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Abstract: Aberrant DNA methylation is involved in many neurodegenerative diseases, such as Alzheimer’s disease 
(AD), and at the same time, the hippocampus is one of the most vulnerable brain regions to AD. However, the meth-
ylation profiles in the hippocampus in a specific disease stage is hard to be determined in patients. Our previous 
work has demonstrated that double knockout of presenilin-1 (PS1) in the forebrain and presenilin-2 (PS2) in the 
mouse (dKO) could model some aspects of AD, including age-dependent neurodegeneration and massive neuronal 
loss at the late stage. Here, we employed reduced representation bisulfite sequencing (RRBS), together with analyti-
cal tools including Bismarkbisulfite mapper (vO.7.4), NGSQCToolkit_v2.3 software and Visualization and Integrated 
Discovery (DAVID) v6.8, to compare the difference in DNA methylation profiles in the hippocampus between dKO 
mice and their wild-type littermates at the middle stage neurodegeneration (12 months old). The results revealed 
that 2770 CpG sites existed in dKO mice, representing 2172 genes, might be theoretically related to neurodegen-
eration. Among those genes, we identified 126 genes that were abnormally methylated in the hippocampus of dKO 
mice, compared to those in the same brain region of wild-type mice. These genes were mainly involved in the PI3K/
Akt and focal adhesion signaling pathway. Our results provide the first line of evidence showing that specific pattern 
of abnormal DNA methylation in the hippocampus is associated with the AD-like neurodegeneration at the middle 
stage disease, and furthering our understanding on how aberrant DNA methylation is involved in AD pathology.
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Introduction

Dementia is a clinical syndrome that is featured 
by difficulties in language, severe deficits in 
cognitive function including learning and mem-
ory, mental disabilities, and disruption of activi-
ties in daily life [1]. A report from 2016 World 
Alzheimer conference indicates that there were 
47 million people living with dementia world-
widely, and this number will climb up to 74.7 
million in 2030, and 131.5 million in 2050 [2]. 
As one of the most common types of dementia, 
Alzheimer’s disease (AD) is characterized by a 
progressive decline in cognitive and executive 

functions, in which the earliest clinical symp-
tom in deficit in learning and memory. In corre-
spondently, the pathological changes, especial-
ly synapse loss and neuronal degeneration 
occur at the first in the hippocampus [3-5]. 
Moreover, senile plaques and neurofibrillary 
tangles (NFTs) are also typical pathological fea-
tures. Senile plaques are mainly composed of 
β-amyloid (Aβ), while NFTs are aggregates of 
hyperphosphorylated microtubule-associated 
tau protein [4-6]. Currently, the pathogenesis of 
AD is still far from clear, but recent evidence 
has suggested that epigenetic changes may 
play a critical role [7].
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In 1942, Conrad Waddington first proposed the 
concept of epigenetics, which is defined by the 
changes in gene expression without affecting 
the DNA nucleotide sequence. These changes 
include DNA methylation and hydroxymethyl-
ation, histone modifications, and non-coding 
RNA regulation [6, 8]. DNA methylation (5-meth-
ylcytosine [5mC]), which is a fundamental epi- 
genetic mechanism, is achieved by a family of 
enzymes called DNA methyltransferases that 
catalyze transferring a methyl group from the 
methyl group donor S-adenosyl-L-methionine  
to the fifth carbon of cytosine residues. 
Methylation in the human genome occurs pre-
dominantly on CpG motifs, most of which are 
found in clusters (CpG islands). They are 
enriched in promoter regions of many genes, 
where methylation often leads to gene tran-
scription silencing [8, 9]. Recent reports have 
indicated that epigenetic alterations may play 
an important role in pathogenesis of AD, while 
few studies have been undertaken on a 
genome-wide scale to distinguish latent genes/
sites involved in the disease [10]. Here, we 
report DNA methylation profiles in the hippo-
campus of presenilin-1 (PS1)/presenilin-2 (PS2) 
conditional double knockout (dKO) mice that 
show AD-like neurodegeneration since 7-10 
months in age (early stage) together with 
impairment in learning and memory, progress 
into significant neuronal loss at the middle 
stage (11-14 months old), and massive neuro-
nal loss and dementia-like phenotype at the 
late stage (15-18 months old). Our results pro-
vide insight into the epigenetic mechanism 
underlying aging-dependent neurodegenera- 
tion.

