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Abstract

5-Methylcytosine (5mC), generated through the covalent addition of a methyl group to the fifth carbon of cytosine, is the
most prevalent DNA modification in humans and functions as a critical player in the regulation of tissue and cell-specific
gene expression. 5mC can be oxidized to 5-hydroxymethylcytosine (5hmC) by ten–eleven translocation (TET) enzymes,
which is enriched in brain. Alzheimer’s disease (AD) is the most common neurodegenerative disorder, and several studies
using the samples collected from Caucasian cohorts have found that epigenetics, particularly cytosine methylation, could
play a role in the etiological process of AD. However, little research has been conducted using the samples of other ethnic
groups. Here we generated genome-wide profiles of both 5mC and 5hmC in human frontal cortex tissues from late-onset
Chinese AD patients and cognitively normal controls. We identified both Chinese-specific and overlapping differentially
hydroxymethylated regions (DhMRs) with Caucasian cohorts. Pathway analyses revealed specific pathways enriched among
Chinese-specific DhMRs, as well as the shared DhMRs with Caucasian cohorts. Furthermore, two important transcription
factor-binding motifs, hypoxia-inducible factor 2α (HIF2α) and hypoxia-inducible factor 1α (HIF1α), were enriched in the
DhMRs. Our analyses provide the first genome-wide profiling of DNA hydroxymethylation of the frontal cortex of AD
patients from China, emphasizing an important role of 5hmC in AD pathogenesis and highlighting both ethnicity-specific
and overlapping changes of brain hydroxymethylome in AD.

https://academic.oup.com/
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Introduction

Alzheimer’s disease (AD) is the most common neurodegener-
ative disorder (1). Although the etiology of AD remains mostly
elusive, it is thought to involve complicated interactions between
genetic and environmental factors and aging (2). Many studies
have found that epigenetic regulations play a role in the
etiological process of AD (3,4). DNA methylation is a reversible
process that modifies the genome by adding a methyl group
on the fifth carbon of cytosine to form 5-methylcytosine (5mC).
Several large-scale methylome-wide studies using postmortem
human brains have revealed important DNA methylation
differences between AD and control (5–9). De Jager et al. found
that the level of methylation at 71 loci was significantly
associated with the burden of AD pathology using a DNA
methylation array (6). Lunnon et al. performed an epigenome-
wide association study (EWAS) of AD employing a sequential
replication design across multiple tissues and identified a
differentially methylated region (10). Similarly, Watson et al.
identified 479 differentially methylated regions (DMRs) with
a strong bias for hypermethylated changes in the superior
temporal gyrus of patients with AD using a DNA methylation
array (7).

5-Hydroxymethylcytosine (5hmC), an oxidized form of
5mC catalyzed by ten–eleven translocation (TET) proteins,
was identified as part of DNA methylation dynamics (methy-
lation/demethylation) in recent years (11,12). It has been
shown that traditional bisulfite conversion-based sequencing
or array analyses cannot distinguish 5hmC from 5mC. Because
of this, the differences detected in previously published
works could be based on the difference of either 5mC or
5hmC. Recent technological advances in mapping and tracing
5mC and 5hmC using antibodies allow further dissection of
their functions. Studies show that DhMRs are significantly
associated with AD in the brains of Caucasian patients with
AD (5,13).

However, all of the genome-wide DNA methylation/hy-
droxymethylation studies in AD that have been performed
to date are from Caucasian cohorts. Given that epigenetics
varies dramatically across populations with different ethnic
backgrounds (14,15), comparing human populations of different
ethnic backgrounds will provide invaluable information and new
insights into our understanding of epigenetic regulation of AD
pathogenesis.

