promoters and regulatory element activities (i.e enhancers)
are affected by cytosine methylation at CpG sites in the
genome (12). Gene expression inhibition is correlated with
hypermethylated promoters and non-promoter sites that are
located within enhancer regions leading to loss of enhancer
activity and consequently transcriptional inactivation of
specific genes (13). Thus, the pleiotropic roles of APOE may
lie in its unique epigenetic properties (1). To the best of our
knowledge, no previous studies have investigated the associa-
tion of APOE gene variants and methylation with the risk of
dyslipidemia in type 2 diabetes (T2D) patients. Therefore, the
present study aimed to determine the allelic and genotypic
frequencies of the APOE gene polymorphisms and the three
promoter variants to investigate whether APOE genotypes
influenced lipid profiles in Palestinian T2D patients with and
without dyslipidemia. Moreover, whether DNA methylation of
the APOE promoter region differed in diabetic dyslipidemia
patients compared with those without dyslipidemia was also
assessed. This genetic study may provide additional informa-
tion regarding the Palestinian population beyond traditional
risk factors.

Materials and methods

Study participants. A total of 204 unrelated hospitalized
T2DM patients were randomly recruited from Ramallah
hospital between January and April 2019. The median age of
the subjects studied was 62 years (age range 40-97 years), 125
were males and 79 were females. Among these subjects, 96
were diagnosed with diabetic dyslipidemia and 108 T2DM
subjects without dyslipidemia, and none of these patients
had been previously treated with lipid lowering drugs.
Diagnosis of T2D was based on World Health Organization
criteria: Fasting blood glucose =126 mg/dl and/or currently
on use of antidiabetic medication (14). Patients who were
diagnosed with type 1 diabetes were excluded from the
study. Dyslipidemia was defined as a level of total cholesterol
(TC) >200 mg/dl, triglycerides (TG) >50 mg/dl, LDL-C
>130 mg/dl, HDL-C <40 mg/dl, or under medication of lipid
lowering drugs (15). The study was conducted according to
the guidelines expressed in the Declaration of Helsinki (16),

and written informed consent was obtained from all enrolled
participants. The study procedure was approved by the local
ethical committee at Al-Quds University (East Jerusalem,
Palestine; approval no. 71/REC).

Demographic, anthropometric, and biochemical measurements.
Demographic information including sex and age was collected
from the patient's medical record using a well-structured
questionnaire. Body mass index (BMI) was calculated as
weight divided by height squared (kg/m?). Blood pressure was
measured with a mercury sphygmomanometer at the time of
blood sampling. Blood samples (5 ml) were drawn after a 12-h
minimum fast. Plasma glucose, Glycated Hb (HbA1C), choles-
terol, HDL cholesterol, and triglyceride were determined using
standard methods of commercial kits. LDL cholesterol was
calculated based on the Friedewald formula (17).

DNA extraction and genotyping. Genomic DNA was extracted
from whole blood (300 pl) using a genomic QIAamp DNA
purification kit according to the manufacturer's instructions
(Qiagen GmbH). The DNA concentration was determined
using a NanoDrop 1000 spectrophotometer (Thermo Fisher
Scientific, Inc.) and was stored at -20°C until required for
further analysis. Amplicon-based next generation sequencing
(NGS) was used for genotyping as previously described (18).
Briefly, three primers (two forward and one reverse) were used
in multiplex PCR to target the two SNPs of APOE rs429358
[C/T] and rs7412 [C/T]. Based on these 2 SNPs, the APOE
alleles (€2, €3, and €4) were determined.