hemizygous allele (Cre transgene) and 2 homo-
zygous alleles (PS1 floxed and PS2 knockout), it 
was impossible to obtain true wild-type mice as 
controls from the littermates of dKO mice [4, 
12]. Therefore, we used 3 wild-type mice (in the 
C57BL6/CBA hybrid background) as controls. 
All these mice were male, in order to avoid any 
potential effect from estrogen cycles, and were 
at the age of 12 months old. All studies in ani-
mals were conducted in accordance with the 
Guidelines for Experimental Animals from the 
Ministry of Science and Technology (Sichuan, 
China). This study was approved by the Ethics 
Committee of the Southwest Medical University 
of China, Luzhou, Sichuan, China (LY201310).

DNA extraction from the hippocampus

Six mice were killed by decapitation. Within 1 
min, the brains were dissected out. Blood was 
rinsed off with precooled ultrapure PBS, and 
the cortex, hippocampus, and cerebellum were 
separated quickly, frozen immediately in liquid 
nitrogen, and then stored at -80°C. The cere-
bellum used here was considered as an inter-
nal (brain region) control, since the neurode-
generation was not observed at this brain 
region. The genomic DNA was isolated from the 
hippocampus using a TIANamp Genomic DNA 
Kit (DP304, Tiangen, Beijing, China), according 
to the manufacturer’s instructions. Concen- 
tration and purity of DNA were determined by 
OD260: 280 (OD260: 280 ≥ 1.8) and OD260: 
230 (OD260: 230 ≥ 1.5), respectively, using a 
NanoDrop ND-1000 spectrophotometer (Nano- 
drop Technologies, Wilmington, DE, USA). DNA 
samples were stored at -20°C until used. 

Figure 1. Hippocampal DNA samples electrophoresed on a 0.8% agarose 
gel. M = DNA marker, T = test samples of dKO mice, and C = control sam-
ples of wild-type mice.

Materials and methods

Mouse genotypes

Parental dKO mice were obta- 
ined from Professor Ya-Ping 
Tang (Louisiana State Univer- 
sity, New Orleans, USA), and 
the genetic background of 
these mice was B6/CBA. 
Production and genotyping of 
dKO mice (fPS1/fPS1; PS2-/-; 
Cre+/-) have been described 
previously [4, 11, 12]. Genotyp- 
ing was determined by PCR 
analyses of tail genomic DNA. 
Since dKO mice harbored a 
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Figure 2. Hierarchical clustering of genes that showed differential expression in dKO and wild-type mice. Red and 
green colors indicate high and low levels of DNA methylation, respectively.
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Genotype was determined by using PCR ampli-
fication of genomic DNA extracted from tails of 
mice.

Reduced representation bisulfite sequencing 
(RRBS) library construction

RRBS libraries [13] were prepared according  
to Illumina’s protocols and sequenced (Ill- 
uminaGAIIx, Illumina, San Diego, CA, USA). 
Briefly, genomic DNA was digested with a 
restriction endonuclease. The restriction frag-
ments were then size-selected to 40-220 bp, 
and an adapter was ligated after size selection. 
The DNA was denatured, and unmethylated 
cytosines were bisulfite-converted to uracil. 
Specific primers for the modified adapter 
sequence [14] were used for PCR amplifica- 
tion, and PCR products were cloned and 
sequenced [14]. Then we used an applica- 
tion, NGSQCToolkit_v2.3 software (http://www.
nipgr.res.in/ngsqctoolkit.html), for quality con-

trol of the sequence data and filtering high-
quality sequence data.

