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APOE hypermethylation is associated with autism
spectrum disorder in a Chinese population
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Abstract. Abnormal apolipoprotein E (APOE) methylation
has been demonstrated to be associated with Alzheimer's
disease, which may have overlapping mechanisms with autism
spectrum disorder (ASD). Thus, the purpose of the present
study was to assess the possible link between APOE methyla-
tion and ASD. Genomic DNA was extracted from peripheral
blood and subjected to a methylation assay. SYBR green-based
quantitative methylation-specific polymerase chain reaction
analysis was used to measure APOE methylation in 62 pedi-
atric patients with ASD and 73 age-matched healthy subjects.
The APOE methylation in each sample was expressed as a
percentage of methylation of a reference (PMR). The results
indicated that APOE methylation in pediatric patients with
ASD was significantly higher than that in the healthy controls
(median PMR, 33 vs. 11%; P=2.36x10"'%). Receiver operating
characteristic curve demonstrated that PMR of 15.4% was
the optimal cut-off for predicting ASD (area under curve,
0.817; sensitivity, 93.5%; specificity, 72.6%; P=2.36x10"'%). In
summary, the present results indicated that APOE hypermeth-
ylation in peripheral blood DNA may be used as a diagnostic
biomarker for ASD.

Introduction

Autism spectrum disorder (ASD) comprises a range complex
neurological diseases with impairments in social skills,

Correspondence to: Dr Shiwei Duan, Zhejiang Provincial Key
Laboratory of Pathophysiology, Medical Genetics Center, School of
Medicine, Ningbo University, 818 Fenghua Road, Jiangbei, Ningbo,
Zhejiang 315211, P.R. China

E-mail: duanshiwei@nbu.edu.cn

“Contributed equally

Key words: apolipoprotein E, autism spectrum disorder, DNA
methylation, peripheral blood, male

communication and repetitive behaviors (1). The incidence of
ASD in males is four times of that in females (2). ASD causes
great obstacles in interpersonal relationships (3), and it has
become a heavy burden on society and the families of affected
individuals (4,5). Early intervention may change the long-term
prognosis of ASD patients (6).

The pathogenesis of ASD involves a complex interaction
between heredity and environment (7). Epigenetics may provide
the best bridge between genetic and environmental factors (8).
DNA methylation is an important epigenetic modification
that regulates the expression of numerous functional genes in
the human nervous system (6,9). Aberrant DNA methylation
has been reported in diseases or disorders of the central
nervous system (10,11). These include hypermethylation of
oxytocin R (12), Reelin (13), and SH3 and multiple ankyrin
repeat domains 3 (14) in ASD.

Apolipoprotein E (APOE) encodes a glycoprotein associ-
ated with lipoproteins in the periphery and the brain (15,16).
Abnormal methylation of APOE was reported to be associated
with Alzheimer's disease (AD) (17), which may have overlap-
ping mechanisms with ASD (18). A genetic study indicated
that a variant of APOE is associated with ASD (19); however,
it has remained elusive whether APOE methylation is linked
to ASD.

In the light of those previous results, the goal of the present
study was to explore whether APOE methylation is associated
with ASD.

Materials and methods

Patients and samples. A total of 135 pediatric subjects,
including 62 ASD patients (with no other disorders or
diseases) and 73 healthy age-matched individuals, volunteered
for the study and were recruited at Ningbo Kangning Hospital
(Ningbo, China) between September 2015 and September 2017.
The ASD patients were diagnosed according to the Diagnostic
and Statistical Manual of Mental Disorders, Fourth Edition, the
Autism Diagnostic Observation Schedule and the Childhood
Autism Rating Scales (CARS) (5). Blood samples were drawn
from healthy controls and ASD cases prior to treatment. The
clinical data acquired from patients mainly included maternal
pregnancy history, family history, and disease duration. The
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study was approved by the Ethics Committees in Ningbo
Kangning Hospital and Ningbo University (Ningbo, China),
and written informed consent was obtained from the parents
of all patients.

DNA isolation and bisulphite conversion. DNA was
extracted from blood with the E.Z.N.A™ Blood DNA Kit
(Omega Bio-Tek, Norcross, GA, USA), according to the
manufacturer's instructions. The Nanodrop2000 spectropho-
tometer (Thermo Fisher Scientific, Inc., Waltham, MA, USA)
was used to measure the DNA concentration. The EZ DNA
Methylation-Gold kit™ (Zymo Research, Irvine, CA, USA)
was used to convert unmethylated cytosines into the corre-
sponding uracils, while the methylated cytosines remained
in their positions.