Here we collected human postmortem brain tissues from
Chinese AD patients and age-matched unaffected controls and
performed genome-wide profiling of both 5mC and 5hmC in the
frontal cortex of these two groups of Chinese origin. We iden-
tified 16 165 DhMRs in the postmortem frontal cortex samples
comparing AD and unaffected subjects. Surprisingly, no DMRs
were found. DhMRs were primarily located in intragenic regions,
especially CpG islands (CGI) within 500 bp (+/−) of transcription
start sites (TSSs). We also observed that 6500 DhMRs overlapped
those found in the Caucasian cohort. Pathway analyses revealed
pathways enriched among Chinese-specific DhMRs, as well as
the shared DhMRs with Caucasian cohorts. Furthermore, two
important transcription factor binding motifs, hypoxia-inducible
factor 2α (HIF2α) (P = 1.00e−33) and hypoxia-inducible factor
1α (HIF1α) (P = 1.00e−32), were enriched in the DhMRs. These
findings provide the first genome-wide profiling of DNA hydrox-
ymethylation of the frontal cortex of AD patients from China,
emphasizing an important role of 5hmC in AD pathogenesis and
highlighting both ethnicity-specific and overlapping changes of
5hmC in AD brains.

Figure 1. Genome-wide hydroxymethylation profiling in AD brain tissues. (A)

Genome-wide hydroxymethylation profiling in AD brain tissues. The horizontal

axis represents the human chromosomes, and the vertical axis indicates the

levels of 5hmC enrichment. (B) Genomic distribution of DhMRs. Histogram of the

log fold change from expected versus genomic locations. The height of the bar

indicates the percentage of DhMRs located in the corresponding regions. TSS,

transcription start site; TES, transcription end site; UTR, untranslated region; CGI,

CpG island.

Results
Identification of differential methylated and
hydroxymethylated regions in the brains of a cohort of
Chinese Alzheimer’s disease patients

We employed hMe-Seal to profile the genome-wide distribution
of 5hmC, and MeDIP-seq to profile the distribution of 5mC. In
doing so, we identified DMRs/differentially hydroxymethylated
regions (DhMRs) from five AD vs five control samples in
the Chinese cohorts. Using an FDR of < 0.2, a total of 16 165
DhMRs were detected that were then annotated to 8149 genes
(Fig. 1A and Supplementary Material, Table S1). Under FDR
0.1 and 0.05, there are 8404 and 4464 DhMRs, respectively.
A threshold of 0.2 is preferred over 0.1 and 0.05 to include
more top ranked genes while controlling for multiple testing
issues when the sample size is relatively small. A threshold
of 0.2 has been used in previous studies for similar reasons
(16–19). Therefore, we continued with 16 165 DhMRs in our
analyses. The genome-wide distribution of these bins with
differential 5hmC signals are shown in Fig. 1A. Among these
regions, 6600 DhMRs display hyper-hydroxymethylation in
AD, while 9565 showed hypo-hydroxymethylation in AD;
however, we did not identify any DMRs (FDR < 0.2). Although
earlier works have identified DMRs in AD postmortem brain
samples (7,8), the methylation arrays used in those stud-
ies were not able to distinguish 5hmC from 5mC (20,21).
Thus, it is unclear whether the previously detected methy-
lation differences resulted from 5hmC or 5mC changes (6–8).
Our 5mC- and 5hmC-specific analyses suggest that 5hmC, rather
than 5mC, is significantly altered in AD postmortem brain
tissues. Based on the lack of DMRs, we focused our analyses
on DhMRs.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz273#supplementary-data
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Figure 2. Specific biological pathways enriched among DhMRs. (A) GO analysis of DhMRs. (B) MSigDB pathway analysis of DhMRs. Significant GO categories and MSigDB

pathway were identified by subjecting regions of DhMRs to GREAT (Genomic Regions Enrichment of Annotations Tool). Blue and red bars represent −log10 (binomial

P value).

To better account for covariates including age, gender and
postmortem interval in the differential analysis, we used DESeq2
to re-analyze the data. The significant regions identified by
DSS are similar to DhMRs identified by DESeq2 adjusting for
patient age, gender and postmortem interval. Around 90% of
regions overlapped between the two results. For overlapping
regions with Caucasian AD studies, more than 95% of regions
are overlapped (Supplementary Material, Table S5). As the two
results are almost identical, we focused on the regions identified
from DSS for the following analysis.

We next characterized the DhMRs and evaluated the enrich-
ment or depletion of their overlapped lengths with selective
genomic features in contrast to the expected overlapped lengths
in those corresponding regions. In general, in contrast to
expected regions, DhMRs are enriched on all intragenic regions
except introns, including 3′UTRs, 5′UTRs, exons, promoter
regions (enrichment P value <1e−22) and CpG Islands (CGI) in
500 bp (+/−). The TSS was the most significant enriched region
(P value < 2.2e−16, Fig. 1B).