Data analyses

After sequencing, we used Bismark bisulfite 
mapper (vO.7.4) (http://www.bioinformatics.
babraham.ac.uk/projects/bismark/) and Pear- 
son’s χ2 text to compare with GRCm38/mm10, 
to map bisulfite-converted sequence reads  
and determine cytosine methylation states. 
Then differentially methylated genes were 
screened out, and cluster analyzed using TM4 
software (http://www.tm4.org/). P < 0.05 was 
regarded as statistically significant. To analyze 
the biological annotation terms and pathways 
from these target genes, the Database for 
Annotation, Visualization and Integrated Dis- 
covery (DAVID) Bioinformatics Resources v6.8 
(http://david.abcc.ncifcrf.gov/) [15], a compre-
hensive set of functional annotation tools,  
was employed for the Gene ontology (GO) analy-

Table 1. The top 25 CpG sites located in promoter or exon regions with different methylation in dKO 
mice
Chr Start End P-value Methylation Annotation Element Gene Symbol
Chr1 143691414 143691477 1.11E-16 Hypomethylation Exon CDC73
Chr15 8336854 8336958 1.11E-16 Hypermethylation Exon NIPBL
Chr1 91432808 91432893 1.11E-16 Hypermethylation Exon PER2
Chr13 11741854 11742081 1.11E-16 Hypermethylation Exon RYR2
Chr1 89887506 89887762 3.12E-08 Hypermethylation Exon AGAP1
Chr16 20541956 20542092 3.12E-08 Hypomethylation Exon AP2M1
Chr11 119023258 119023302 3.12E-08 Hypomethylation Exon CBX2
Chr8 11241122 11241209 3.12E-08 Hypermethylation Exon COL4A1
Chr4 152014307 152014380 3.12E-08 Hypomethylation Exon KLHL21
Chr11 115855063 115855106 3.12E-08 Hypomethylation Exon LLGL2
Chr2 52238192 52238300 3.12E-08 Hypermethylation Exon NEB
Chr5 24372634 24372739 3.12E-08 Hypermethylation Exon NOS3
Chr19 31302286 31302400 3.12E-08 Hypermethylation Exon PRKG1
Chr4 76140514 76140703 3.12E-08 Hypomethylation Exon PTPRD
Chr4 150618406 150618553 3.12E-08 Hypomethylation Exon RERE
Chr2 76841768 76841837 3.12E-08 Hypomethylation Exon TTN
Chr7 80283980 80284077 3.12E-08 Hypermethylation Exon VPS33B
Chr9 31151837 31151993 3.12E-08 Hypomethylation Exon APLP2
Chr14 34567398 34567568 0.000902 Hypermethylation Exon LDB3
Chr2 157469125 157469279 0.001056 Hypermethylation Exon SRC
Chr11 119022829 119023529 0.001737 Hypomethylation Promoter CBX2
Chr1 21961181 21961943 0.001921 Hypomethylation Exon KCNQ5
Chr9 21025544 21025859 0.001924 Hypomethylation Exon ICAM1
Chr15 85244183 85244307 0.002058 Hypomethylation Exon FBLN1
Chr17 44724745 44724902 0.002279 Hypomethylation Exon RUNX2
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Figure 3. Significant GO categories identified by the functional annotation tool DAVID. Red, orange and blue colors indicate biological processes, cellular components 
and molecular functions of GO enrichment, respectively.
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sis and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) enrichment analysis. The 
enriched GO terms and enriched KEGG path-
ways were determined by the P-values calcu-
lated by modified Fisher Exact test. Both P < 
0.05 and FDR (false discovery rate) < 0.05 were 
reported.

Results

DNA quality

DNA was extracted from the hippocampus of 3 
male dKO mice at 12 months of age and 3 age- 
and gender-matched control mice. The bands 
in agarose gel electrophoresis were unbroken 
and clear with no obvious diffusion or trailing 
(Figure 1). The results of DNA analysis with an 
ultraviolet spectrophotometer showed that 

concentration (100~140 ng/μL) and purity 
(A260/A280: 1.97~2.04) were acceptable.