Moreover, four primers (two forward and two reverse)
were used to target the three SNPs in APOE promoter region
1s769446 [T/C], rs449647[A/T], and rs405509 [G/T]. All
primers were modified with over hanged Illumina adaptor
sequences at the 5' ends that were added to the forward (5'-CGT
CGGCAGCGTCAGATGTGTATAAGAGACA-3") and
reverse primers (5'-GTCTCGTGGGCTCGGAGATGTGTA
TAAGAGA-3"). The primer sequences and the final length
of target sequences are shown in Table I. The reaction was
carried out using 3 ul of the extracted DNA in a final volume
of 25 ul, which contained 12.5 1l PCRBIO HS Taq Mix Red
(PCR Biosystems, Ltd.), 8.5 ul double distilled water (dH,O)
and 0.2 uM of each primer. The amplification conditions were
as follows: Initial denaturation at 95°C for 5 min followed by
32 cycles of 95°C for 30 sec, 65°C for 30 sec, and 72°C for
40 sec, with a final extension step of 72°C for 6 min. The PCR
products of all samples were visualized on 1.5% agarose gel,
cleaned using the Agencourt AMPure XP system (X1, cat.
no. A63881; Beckman Coulter Genomics), and eluted in 25 pl
elution buffer. DNA library preparation and barcoding were
performed using a Nextera XT Index Kit (Illumina, Inc.) as
described previously (18). Samples were deep sequenced on
a NextSeq 500/550 machine using the 150-cycle Mid Output
Kit (Illumina, Inc.). The obtained DNA sequences were
analyzed using the Galaxy program (https://usegalaxy.org/).
A total of 10 virtual probe sequences (four for the two APOE
gene variants and six for the three APOE promoter variants)
were used to identify the targeted polymorphisms (Table I).
The genotypes were determined, based on the calculated ratio
between the read counts for wild type and mutant alleles, for
all SNPs (APOE ¢ and promoter polymorphisms) in each
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Table I. Sequences of the primers and virtual probes used in PCR and sequence analysis.

SNP Primer name Primer sequence, 5'-3" PCR target/bp
rs429358T/C and APOEF1 TCCAAGGAGCTGCAGGCGGCGCA APOE gene/120
rs7412C/T APOEF2 AGAGCACCGAGGAGCTG and 218 bp
APOER GCCCCGGCCTGGTACACTGCCA
1s449647 T/A, rs769446 ProAPOEF1 CACGCCTGGCTAACTTTTGT APOE Promoter/248
C/T and rs405509 A/C ProAPOEF2 AAGGACAGGGTCAGGAAAGG and 225 bp
ProAPOER1 TCCTGGATCCCAGAAAGAAA
ProAPOER2 AGGTGGGGCATAGAGGTCTT
Methylation primers APOEPIF GAGGGGTTATTTTTAGGAGTAT APOE promoter/
APOEPIR TCCCAATCCTAAAATTCAAATT 324 bp
Gene Probe Name Probes sequences Targeted SNP
APOE ¢ probes rs429358T GACGTGTGCGGC T
rs429358C GACGTGCGCGGC C
1s7412C GCAGAAGCGCCTGG C
1s7412T GCAGAAGIGCCTGG T
APOE promoter probes rs449647A TCTCAAACTCCTG A
rs449647T TCTCAATCTCCTG T
1s769446T GTGAGCTACCGC T
1s769446C GTGAGCCACCGC C
1s405509A GTCTGTATTACTG T
1s405509C GTCTGGATTACTG G

*The targeted SNPs are underlined.

sample. All genotyping personnel were blinded to the clinical
data.

DNA methylation analysis. Based on the availability and
quantity of DNA samples, a sub group of 119 samples (58 with
dyslipidemia and 61 without dyslipidemia) were randomly
selected to examine whether APOE promoter methylation
was associated with a risk of dyslipidemia. The median age
of the subjects studied was 62 years (age range 40-88 years),
70 were males and 49 were females. A minimum concentra-
tion of genomic DNA >50 ng was used in the methylation
analysis and bisulfite converted using (CiTi Converter DNA
Methylation kit, Gdansk) according to the manufacturer's
protocol, by which the unmethylated cytosine residues were
converted into thymine residues, while the methylated cyto-
sines remained unchanged. A total of six CpG dinucleotides
in the APOE promoter, (CpG1-CpG6; Fig. 1) located on chro-
mosome 19 (44905755-44906078) were studied. This region
was selected based on a previous study which showed that
CpG (cgl12049787) within the APOE promoter was associated
with AD and correlated with APOE expression (cg26190885,
cg08955609) (19). Thus, a fragment of 150 bp that contained
six CpGs upstream of the CpG (cg12049787), was amplified
using two newly designed primers (Fig. 1).