Gene ontology and pathway analyses

To understand the potential biological roles underlying dynamic
5hmC changes in AD postmortem brains, we annotated the
DhMRs to hg19 human RefSeq genes and further subjected these
genes to gene ontology (GO) and MSigDB pathway analyses.
Interestingly, phagocytosis (FDR = 4.63e−38), ventral spinal cord
interneuron specification (FDR = 1.68e−25) and regulation of
cellular response to insulin stimulus (FDR = 1.33e−24) were
the most significantly enriched. The other enriched GO terms
include oligodendrocyte development, positive regulation of

apoptotic signaling pathway, positive regulation of gliogenesis
and DNA methylation (Fig. 2A).

The top MSigDB pathways involved were the Notch signaling
pathway (FDR = 4.09e−42), E-cadherin signaling in the nascent
adherens junction (FDR = 3.88e−34) (22), thromboxane A2
receptor signaling (FDR = 2.54e−32) (23), calcineurin-dependent
NFAT signaling (FDR = 4.03e−27) (24), signaling events mediated
by HDAC Class I (FDR = 5.46e−23) (25), mTOR signaling pathway
(FDR = 8.73e−22) (26), LKB1 signaling events (FDR = 3.79e−21) (27)
and the VEGF signaling pathway (FDR = 6.61e−20) (28), which
have all been shown to be involved in AD pathogenesis, such
as Tau phosphorylation, excitotoxicity and Aβ synaptotoxicity
(29,30). Further, other enriched MSigDB pathways, such as genes
involved in G alpha (12/13) signaling events (FDR = 3.43e−34),
NRAGE signals (FDR = 3.90e−29), Map kinase inactivation of
SMRT Corepressor (FDR = 2.71e−21), BCR signaling pathway
(FDR = 6.20e-12) and KIT signaling (FDR = 9.62e−11) were
observed (Fig. 2B). However, their potential contribution to AD
pathogenesis will need further study.

Unique and shared DhMRs in the postmortem brain
tissues from Caucasian and Chinese AD patients

Previous work has assessed the methylation state in AD
postmortem brain tissues of Caucasians, finding that the level
of methylation at 71 loci was associated with the burden of
AD pathology using Illumina Human Methylation 450, an array
based on the bisulfite conversion method (6). To determine
the impact of ethnicity on the epigenetic alterations in AD
postmortem brain tissues, we first re-examined the 5hmC
level at these 71 loci in Chinese samples. Interestingly, we

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz273#supplementary-data
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Table 1. Previously identified differentially ‘methylated’ loci overlap with DhMRs in this study

Chr (DhMR) Start (DhMR) End (DhMR) CpGa Chr (71CpG)∗ Position (71CpG)a Gene

chr12 121890001 121900000 12 121890864 cg11724984 RNF34, KDM2B
chr10 73520001 73530000 10 73521631 cg23968456 CDH23, C10orf105, C10orf54
chr1 43470001 43480000 1 43473840 cg15821544 SLC2A1, FLJ32224, U6
chr17 74470001 74480000 17 74475294 cg13076843 UBE2O, AANAT, RHBDF2,

AX747521, CYGB, PRCD
chr7 4780001 4790000 7 4786943 cg25594100 FOXK1, KIAA0415, MIR4656, RADIL
chr21 47850001 47860000 21 47855916 cg00621289 PCNT, DIP2A
chr17 1630001 1640000 17 1637391 cg19803550 PRPF8, TLCD2, MIR22HG, AF070569,

MIR22, WDR81, SERPINF2,
SERPINF1, SMYD4

chr16 89590001 89600000 16 89598950 cg03169557 ANKRD11, SPG7, SNORD68, RPL13,
CPNE7

chr8 41510001 41520000 8 41519308 cg05066959 AGPAT6, NKX6-3, MIR486,
JA429246, ANK1

chr17 74470001 74480000 17 74475270 cg05810363 UBE2O, AANAT, RHBDF2,
AX747521, CYGB, PRCD

chr17 80190001 80200000 17 80195180 cg07012687 CCDC57, SLC16A3, CSNK1D
chr8 41510001 41520000 8 41519399 cg11823178 AGPAT6, NKX6-3, MIR486,