Distribution and pattern of DNA methylation

As described above, the distribution and pat-
tern of DNA methylation were determined with 
RRBS. In total there were 2770 aberrant meth-
ylated sites (1094 hypermethylated sites and 
1676 hypomethylated sites) that distributed on 
different chromosomes and were identified, 
involving 2172 target genes (P < 0.05). Among 
them, 23.75%, 19.93%, 49.24%, 7.08% were 
located in promoter, exon, intron, and intergen-
ic regions, respectively. In addition, we filtered 
126 genes that were differentially methylated. 
They were significantly different with case sta-
tus and were depicted in a heat map (Figure 2) 
using TM4 software. The top 25 CpG sites, 

Table 2. Top five biological processes of abnormally methylated genes ranked by statistical signifi-
cance
Term Enriched Genes FDR P-value
GO:0007155~ cell adhesion ARHGAP6, CDH5, CELSR1, TLN1, DLG1, DSCAML1, DST, 

ICAM1, ITGA7, ITGB4, JUP, LAMA5, MYH9, NFASC, RELN, SRC
1.00E-06 5.51E-10

GO:0022610~ biological 
adhesion

ARHGAP6, CDH5, CELSR1, TLN1, DLG1, DSCAML1, DST, 
ICAM1, ITGA7, ITGB4, JUP, LAMA5, MYH9, NFASC, RELN, SRC

1.11E-06 6.11E-10

GO:0051056~ regulation 
of small GTPase mediated 
signal transduction

AGAP1, ARFGEF2, RELN, TRIO, TSC2, TTN 2.27E-06 1.25E-09

GO:0016044~ membrane 
organization

AGRN, ASGR1, DLG1, PEX5, TIE1, TRP53 4.53E-06 2.49E-09

GO:0006796~ phosphate 
metabolic process

ATP5A1, CCNB1, CHEK1, CSNK1D, F2R, FGFR3, FLT1, IGF1R, 
IKBKB, MAPK6, MAPK8IP3, MET, MST1R, NRBP1, PI4KA, 
PRKG1, PTPRD, RELN, SRC, TIE1, TRIO, TTN

4.39E-05 2.41E-08

Table 3. Top five cellular components of abnormally methylated genes ranked by statistical signifi-
cance
Term Enriched Genes FDR P-value
GO:0005856~  
cytoskeleton

ARHGAP6, CAPZB, CCNB1, CHEK1, DCTN1, DLG1, DST, LASP1, 
LDB3, MST1R, MYH9, MYL7, NEB, NOS2, NOS3, NUMA1, 
STRBP, TLN1, TTN, VIM

1.19E-06 8.16E-10

GO:0030054~  
cell junction

CAPZB, CDH5, COLQ, DLG1, DSP, DST, JUP, LASP1, MYH9, 
SCN5A, TLN1

2.52E-06 1.73E-09

GO:0043228~  
non-membrane-bounded 
organelle

ARHGAP6, CAPZB, CBX2, CCNB1, CHD7, CHEK1, DCTN1, DLG1, 
DST, JUP, LASP1, LDB3, MST1R, MYH9, MYL7, NEB, NOS2, 
NOS3, NUMA1, SETDB1, SIN3A, SIN3B, STRBP, TLN1, TRP53, 
TTN, VIM

3.02E-05 2.08E-08

GO:0043232~ intracel-
lular non-membrane-
bounded organelle

ARHGAP6, CAPZB, CBX2, CCNB1, CHD7, CHEK1, DCTN1, DLG1, 
DST, JUP, LASP1, LDB3, MST1R, MYH9, MYL7, NOS2, NOS3, 
NUMA1, SETDB1, SIN3A, SIN3B, STRBP, TLN1, TRP53, TTN, VIM

3.02E-05 2.08E-08

GO:0045202~ synapse AGRN, COLQ, DLG1, F2R, MYH9 7.26E-05 4.99E-08
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located in promoter or exon regions, which 
were significantly differentially methylated in 
dKO mice are shown in Table 1.