The sequences of the primers, modified with over hanged
[llumina adaptors at the 5' ends, that were used for amplifica-
tion of our target fragment are shown in Table I. PCR was
performed in a final volume of 25 ul consisting of 12.5 ul

(X2) hot start master mix (PCRBIO HS Taq MixRed, PCR
Biosystems, Ltd.), 10 uM of each primer and 5 ul bisulfite
converted DNA. DNA library preparation and barcoding
were performed as described above. The methylation ratios
were determined using a Python script (methratio.py) and
MethylDackel free program on the UseGalaxy.eu website.

Statistical analysis. All data were analyzed using SPSS
version 20.0 (IBM Corp). Demographic characteristics are
reported as the mean + SD or n (%). Comparisons between the
two groups were performed using an unpaired Student's t-test
or a ¢ test, as appropriate and confirmed by a nonparametric
analysis using Mann-Whitney test. Allele and genotype differ-
ences between groups and deviations from Hardy-Weinberg
(HW) equilibrium were assessed using a > test. Stepwise
logistic regression analysis was applied to assess whether
DNA methylation levels at the six selected CpG dinucleotides
were associated with dyslipidemia.

Results

Study participants. The study included 204 T2DM individuals;
the anthropometric, clinical, and biochemical measurements
for T2D patients with and without dyslipidemia are presented
in Table II. Mean BMI, TC, TG, and LDL-C were significantly
higher in participants with dyslipidemia than in those without
dyslipidemia (P<0.05) and confirmed by a nonparametric
analysis using Mann-Whitney test (Table SI). No significant
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Table II. Demographics and biochemical characteristics of study subjects.

With dyslipidemia, Without dyslipidemia,
Variable n=96° n=108° P-value
Age 62.3 (9.86) 63.1 (10.53) 0.62¢
Sex female/male, n 34/62 45/63 0.36¢
Body mass index, kg/m? 209 25 2.43x107180¢
Systolic blood pressure, mmHg 135.02 (18.75) 139.85 (20.49) 0.08%4
Diastolic blood pressure, mmHg 77.97 (13.11) 81.06 (11.15) 0.07%¢
HbAIC, % 8.02 (1.3) 8.13 (1.5) 0.59¢
Fasting blood glucose, g/dl 241.62 (108.66) 227.22 (92.82) 0.314
Total triglyceride, mg/dl 252.6 (148.79) 149.68 (60.32) 4.18x107°4
Total cholesterol, mg/dl 237.38 (86.47) 161.78 (50.7) 5.34x1071%4
High-density lipoprotein cholesterol, mg/dl 36.07 (13.17) 49.58 (17.99) 3.94x10°"4
Low-density lipoprotein cholesterol, mg/dl 161.51 (54.32) 96.18 (41.64) 1.06x10°'70¢
P<0.05, *P<0.0001. “Unpaired Student's t-test. “y*-test. °Data are presented as the mean + SD.
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Figure 1. Genomic map of the six CpG sites studied in the APOE promoter, cg12049787 CpG was studied previously (19).

differences were found in age, sex, systolic and diastolic blood
pressure, fasting blood glucose level, and HbA1C (P>0.05).

APOE genotypes and allele frequencies. The genotype
and allelic distributions of the APOE gene are described in
Table III. The distribution of APOE genotypes was in HW
equilibrium in both groups (P>0.05). No significant differ-
ences were observed in the APOE genotypes and alleles
frequencies between the two groups (P>0.05). In all subjects,
the frequency of each genotype in descending order was
(€3/€3, 79.4%; €2/€3, 9.3%; €3/e4, 7.4%; €2/e2, 2.5%; €2/e4,
1.5%). No e4/e4 genotype was detected. The €3 allele was the
most common (81.3%) followed by the €2 allele (11.2%) and
then the €4 allele (7.4%).