JA429246, ANK1
chr17 74470001 74480000 17 74475355 cg12163800 UBE2O, AANAT, RHBDF2,

AX747521, CYGB, PRCD
chr17 1370001 1380000 17 1373605 cg05417607 CRK, MYO1C, INPP5K,

LOC100306951, PITPNA
chr19 44270001 44280000 19 44278628 cg22904711 SMG9, KCNN4, LYPD5, AK131520
chr2 45170001 45180000 2 45178 474 cg18556455 SIX3
chr10 105 420 001 105 430 000 10 105 420 501 cg19007269 SH3PXD2A, Y_RNA
chr1 55 240 001 55 250 000 1 55 247 356 cg15645660 HEATR8-TTC4, TTC4, PARS2,

TTC22, C1orf177
chr2 127 800 001 127 810 000 2 127 800 646 cg22883290 BIN1
chr13 113 630 001 113 640 000 13 113 635 690 cg09448088 BC035340, MCF2L-AS1, MCF2L
chr19 1 070 001 1 080 000 19 1 071 176 cg02308560 CNN2, ABCA7, HMHA1, POLR2E,

GPX4, SBNO2
chr7 4 780 001 4 790 000 7 4 786 899 cg07180538 FOXK1, KIAA0415, MIR4656, RADIL
chr13 50 700 001 50 710 000 13 50 700 845 cg20733077 DLEU2, DLEU1, ST13P4
chr19 49 960 001 49 970 000 19 49 962 324 cg20618448 CCDC155, PTH2, LOC100507003,

SLC17A7, BC128433, PIH1D1,
ALDH16A1,FLT3LG,RPL13A,
SNORD32A,SNORD33,SNORD34,
SNORD35A,RPS11,SNORD35B,
MIR150

chr7 65 740 001 65 750 000 7 65 746 852 cg03193328 -
chr13 113 630 001 113 640 000 13 113 634 042 cg07883124 BC035340, MCF2L-AS1, MCF2L
chr8 126 450 001 126 460 000 8 126 458 568 cg10920329 TRIB1, AK022787
chr15 77 320 001 77 330 000 15 77 324 526 cg11652496 PSTPIP1, TSPAN3
chr10 134 030 001 134 040 000 10 134 038 395 cg25917732 JAKMIP3, AL137551, DPYSL4,

STK32C
chr8 41 510 001 41 520 000 8 41 514 039 cg16140558 AGPAT6, NKX6-3, MIR486,

JA429246, ANK1
chr20 39 310 001 39 320 000 20 39 314 091 cg13579486 MAFB
chr17 7 010 001 7 020 000 17 7 017 474 cg18659586 CLEC10A, ASGR2
chr21 45 620 001 45 630 000 21 45 626 491 cg15348679 ICOSLG, DNMT3L
chr3 72 620 001 72 630 000 3 72 621 000 cg16459281 -
chr17 7 900 001 7 910 000 17 7 906 847 cg04157161 GUCY2D, ALOX15B
chr2 45 170 001 45 180 000 2 45 175 881 cg22385702 SIX3
chr5 16 880 001 16 890 000 5 16 886 424 cg06742628 MYO10

aDe Jager et al. 2014.

observed 37 DhMRs significantly overlapped these loci (P value
< 2.2e−16) (Table 1). However, the methylation array based on
bisulfite conversion could not distinguish 5mC from 5hmC.
The significant overlap that we observed here indicates that
many of the previously identified differentially ‘methylated’

loci could be the result of 5hmC differences instead of 5mC
changes.

To examine this further, we compared the 5hmC alterations
between Chinese and Caucasian AD brains (5). Among the
16 165 DhMRs that we observed here, we identified 6500 DhMRs
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Figure 3. Characteristics of HIF motifs enriched among DhMRs. (A) HIF motif residing in the DhMR in AD (orange) and controls (blue), respectively. The upper half of A

shows HIF-1α motif and lower half shows HIF-2α motif. (B) HIF-1α and HIF-2α binding motifs are enriched at DhMRs. The outer circle shows the human chromosomes.