GO and KEGG analysis

There were 3 domains of gene product proper-
ties in GO enrichment (Figure 3). The significant 
biological processes based on 43 genes mainly 
included cell adhesion, biological adhesion, 
metabolic processes, membrane organization, 
and signal transduction. The cellular compo-
nents based on 66 genes mainly included the 
cytoskeleton, cell junctions, organelles, and 
synapses. The molecular functions based on 
61 genes included nucleotide binding, enzyme 
activity, and ion binding. Table 2 shows the top 
five biological processes, Table 3 shows the top 
five cellular components, and Table 4 shows 
the top five molecular functions of abnormally 
methylated genes ranked by statistical signifi-
cance (P < 0.05, FDR < 0.05) in dKO mice, 
respectively. KEGG pathway mapping of these 
genes revealed that they were enriched in 
phosphatidylinositol 3-kinase (PI3K)/protein 
kinase B (AKT) signaling and focal adhesion sig-
naling pathway. The subnetworks were com-
posed of 14 focus genes in the PI3K/Akt signal-
ing pathway (Figure 4, marked with stars) and 
11 focus genes in focal adhesion signaling 
pathway (Figure 5, marked with stars). The 
focus genes for PI3K/Akt signaling pathway 

included FLT1, COL4A1, MET, ITGB4, NFKB1, 
RPTOR, IGF1R, LAMA5, ITGA7, TSC2, NOS3, 
RELN, IKBKB and F2R (Figure 4). The focus 
genes for focal adhesion signaling pathway 
included IGF1R, MYL7, TLN1, FLT1, COL4A1, 
LAMA5, MET, ITGA7, ITGB4, RELN and SRC 
(Figure 5).

Discussion

Depending on age of onset, AD can be divided 
into early-onset AD (EOAD) and late-onset AD 
(LOAD) [9]. EOAD is rare (~2% of AD cases) and 
occurs before the age of 65. It is primarily 
caused by uncommon variants in the amyloid 
precursor protein (APP), presenilin-1 (PS1), or 
presenilin-2 (PS2) genes [4, 8]. As polytopic 
membrane proteins, PS1 and PS2 show high 
homology (~60%) in amino acid sequence [11, 
16]. They encompass the catalytic component 
of γ-secretase, which plays a critical role in 
intramembranous processing of APP, leading to 
production of Aβ peptides [17]. According to the 
amyloid hypothesis, Aβ peptides and their poly-
merides cause dementia and neurodegenera-
tion in AD. Excessive production and accumula-
tion of Aβ can lead to progressive damage of 
neuronal axons, death of neurons, and eventu-
ally AD. The mechanisms involve an imbalance 
in calcium homeostasis, which makes cells 
more vulnerable to toxic or harmful substances 
that can lead to further impairment and NFTs 

Table 4. Top five molecular functions of abnormally methylated genes ranked by statistical signifi-
cance
Term Enriched Genes FDR P-value
GO:0030554~ adenyl 
nucleotide binding

ATP5A1, ATP7B, CHD7, CHEK1, CHTF18, CSNK1D, DSCAML1, 
FGFR3, FLT1, IGF1R, IKBKB, KDM1A, MAPK6, MCM7, MCM9, 
MET, MST1R, MYH9, NOS2, NOS3, NRBP1, PRKG1, RUNX2, SRC, 
TIE1, TRIO, TRP53, TTN

5.35E-14 3.33E-17

GO:0001882~  
nucleoside binding

ATP5A1, ATP7B, CHD7, CHEK1, CHTF18, CSNK1D, DSCAML1, 
FGFR3, FLT1, IGF1R, IKBKB, KDM1A, MAPK6, MCM7, MCM9, 
MET, MST1R, MYH9, NOS2, NOS3, NRBP1, PRKG1, RUNX2, SRC, 
TIE1, TRIO, TTN