SYBR green-based quantitative methylation-specific poly-
merase chain reaction (gMSP). qMSP was used for to assess
the methylation of APOE. The reaction system contained
10 u1 SYBR Green I Master Mix (Roche Diagnostics, Basel,
Switzerland), 0.5 ul forward primer (10 ym), 0.5 ul reverse
primer (10 m), 1.0 ul templates and 8 ul double-distilled
(dd)H,0. The thermocycling conditions comprised an initial
denaturation at 95°C for 10 min, followed by 45 cycles
of 95°C for 30 sec, 58°C for 30 sec and 72°C for 30 sec.
Subsequently, melting curve analysis was performed at
95°C for 15 sec and 60°C for 1 min, followed by increases
in the temperature by 0.11°C per sec to 95°C. Human sperm
DNA (Beijing Solarbio Science & Technology Co., Ltd.,
Beijing, China) was methylated as the positive control by
excess SssI methyltransferase (Thermo Fisher Scientific,
Inc.), and ddH,O as a negative control. ACTB was used
as the internal reference to correct the differences in the
quality and quantity between samples. The sequences of
the qMSP primers were APOE forward, 5'-CGAGGTGTA
GGTTATGTTC-3' and reverse, 5"-TACGCAACTTACGCA
AAT-3'"; and pB-actin (ACTB) forward, 5'-TGGTGATGG
AGGAGGTTTAGTAAGT-3' and reverse, 5'-AACCAA
TAAAACCTACTCCTCCCTTAA-3'". The percentage of
methylation of a reference (PMR) of APOE in each sample
was calculated by the following approach: AACq=sample
DNA (Cqapok gene~Cacts contror)-fully methylated DNA

(CqAPOE gene'CqACTB comml) (20921)

Statistical analysis. All statistical analyses were performed
using SPSS software version 18.0 (SPSS, Inc., Chicago, IL,
USA). The independent-samples t-test was applied for the
comparisons of differences in APOE methylation between
ASD cases and controls. Receiver operating characteristic
curves (ROC) were drawn to evaluate the diagnostic value
of APOE methylation for ASD. The Spearman rank test was
applied to assess the associations between APOE methylation
and clinical indicators in ASD. P<0.05 was considered to indi-
cate a statistically significant difference.

Results
As presented in Fig. 1A, a methylation assay was performed on

an 88-bp fragment of the CpG island of APOE. A successful
bisulphite transformation was evidenced by detection of
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transformed thymine by Sanger sequencing (Fig. 1B). The
target fragment length of 88 bp was confirmed by capillary
electrophoresis (Fig. 1C).

The present results indicated that APOE methylation
in pediatric ASD patients was significantly higher than that
in healthy age-matched individuals (median PMR, 33.36
vs. 10.61%; P=2.36x10""; Fig. 2A). APOE hypermethylation
was identified in 36 out of 62 subjects with ASD. Considering
the higher prevalence of ASD in males, a breakdown analysis
by gender was performed. The results indicated that APOE
methylation levels were higher in male ASD cases than
in healthy male controls (median PMR, 32.12 vs. 11.00%;
P=8.51x107; Fig. 2B). Similar results were also obtained in
females (mean PMR, 43.35 vs. 7.87%; P=4.18x10°%; Fig. 2C).

In addition, ROC curve analysis was performed to
quantitatively evaluate the diagnostic value. As presented
in Fig. 3A, the area under the curve (AUC) was 0.817
[95% confidence interval (CI), 0.741-0.893]. The ROC
curves demonstrated that PMR of 15.4% was the optimal
cut-off for predicting ASD (sensitivity, 93.5%, specificity,
72.6%; P=2.36x10"'"; Fig. 3A). Further subgroup analysis
by gender provided a similar result in males (AUC=0.772;
95% CI, 0.682-0.865; sensitivity, 93.9%; specificity, 67.7%;
P=8.52x107; Fig. 3B), PMR of 15.3% was the optimal cut-off
for predicting ASD. Due to a limited number of female
individuals, it was not possible to perform any ROC curve
analysis in females.

Discussion

APOE is a multifunctional protein in the brain, and it is
known as a carrier of cholesterol and other lipids in the
central nervous system (22-24). APOE methylation levels
have been reported to be significantly elevated in AD
patients (17). Previous studies have indicated that ASD and
AD have various common mechanisms in the course of their
development (25-27). Therefore, it was speculated that APOE
is associated with the occurrence and the development of
ASD. The present results demonstrated that APOE hyper-
methylation is significantly associated with ASD. Based on
the ROC curve, APOE hypermethylation may be regarded as
a potential biomarker for the diagnosis of ASD.