The inner three circles represent HIF-1α (green) and HIF-2α (orange) binding motif enrichment. The height of the histogram indicates the level of the log-odds score.

that overlap with the previously identified Caucasian DhMRs
(among them, 4974 DhMRs displayed the same trends in
changes between Chinese and Caucasian cohorts) which left
9665 DhMRs as Chinese-specific DhMRs. We then performed
the GO and pathway analyses of these shared and Chinese-
specific DhMRs. Using MSigDB pathway analysis of shared
DhMRs, the top enriched pathways were E-cadherin signaling
in the nascent adherens junction (FDR = 2.01e−19), genes
involved in signaling by PDGF (FDR = 2.91e−19), regulation
of RhoA activity (FDR = 1.84e−15), genes involved in signal-
ing by Notch (FDR = 5.58e−15), genes involved in G alpha
(12/13) signaling events (FDR = 1.95e−14) and genes involved
in NCAM signaling for neurite out-growth (FDR = 5.42e−14)
(Supplementary Material, Fig. S1B). Significant GO categories of
shared DhMRs include phagocytosis (FDR = 1.90e−18), positive
regulation of establishment of protein localization to the plasma
membrane (FDR = 6.52e−16), spinal cord dorsal/ventral pat-
terning (FDR = 1.58e−14) and positive regulation of gliogenesis
(FDR = 1.73e−12) (Supplementary Material, Fig. S1A).

Among the Chinese-specific DhMRs, glucose and lipid
metabolism-related pathways were significantly enriched,
such as regulation of cellular response to insulin stimulus
(FDR = 1.73e−20), regulation of insulin receptor signaling
pathway (FDR = 3.39e−20), thromboxane A2 receptor signaling
(FDR = 7.08e−28), genes involved in DAG and IP3 signaling
(FDR = 6.5e−08), and the lissencephaly gene in neuronal
migration and development (FDR = 3.65e−05) (Supplementary
Material, Fig. S2A and B).

Selective transcription factor binding motifs are
enriched within DhMRs

We then employed motif search algorithms (31) to comprehen-
sively predict the potential transcription factor-binding sites

within the Chinese 16 165 DhMRs, as well as Chinese-specific
DhMRs and shared DhMRs. The top 10 binding motifs identified
in every group are listed in Supplementary Material, Table S3.
It is worth noting that among the top 10 binding motifs, the
binding motifs of HIF1α and HIF2α, critical transcription factors
responsible for gene regulation in response to normoxia and
hypoxia, are enriched (Fig. 3). Other enriched binding motifs
includes CLOCK, n-Myc, Max, bHLHE40, USF1, Arnt and Usf2.

Further analysis revealed that 699 of the potential HIF1α

binding sites (all overlapped or within 500 bp of the identified
DhMR) were located at the gene promoter region and anno-
tated to 367 genes. To further determine the impact of 5hmC
alterations on gene expression, we performed RNA-sequencing
using the same brain tissues and examined the expression of the
genes close to DhMRs. Interestingly, 78 out of these 367 genes
displayed altered gene expression at the cutoff of FDR < 0.2.
Also, 831 of the potential HIF2α binding sites (all overlapping
or within 500 bp of the identified DhMR) were located at the
gene promoter region and annotated to 383 genes. Among these
383 genes, 90 showed differential expression (FDR < 0.2). More-
over, 55 genes overlapped between the 78 HIF1α and 90 HIF2α

genes (Supplementary Material, Table S4). These results suggest
that altered DNA hydroxymethylation status could potentially
regulate the gene expression by altering the binding of transcrip-
tional factors (such as HIF) and their target genes, which may
contribute to the pathogenesis of ad.

Discussion
5hmC can be generated from 5mC being oxidized by Tet protein
(11,12). 5hmC can be further oxidized by Tet proteins to produce
5-formylcytosine and 5-carboxylcytosine, which are quickly
removed from the genome by thymine-DNA glycosylase (TDG)
to initiate base excision repair (BER) (32–34). 5hmC not only