3.55E-13 1.69E-16

GO:0001883~ purine 
nucleoside binding

ATP5A1, ATP7B, CHD7, CHEK1, CHTF18, CSNK1D, DSCAML1, 
FGFR3, FLT1, IGF1R, IKBKB, KDM1A, MAPK6, MCM7, MCM9, 
MET, MST1R, MYH9, NOS2, NOS3, NRBP1, PRKG1, RUNX2, SRC, 
TIE1, TRIO, TRP53, TTN

3.55E-13 2.07E-16

GO:0005524~ ATP 
binding

ATP5A1, ATP7B, CHD7, CHEK1, CHTF18, CSNK1D, DSCAML1, 
FGFR3, FLT1, IGF1R, IKBKB, MAPK6, MCM7, MCM9, MET, MST1R, 
MYH9, NRBP1, PRKG1, RUNX2, SRC, TIE1, TRIO, TRP53, TTN

1.24E-12 8.27E-16

GO:0032559~ adenyl 
ribonucleotide binding

ATP5A1, ATP7B, CHD7, CHEK1, CHTF18, CSNK1D, DSCAML1, 
FGFR3, FLT1, IGF1R, IKBKB, MAPK6, MCM7, MCM9, MET, MST1R, 
MYH9, NRBP1, PRKG1, RUNX2, SRC, TIE1, TRIO, TRP53, TTN

1.42E-12 8.52E-16
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[6]. In contrast, LOAD is the most common form 
of AD and occurs mainly in the elderly over the 
age of 65. It is much more complicated and 
accounts for greater than 90% of AD cases [9, 
18]. A large-scale genome-wide association 
study has confirmed that aberrant methylation 
of many genes, such as transmembrane pro-
tein 59 (TMEM59) [10], sortilin-related receptor 
1 (SORL1) [19], and brain-derived nerve growth 
factor (BDNF) [3], is genetically associated with 
LOAD. Therefore, it is essential to establish 
genome-wide DNA methylation profiles of AD.

By applying a conditional genetic strategy, we 
used viable dKO mice in which PS1 was condi-
tionally deleted in the forebrain regions and 
PS2 was conventionally deleted in the whole 
body. Because presenilins are widely expressed 
in the brain, and play essential roles in main-
taining the neural progenitor population, neuro-
genesis, and neuronal migration during embry-

onic development [20], knockout of PS1 at the 
first ontogenesis results in premature death of 
null mutant mice, and PS2 can partially com-
pensate for the function of PS1 [4]. To fulfill the 
requirement for presenilins in development, the 
Cre/loxP recombinant system was used for pro-
ducing conditional PS1-knockout mice [4, 11, 
12, 20]. In dKO mice at 2 months of age, which 
underwent PS1 inactivation a month later, mild 
memory impairment, as well as specific presyn-
aptic and postsynaptic defects were found, 
although there was no significant loss of corti-
cal neurons or anatomical change [16, 20]. By 
6 months of age, anatomical abnormalities 
developed, and gradual thinning of cortical lay-
ers became more apparent over time [16]. At 7 
and 9 months of age, 18% and 24% of cortical 
neurons were lost, respectively. The cortical 
volume was reduced by 35% and lateral ventri-
cle began to expand [4, 12]. At 12 months, all 
these changes, involving cortical/hippocampal 

Figure 4. Differentially methylated genes in PI3K/Akt signaling pathway. Stars indicate the focus genes in PI3K/Akt 
signaling pathway, include FLT1, COL4A1, MET, ITGB4, NFKB1, RPTOR, IGF1R, LAMA5, ITGA7, TSC2, NOS3, RELN, 
IKBKB and F2R.
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atrophy and enlarged lateral/third ventricles, 
were more serious [4]. Therefore, we believe 
that neurodegeneration in the knockout mice 
represents an AD-like neurodegeneration [12], 
which can be used to study pathogenic mecha-
nisms of AD. However, this model is not a com-
prehensive AD model because there is no Aβ 
deposition in the brain [4, 12].