APOE polymorphisms (APOE €2 and APOE &4) are
involved in the etiological complexity of the predisposition for
ASD (19,28). A transmission distortion of the APOE ¢2 allele
hasbeen reported in families with cases of ASD. Compared with
APOE €3 and APOE &4, the APOE &2 protein product displays
the lowest receptor binding affinity (28). DNA methylation is
an epigenetic modification and regulates gene expression in
response to environmental stimuli (29). Gene methylation is
generally inversely correlated with gene expression (30-32).
APOE expression has been reported to be downregulated by
APOE hypermethylation in malignant transformed TRL 1215
cells (33). Due to material restrictions, it was not possible to
measure the correlation between APOE expression and APOE
methylation in the present study. Thus, The Cancer Genome
Atlas (TCGA) database was used to collect the methylation and
the transcription data of APOE. This data analysis in TCGA
indicated that APOE hypermethylation was indeed inversely
correlated with lower expression (P=1.96x10%", r=-0.604).
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Figure 1. Characteristics of target sequences in the APOE gene. (A) APOE is located on chrl9 (q13.32) and the 80-bp target fragment is located on the CpG
island of APOE. (B) Sanger sequencing verified a successful bisulfite conversion. The upper row represents the original sequence and the lower row represents
the converted sequence. (C) Results of capillary electrophoresis. MARKER denotes the DNA ladder marker and BLANK denotes an experimental negative
control. The numbers on the left indicate the number of bps of the DNA ladder markers. The target fragment length was 88 bp. Chr, chromosome; APOE,
apolipoprotein E; F, forward; R, Reverse; Seq, sequencing; UCSC, University of California, Santa Cruz; SNP, single nucleotide polymorphism.
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Figure 2. Comparison of the relative APOE methylation between ASD cases and healthy controls. (A) Comparison between ASD cases and controls. The
median PMR in cases and controls was 33% (interquartile range, 25 and 37%) and 11% (interquartile range, 6 and 23%), respectively. The P-value for the
comparison between the cases and the controls was 2.36x107'°. (B) Comparison between male ASD cases and male controls. The median PMR values of cases
and controls were 32% (23, 37%) and 11% (6, 27%), respectively. The P-value for the comparison between the male cases and the male controls was 8.52x107°.
(C) Comparison between female ASD cases and female controls. The median PMR values of cases and controls were 0.42 (0.29, 0.56) and 0.08 (0.05, 0.10),
respectively. The P-value for the comparison between the female cases and the female controls was 4.18x10°°. APOE, apolipoprotein E; ASD, autism spectrum
disorder; PMR, percentage of methylation of a reference.
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Figure 3. ROC curve of APOE methylation for the diagnosis of ASD. The ROC curve was generated to demonstrate the sensitivity (Y-axis) and the specificity
(X-axis) of the continuous indicators. (A) A ROC curve was used to estimate the diagnostic value of APOE methylation for ASD. The AUC was 0.817
(95% CI: 0.741-0.893) with a sensitivity of 93.5% and a specificity of 72.6% when the cut-off was 15.4%. (B) ROC curve analysis in the male sub-population
(AUC=0.773; 95% CI, 0.682-0.865; sensitivity, 93.9%; specificity, 67.7%). AUC, area under the curve; ROC, receiver operating characteristic; APOE, apoli-

poprotein E; ASD, autism spectrum disorder.

In the present case-control study, APOE hypermethylation
was detected in pediatric patients with ASD compared with
healthy age-matched individuals. Therefore, it was speculated
that APOE hypermethylation may reduce APOE expression,
eventually leading to the onset of ASD.

Early intervention of ASD may change the long-term
prognosis of ASD patients (6). The current diagnostic methods
for ASD comprise the ASD behavior checklist (ABC) (34),
the CARS (5) and the Social Communication Questionnaire
(SCQ) (35). The ABC scale has a specificity of 97% and a
sensitivity of 38% with an idiomatic cutoff score at 67 (36). In
addition, the CARS has a sensitivity of 83% and a specificity
of 82% (37), and the SCQ scale has a sensitivity of 85% and a
specificity of 75% (35). These tests are also substantially used
in the clinic.

A large variety of molecular biomarkers have been
studied for their diagnostic value in ASD, including para-
oxonase-1 (PON-1), lipoprotein-associated phospholipase
A2 (Lp-PLA2) (38), microRNAs (39,40), interleukin (IL)-6
and tumor necrosis factor (TNF)a (41). However, only few
biomarkers are actually used as an auxiliary in the diagnosis
of ASD in the clinic. The sensitivity of Lp-PLA2 is 70% and
its specificity is 77%; furthermore, PON-1 has a relatively
low AUC of 0.660 (sensitivity, 59%; specificity, 63%) (38).
IL-6 and TNFa have a low sensitivity of 84.0 and 76.0%,
respectively, for the diagnosis of ASD (41). In the present
study, APOE methylation yielded a higher AUC of 0.817
(sensitivity, 93.5%; specificity, 72.6%). It is possible to accu-
rately measure DNA methylation in a variety of materials,
including plasma and serum, and it is considered an ideal
marker for experimental determination (42,43). The results
of the present study indicated that APOE methylation has a
high diagnostic value for ASD, suggesting that APOE hyper-
methylation in peripheral blood may be a biomarker for the
early diagnosis of ASD.

In conclusion, the present study indicated that APOE
hypermethylation is associated with ASD. Future studies may
be necessary to confirm the utility of APOE hypermethylation
in peripheral blood DNA as a diagnostic marker for ASD.
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