Association between APOE genotypes with the risk of
dyslipidemia. Logistic regression adjusted for age, sex, and
BMI showed no association between APOE genotypes and
the risk of dyslipidemia (Table IV). A comparison of lipid
parameters between &3/e3 subjects and €4 allele carriers in
both groups revealed no significant differences in mean values
for the LDL-C, HDL-C, TG, and TC levels (Table V).

Allelic and genotypic frequency of APOE promoter vari-
ants and the risk of dyslipidemia. The genotypes and alleles
distributions of the three promoter variants (rs769446,
rs449647, and rs405509) are shown in Table VI. No devia-
tions from the expected HW frequencies were found in
both groups (P>0.05). The genotype distribution and allele
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Table III. APOE genotypes and allele frequencies and their distribution in type 2 diabetes mellitus patients with and without
dyslipidemia.

All subjects, With dyslipidemia, Without dyslipidemia,

Genotype n (%) n (%) n (%) P-value®
€2/e2 5(.5) 4(4.2) 1(0.9) 0.19
€2/e3 19 (9.3) 8(8.3) 11 (10.2) 0.81
€2/ed 3(1.5) 2(2.1) 1(0.9) 0.60
€3/e3 162 (79.4) 75 (78.1) 87 (80.6) 0.73
€3/e4 15(7.4) 7(7.3) 8(74) 1

€2 27 (11.2) 14 (12.4) 13 (10.2) 0.68
€3 196 (81.3) 90 (79.6) 106 (82.8) 0.62
€4 18 (7.4) 9(8) 9(7) 0.81

Fisher's exact test.

Table IV. Association of APOE genotypes with the risk of dyslipidemia in type 2 diabetes mellitus patients.

All subjects, With dyslipidemia, Without dyslipidemia, = Adjusted OR

Genotype n (%) n (%) n (%) 95% CI* P-valuer OR95% CI  P-value
€2/e2 5(2.5) 442 1(0.9) 0.28 (0.01-3.66) 036 4.6(0.51-42) 0.17
€2/e3 19 (9.3) 8 (8.3) 11 (10.2) 1.25(0.39-4.17) 0.71 0.8(0.32-2.2) 0.72
€2/e4 3(1.5) 22.01) 1(0.9) 1.34(0.05-2020) 0.83 2.3(0.21-26) 0.5
€3/e3 162 (79.4) 75 (78.1) 87 (80.6) 1.00 NA 1.00 NA
€3/e4 15(74) 7(7.3) 8(74) 0.67 (0.17-2.67) 0.57 1.02(0.35-29) 098

*Asjusted for age, sex and body mass index. OR, odds ratio; CI, confidence interval.

Table V. Comparison of the lipid profiles between £3/3 genotype subjects and €4 allele carriers’.

With dyslipidemia Without dyslipidemia
Variable €3/e3 €4 P-value €3/e3 e4 P-value
Age, years* 624 (9.8) 61.1 (11) 0.61° 64.3 (10.3) 57.6 (104) 0.009**
Sex, female/ 28/47 12/5 0.544° 37/50 8/12 0.521¢
male, n
Body mass 29.7 (4) 30.8 (2.7) 0.289* 249 (3.6) 23.7(3.3) 0.184°
index, kg/m*
Total cholesterol, 238.37 (91) 232.44 (77.95) 0.84 160.78 (49.19) 162.78 (66.16) 0.93°
mg/dl°
Total triglyceride, 251.53 (161.56) 251.56 (116.82) 1 150.15 (62.02) 131.67 (37.19) 0.21°
mg/dl°
High-density 36.57 (13.93) 36.44 (8.38) 0.97 4901 (18.42) 48.33 (14.44) 0.90°
lipoprotein, mg/dl®
Low-density 164.23 (56.55) 136 (46.81) 0.12 90.89 (35.17) 114.44 (68.68) 0.34°

lipoprotein, mg/dl®

1P<0.01. *Unpaired Student's t-test. %2 test. %4 carrier=e2/e4+£3/e4. ‘Data are presented as the mean + SD.

frequency of the three promoter variants were not statisti-  in the genotype frequencies of the three APOE promoter
cally different between the two studied groups (P>0.05; variants stratified according to the €2, €3/e3, and &4 status
Table VI). Moreover, no statistical differences were observed  (data not shown).
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Table VI. Genotypes and alleles frequencies of APOE promoter variants among type 2 diabetes mellitus patients with and

without dyslipidemia.