Analysis revealed 2770 CpG sites in dKO mice, 
representing 2172 unique genes potentially 
associated with AD. In addition, 126 genes with 
differentially methylated regions were screen- 
ed. Among those, many of them have been 
demonstrated to have a link with AD. For exam-
ple, AD patients have higher levels of copper 
and free copper than healthy controls, due to 
genetic variations in the copper transporter 
gene, ATP7B [21]. A member of the catenin 
family encoded by the JUP gene, is expressed 
at high levels in the adult and aging brain, which 
is characterized by a high degree of folding and 
firm lamination [22]. RB1-inducible Coiled-Coil 
1 (RB1CC1) insufficiency may result in neuronal 
atrophy [23]. The RELN gene encodes Reelin, 
which is a serine protease and part of the apo-
lipoprotein E (APOE) biochemical pathway [24]. 

Lack of NO synthase 2 (NOS2) in APP increases 
insoluble Aβ peptide levels, neuronal degenera-
tion, caspase-3 activation, and tau cleavage 
[25]. The transcription factor encoded by the 
SP1 gene partly locates on hyperphosphorylat-
ed tau deposits in NFTs and dystrophic neurites 
of senile plaques [26]. Deleting insulin-like 
growth factor 1 receptor (IGF1R) gene in neu-
rons of the ageing brain genetically can effi-
ciently protect from neuroinflammation, memo-
ry disorder and anxiety induced by intracere-
broventricular injection of Aβ oligomers [27]. In 
the brain, SERPINE1 encodes plasminogen 
activator inhibitor type-1, which regulates plas-
min activation negatively and results in Aβ 
accumulation [28]. Finally, it is known that sys-
temic calcium homeostasis is transformed in 
AD patients. The CASR gene encodes a 
G-protein coupled transmembrane receptor, 
which plays a role in calcium regulation. 
Abnormal regulation of calcium promotes sus-
ceptibility to neuronal cell damage [29]. 
Furthermore, a ryanodine receptor encoded by 
the RyR2 gene, can give rise to several alterna-
tively spliced messenger RNAs. These variants 
produce functionally distinct RyR channels that 
may differ in Ca2+ release properties or subcel-

Figure 5. Differentially methylated genes in focal adhesion signaling pathway. Stars indicate the focus genes in 
focal adhesion signaling pathway, include IGF1R, MYL7, TLN1, FLT1, COL4A1, LAMA5, MET, ITGA7, ITGB4, RELN 
and SRC.
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lular localization [30]. In our study, the methyla-
tion of these genes had been changed. Thus, it 
can be seen that abnormal methylation of 
these genes may be involved in pathogenesis 
of AD.

Some abnormal methylated genes in dKO mice, 
such as amyloid precursor-like protein 2 
(APLP2) [31] and intercellular adhesion mole-
cule 1 (ICAM1) [32], have been reported to have 
no relevance to development of AD. In addition, 
research on the NOS3 gene is controversial. 
Meta-analysis suggests that the NOS3 
Glu298Asp gene polymorphism is not associ-
ated with AD [33]. However, another study 
shows that it might be a risk factor for LOAD 
and dependent on APOE epsilon 4 status in the 
Chinese population [34]. In our study, they were 
hypomethylated and located in exon regions. 
Therefore, more studies are required to evalu-
ate further the relationship between DNA meth-
ylation of these genes and AD risk.