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz273#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz273#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz273#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz273#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz273#supplementary-data
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acts as a transitory intermediate in DNA demethylation but
also has been reported to be stably enriched in the central
nervous system and bound by specific 5hmC-binding proteins
(35–37). Therefore, 5hmC is now recognized as an important
epigenetic mark and has been shown to play functional roles
in a number of neurological disorders (38). Previous studies
on DNA methylation of postmortem AD brain tissues have
mostly focused on 5mC, both epigenome-wide studies (6–8) and
gene specific studies (39–42), while 5hmC has been typically
overlooked. More importantly, previous studies found that
different ethnic backgrounds potentially modulate epigenetic
profiles (14,15). For example, Fraser et al. found population-
specific patterns of DNA methylation at over a third of all genes
when they measured DNA methylation near the TSS of over
14 000 genes in 180 cell lines derived from one African and one
European population (14). To better understand the role of DNA
methylation (both 5mC and 5hmC) in AD pathogenesis, in this
study we have generated the first methylation maps (both 5mC
and 5hmC) of the human frontal cortex of AD patients from
Chinese origin, which will provide valuable resources for future
population-specific studies.

Intriguingly, unlike previous reports, we did not detect any
loci with significant 5mC changes; however, we did identify
significant differential 5hmC signals. We identified 16 165
DhMRs in AD patients from Chinese origin. DhMRs were
primarily located in intragenic regions, including exons, UTRs
and promoter regions but not introns, which was consistent with
previous reports (5). GO and pathway analyses revealed multiple
pathways with altered 5hmC, such as the Notch signaling
pathway, HDAC CLASS I, mTOR signaling pathway and VEGF
signaling pathway, many of which were previously linked to AD
pathogenesis (26,43–45). If the change of 5hmC that we observed
was based on the altered activity of DNA demethylation path-
way, we should have observed the corresponding changes with
5mC. The lack of detectable 5mC changes in our analyses suggest
that 5hmC might function as an independent epigenetic marker,
rather than simply an intermediate of DNA demethylation, and
contribute to AD pathogenesis.

Furthermore, significant differences in 5hmC changes
between Chinese and Caucasian cohorts were observed: 9665
Chinese-specific DhMRs were identified. It is worth noting
that some glucose and lipid metabolism-related pathways were
significantly enriched among the Chinese-specific DhMRs, indi-
cating that altered DNA hydroxymethylation of genes involved
in glucose and lipid metabolism pathways could contribute to
the pathogenesis of AD in China. Our results demonstrate the
potential utility of Chinese-specific DNA methylation profiles,
further supporting the population-specificity of epigenetic
changes associated with AD.

HIF1α and HIF2α are two known critical regulators of the
transcriptional response to hypoxic stress. HIF1α, a hypoxically
inducible subunit of the HIF1 complex, is ubiquitously expressed
in human and mouse tissues and regulates the expression of
proteins involved in a myriad of processes, including angiogene-
sis, insulin growth factor signaling, iron metabolism, inflamma-
tion, erythropoiesis and apoptosis (46). Dysregulation of HIF1α

and HIF2α can lead to impaired glucose uptake and metabolism,
an invariable feature of AD brain (47,48). Consistent with this, we
observed enrichment of glucose metabolism genes among the
Chinese-specific DhMRs. Local hypoxia/ischemia augments the
pathogenesis of ad by increasing the amyloidogenic processing
of amyloid-β precursor protein (APP) in the brain, likely via
HIF-1α-dependent transcriptional regulation of the β-secretase
1 (BACE1) gene through its binding to the hypoxia-response ele-

ment in the BACE1 promoter and/or non-transcriptional activa-
tion of γ -secretases (49,50). These data taken together suggested
that the 5hmC alteration could not only impact the transcripts
associated with critical biological processes, but may also alter
critical transcription factor binding dynamics, such as HIF1α and
HIF2α, which could contribute to AD pathogenesis.

We acknowledge that our current analysis does not account
for cellular composition variations across different samples.
Although previous studies have reported potential impacts of
changes in proportions of different cell types on the detection
of differential signals from high-throughput data (9,51), in a sep-
arate analysis using DNA methylation 450K data generated from
the ROS/MAP cohort, we did not observe any significant impact
on detected signals with or without accounting for proportions
of different cell types. Thus, the cellular composition is unlikely
to alter the results significantly in this study.