With Without 95%
Genotype/ dyslipidemia, dyslipidemia, Confidence
SNP s allele Total, n (%) n (%) n (%) Odds ratio® interval® P-value
1s769446 TT 181 (88.7) 87 (91) 94 (87) 1.00 0.14
TC 23 (11.3) 909 14 (13) 044 (0.14-1.34)
T 385 (94) 183 (95) 202 (94) 1.00 0.14
C 23 (6) 9(5) 14 (6) 044 (0.14-1.34)
15449647 AA 84 (41.2) 42 (44) 42 (39) 1.00 0.07
AT 92 (45.1) 41 (43) 51 (47) 042 (0.19-0.92)
TT 28 (13.7) 13 (14) 15 (14) 0.81 (0.29-2.30)
A 260 (63.7) 125 (65) 135 (62) 0.28
T 148 (36.3) 67 (35) 81 (38) 0.76 (0.46-1.25)
rs405509 GG 57 (27.9) 26 (27) 31(29) 1.00 0.58
GT 99 (48.5) 48 (50) 51 (47) 0.96 (0.42-2.19)
TT 48 (23.5) 22 (23) 26 (24) 1.51 (0.56-4.09)
G 213 (52.2) 100 (52) 113 (52) 1.00 044
T 195 (47.8) 92 (48) 103 (48) 1.22 (0.74-2.00)

*Adjusted for age, sex and BMI.

DNA methylation level of the APOE promoter region. A sub group
of 119 patients was included to study the methylation pattern
among T2D patients with and without dyslipidemia. The clinical
characteristics of this subgroup (n=119; 58 with dyslipidemia and
61 without dyslipidemia) are described in Table SII. The mean
BMI was higher in patients with dyslipidemia (30.2+3.8 kg/m?)
compared with those without dyslipidemia (24.8+3.6 kg/m?)
(P<0.05). The lipid profiles including TC, TG, and LDL were
also significantly higher in patients with dyslipidemia compared
with those without dyslipidemia (P<0.05; Table SII). Percent
methylation for each CpG (1-6) across the APOE promoter
was compared between diabetic patients with and without
dyslipidemia. The percent methylation level at any CpG site was
significantly higher in patients with dyslipidemia compared with
those without dyslipidemia: CpGl, P=0.0031; CpG2, P=0.0048;
CpG3, P=0.0022; CpG4, P=0.0032; CpG 5, P=0.0021, CpGb6,
P=0.0031, mean CpG (1-6) methylation, P=0.0016 (Fig. 2).

The relationship between mean methylation levels and the
risk of dyslipidemia was analyzed using a logistic regression
model adjusted for potential confounding factors. the analysis
showed a significant association of methylation level at the
CpGs (1-6) with increased risk of dyslipidemia odds ratio
(OR)=1.038; 95% confidence interval (CI)=1.012-1.064);
P=0.004 (adjusted for age, sex, BMI, HDL, LDL levels, and
€4 allele, Table VII). Moreover, LDL levels were revealed to
be an independent risk factor for dyslipidemia development
(OR=1.025; 95% CI=1.013-1.038); P<0.001 (adjusted for age,
sex, BMI, HDL, and &4 allele). BMI was positively associated
with the risk of dyslipidemia (OR=1.458; 95% Cl=1.212-1.754);
P<0.001 (adjusted for age, sex, LDL, HDL, and &4 allele).

Stratification of LDL and BMI mean values by sex and
age showed no significant differences in each group with and
without dyslipidemia (Table SIII).

Table VII. Logistic regression analysis of the association
between each variable and risk of dyslipidemia.