In our study, we completed integrated analysis 
of CpG methylation to examine the global epi-
genetic abnormality from age- and gender-
matched dKO mice and controls. Some chang-
es of DNA methylation observed in this study 
were consistent with previous reports. For 
example, the promoter regions of CPNE9 and 
RELB [10] were hypomethylated both in APP/
PS1 transgenic mice and dKO mice. It is sug-
gested that abnormal methylation of these 
genes may be closely related to pathogenesis 
of AD, which may be candidate target genes for 
AD. Some of the results were not the same with 
previous reports. For example, hypermethyl-
ated NR4A1 [35] was located in promoter 
region in APP/PS1 transgenic mice but located 
in exon region in dKO mice. The promoter region 
of SLC7A3 [10] was hypermethylated in human 
frontal cortex of LOAD but hypomethylated in 
our study. In APP/PS1 transgenic mice, PRNP 
and NOS2 [35] were hypermethylated and 
located in promoter regions, but they were 
hypomethylated and located in exon regions in 
dKO mice. In AD patients, OPRD1 [36] was 
hypermethylated and located in promoter 
region, but hypomethylated and located in exon 
region in our study. Besides, DNA abnormal 
methylation in promoter CpGs of AD-associated 
genes such as TGFB1 (hypermethylated) [35], 
COASY (hypermethylated) [37], SPINT1 (hyper-
methylated) [37], CTIF and NXT2 (hypomethyl-

ated) [38], were not observed in the genome-
wide analysis of the dKO mice and controls. It 
may be related to the pathological stage, speci-
men screening, check point and different ani-
mal models. And more studies are demanded 
to verify the methylation of these genes in AD.

In addition, to determine whether these candi-
date genes with differential methylation in 
regard to AD pathology were linked with neuro-
logic pathways, we accomplished GO and KEGG 
analysis using DAVID. The GO analysis showed 
these abnormal methylated genes involved in 
many biological processes, cellular compo-
nents and molecular functions that were corre-
lated with AD development. For example, as 
adhesion molecules, CELSR1 [39] plays crucial 
roles in axon guidance and neuronal migration. 
And DSCAML1 [40] involves in neurogenesis, 
axonal outgrowth, synaptogenesis, and synap-
tic plasticity. Moreover, some molecular func-
tions associated with hypermethylation in dKO 
mice, such as GTPase regulator activity and 
ATPase activity [10], were the same as the 
LOAD cases. Functional network analysis of 
these candidate genes revealed subnetworks 
composed of focus genes in the PI3K/Akt and 
focal adhesion signaling pathways. Karki R et 
al. also demonstrated the PI3K/AKT signaling 
pathway in AD network model [41]. Besides, Lin 
J et al. found the PI3K/Akt pathway might be 
involved in Aβ oligomer-induced neurotoxicity in 
SH-SY5Y cells [42]. In AD patients, focal adhe-
sion was one of AD endophenotype-associated 
pathways [43]. And the mechanism of Aβ gen-
eration, which came from the endocytosis of 
APP, was closely concerned with disturbance in 
integrin-based focal adhesion signaling [44]. 
Therefore, the results of our study indicated 
that the PI3K/Akt and focal adhesion signaling 
pathways may be relevant to AD pathogenesis.

The etiology and pathogenesis of AD are com-
plex and contain many genetic and environ-
mental risk elements. The sporadic nature of 
AD suggests that epigenetics is closely related 
to pathology of the disease [6]. As a key epigen-
etic modification, DNA methylation may repre-
sent heritable information that is not encoded 
in the nucleotide sequence [14]. Therefore, it is 
vital to create a genome-wide DNA methylation 
map of AD. As one of the modern methods for 
studying genome-scale DNA methylation, RRBS 
has been developed for high-throughput analy-
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sis of DNA methylation, which is based on 
sequencing genomic libraries using sodium 
bisulfite [45]. It offers an important basis for 
establishing genomic DNA methylation profiling 
maps and identifying aberrant methylated ge- 
nes, as well as clues that may be used in pre-
vention, diagnosis, and treatment of AD.

This study advances our knowledge and under-
standing of the methylome and improves our 
understanding of the basic epigenetic molecu-
lar mechanisms related to AD. These results 
establish genomic DNA methylation profiling in 
the hippocampus mid-stage in neurodegenera-
tion and identify genes with aberrant methyla-
tion. With these results, we may develop a new 
strategy or identify new molecular targets for 
preventing, diagnosing, and curing AD at the 
middle stage.
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