Odds 95% confidence Adjusted
Variable ration interval P-value
Mean 1.038 1.012-1.064 0.004°
CpG(1-6)
Age 1.049 0.987-1.115 0.126
Sex 1.466 0.463-4.641 0.515
Body mass 1.458 1.212-1.754 0.00*
index
High-density 1 0.954-1.047 0.988
lipoprotein
Low-density 1.025 1.013-1.038 0.00*
lipoprotein
€4 carrier 1.63 0.376-7.067 0514

P<0.01, °P<0.0001.

Discussion

It is now well established that the APOE gene plays an
important role in lipid metabolism and its genetic variations
are associated with cognitive function, diabetes and cardiovas-
cular disease (20,21). To the best of our knowledge, the effect
of APOE polymorphisms and methylation profile on diabetic
dyslipidemia has never been studied in the Palestinian popula-
tion. First, we investigated the relationship between the APOE
polymorphisms and the risk of dyslipidemia in T2D patients.
The current study showed that there was no significant
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Figure 2. Comparison of the methylation pattern in the APOE promoter CpG sites between diabetic patients with (n=58) and without dyslipidemia (n=61).
Numbers on bars indicate the mean methylation level at each CpG site. Error bars represent the standard deviation of methylation level at each CpG site.
APOE, apolipoprotein E; D, patients with dyslipidemia; W, patients without dyslipidemia; M, mean methylation across the six CpGs.

associated with serum lipid levels in healthy controls but not
in T2D patients (33,34). A meta-analysis of 16 studies revealed
an association of APOE polymorphisms with the levels of
TC, TG, HDL-C, and LDL-C (35). However, the inconsistent
results may be attributed to the differences in the included
populations, the sample sizes, genotyping methods, and other
risk factors. In the present study, we used amplicon based
NGS assay, which provides DNA sequences with minimum
genotyping error compared with other traditional genotyping
methods. DNA was sequenced with a quality score of >20,
representing an error rate of 1 in 100 with a corresponding call
accuracy of 99%. Moreover, no significant associations were
found between the promoter variants 15769446, rs449647, and
rs405509 with the risk of dyslipidemia or changes in the lipid
profile. Notably, among the €3/e3 subjects who had rs405509
GG genotype, there was a trend towards higher LDL and
triglyceride levels than in TT carries, but this did not reach
statistical significance (data not shown). These findings were
previously described in the general population (36). Hence,
future studies with larger sample sizes including non-diabetic
subjects are warranted.

No previous studies have investigated APOE methylation
in relation to diabetic dyslipidemia in Palestinians, to the
best of our knowledge. Therefore, to clarify the contribu-
tion of APOE promoter methylation to the risk of diabetic
dyslipidemia, we used 119 available DNA samples and
evaluated the levels of APOE promoter methylation in the T2D
patients with and without dyslipidemia. A total of six CpG
sites were identified in the APOE promoter within the area
44905755-44906078 on chromosome 19 which were differ-
entially methylated between the studied groups. We observed
that the APOE promoter was significantly hypermethylated in
T2D patients with dyslipidemia compared with those without
dyslipidemia for the six CpG sites. These results indicated
that DNA methylation changes in the APOE promoter may
be involved in the progression of diabetic dyslipidemia. These
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results could be attributed to the fact that the APOE promoter
region has important epigenetic regulatory functions in which
hypermethylation of this region could modify gene expression
and consequently influence blood lipid levels and participate
in the pathogenesis of dyslipidemia. However, the function
of this candidate element should be tested in vivo to validate
its transcriptional regulatory activity and to investigate its
effect on the ApoE level. A recent study revealed a negative
correlation between the levels of total APOE RNA and DNA
methylation at the APOE CGI in the frontal lobe tissues (37).
Another APOE genotyping and sequencing study conducted
on 10,369 individuals revealed that dementia risk increased
with decreasing ApoE levels caused by rare genetic variations
other than the common €2/e3/e4 polymorphisms (38).

In addition, a review study reported that the common
and rare APOE variants alongside environmental factors
and epigenetics are associated with variations in lipids and
lipoprotein levels affecting the clinical presentation of dyslip-
idemia (39). Together, these results indicated that molecular
screening of the APOFE gene and study of epigenetic variations
are crucial to understanding the implications of the APOE
variants in each of these diseases, which would be possible
using high throughput sequencing, i.e NGS. In the present
study, logistic regression analysis revealed that higher DNA
methylation levels at the six CpGs in the promoter region of
APOE increases the odds of dyslipidemia independently of
the APOE €4 carrier. Karlsson et al (40) also reported that
APOE allelic variation and increased methylation levels in the
promoter region may act independently to increase the risk of
dementia. Another case-control study showed that a higher
DNA methylation level at two CpGs in the APOE promoter was
independently associated with atherosclerotic cerebral infarc-
tion (41). In contrast to our results, Mur et al (42) showed that
DNA methylation levels at five CpGs in the APOE promoter
region were higher in €4 carriers compared to €3 carriers.

It is well known that the endogenous pattern of DNA
methylation is influenced by environmental factors such as
environmental pollutants, and the social environment including
early life stressors (maternal stress) that have a marked effect
on DNA methylation during fetal development and throughout
life. These epigenetic changes may affect neuronal structure
and function and thus an organism's health behaviors (43,44)
which are however beyond the scope of this study. In the current
study we confirmed the known effect of age on methylation
levels, a group of non-diabetic healthy individuals (n=58) of
younger age (mean age + SD, 45.6+8.5) tended to have lower
methylation levels at the six analyzed CpG sites (mean + SD,
11.595+7.944) (data not shown).

However, additional detailed study is required to investigate
the association between DNA methylation and age between the
two sex subgroups. Furthermore, LDL levels and BMI were
revealed as independent risk factors for dyslipidemia, which
confirmed that the progression of diabetic dyslipidemia is a
consequence of genetic and other risk factors that affect lipid
levels such as age, smoking, and a high fat intake (45).

In addition to the small sample size, some limitations
should be addressed in our study. First, the selected six CpGs in
the APOE promoter region may not represent the methylation
pattern of the whole APOE gene, other CpGs may also be related
to the risk of dyslipidemia. Second, confounding factors such

as smoking, energy intake, folic acid supplementation, dyslipid-
emia/antidiabetic medications, and family history might affect
DNA methylation patterns. A recent study reported that statin
use was an independent factor of higher ABCGI methylation
(at the cg06500161 site) and this was correlated with the differ-
ential expression of genes involved in both lipid metabolism
and glycemic pathways (46). Unfortunately, no information on
the treatment or family history of diabetes and dyslipidemia
was available for all study participants; therefore we could not
include these confounding factors in our statistical analysis.

A study conducted on stunted growth revealed a significant
association between low dietary intakes (lower intakes of protein
and carbohydrate) and increased global DNA methylation (47).
Generally, the DNA methylation process is catalyzed by DNA
methyltransferases enzymes (DNMTs) in which the methyl
group is transferred from S-adenosylmethionine and incorpo-
rated into carbon 5 of the cytosine residue followed by a release
of s-adenosylhomocysteine (48). Therefore, any genetic deletion
or silencing of these enzymes will induce passive demethylation
of the CpG sites in gene promoters and subsequently aberrant
gene expression (48). Furthermore, some dietary intakes that
act as methyl donors may influence DNA methylation either by
inhibiting DNMTs enzymes or by changing the availability of
substrates required for these enzymatic reactions (49).

In conclusion, this study demonstrates that APOE & geno-
types and the promoter variants (rs769446, rs449647, and
rs405509) are not associated with an increased risk of diabetic
dyslipidemia. Our study revealed that APOE DNA methylation
levels at the six CpGs in the promoter region are associated
with diabetic dyslipidemia. Differential DNA methylation at
these loci might serve as a biomarker for diabetic dyslipidemia
and represent an interesting possibility for future research to
identify a new therapeutic target to reverse the methylation of
APOE promoter and may improve the clinical management of
diabetic dyslipidemia.
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