In contrast with previous studies that used methods such as
bisulfite pyrosequencing (39,52–56) and Illumina HumanMethy-
lation450 beadset (6,7,9,10,40), the methods we have used are
able to distinguish 5hmC from 5mC (37,57). In addition, we gener-
ated a genome-wide profile of DNA hydroxymethylation, provid-
ing a more comprehensive understanding for AD pathogenesis
in contrast to single genes or only a subset of genes (39,53–
55,58–60). We have also performed this genome-wide profiling
of brain DNA methylation and DNA hydroxymethylation for the
first time in AD patients of Chinese origin, which is of great
significance. Nevertheless, we must acknowledge that there are
some limits to our work. Based on the culture and traditions
in China, organ donations after death are rare. Although we
were able to identify significant differential 5hmC signals in
this relatively small cohort, repetition in other larger groups
of patients is warranted to validate our findings. Additionally,
further functional studies are needed to better understand the
relationship between the pathogenesis of AD and the cell-type-
specific DNA hydroxymethylation changes.

In summary, we present the first genome-wide profiling of
DNA hydroxymethylation in the frontal cortex of AD patients
from China. Our analyses revealed Caucasian and Chinese-
specific DhMRs as well as the shared DhMRs, which indicate
a vital role of 5hmC in AD pathogenesis. Our results suggest that
common pathways and ethnicity-specific pathways could be
epigenetically mis-regulated and contribute to the pathogenesis
of AD.

Materials and Methods
Subjects and brain samples

Tissue samples from the frontal cortex of patients with late-
onset AD (LOAD) (n = 5) and neurologically normal controls
(n = 5) were obtained from the Human Brain Bank, Chi-
nese Academy of Medical Sciences & Peking Union Medical
College, following relevant regulations and legislation as
defined by China. All subjects were ethnic Han Chinese.
Characteristics of AD patients and controls are listed in
Supplementary Material, Table S1. Briefly, gender (% male, AD:
20% vs control: 40%), age at death (years, AD: 87.4 ± 7.9 vs control:
84.0 ± 3.5), postmortem interval (hours, AD: 4.6 ± 1.2 vs control:
5.7 ± 2.0) and years in storage (years, AD: 1.2 ± 0.4 vs control:
1.0 ± 0.4) were well matched (P value>0.05). Additional details
regarding these subjects are shown in Supplementary Material,
Table S2. Two controls suffered from diabetes, two controls had
cancer, and two controls had coronary heart disease, but all were
neurologically normal. Neuropathologic examination of every

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz273#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz273#supplementary-data
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subject was recorded, and patients were diagnosed according
to the National Institute on Aging/Alzheimer’s Association
(NIA/AA) criteria (61). A single trained specialist dissected all
samples, and the tissues used in this study were from the same
sub-region of the frontal cortex from each subject. Only grey
matter was included for this study. All of the AD patients had
no familial history and were screened for APP, PSEN1 and PSEN2
to confirm the absence of any known mutations of these genes.
The ethics committee of Central South University approved the
study. Written consent for brain donations were obtained from
all donors.

DNA and RNA isolation

Genomic DNA was extracted from ∼ 100 mg of each frontal
cortex using the standard phenol–chloroform extraction and
ethanol precipitation method (62). The TRIzol solubilization and
extraction method was used to isolate total RNA, as previously
described (63). Concentrations and purity of DNA and RNA were
evaluated with a NanoDrop spectrophotometer, and samples
were stored at −20◦C before further analysis.

DNA methylation/hydroxymethylation capture and
sequencing

We employed a previously established chemical labeling and
affinity purification method coupled with high-throughput
sequencing (hMe-Seal) to profile the genome-wide distribution
of 5hmC (37), and methylated DNA immunoprecipitation
(MeDIP) coupled with high-throughput sequencing (MeDIP-seq)
to profile 5mC (57). Briefly, genomic DNA was sonicated using
a Covaris Ultrasonicator, yielding an average size of sonicated
DNA fragments of ∼ 200 bp. Four micrograms of fragmented
DNA was used for the MeDIP/hMe-Seal assay. For the hMe-Seal
assay, the T4 bacteriophage β-glucosyltransferase was used to
transfer a chemically modified glucose, 6-N3-glucose, onto the
hydroxyl group of 5hmC. After attaching a biotin tag to the 6-
N3-glucose, the azide group was chemically modified for biotin
detection, then 5hmC-containing DNA fragments were high-
affinity captured for deep sequencing.

The captured DNA fragments containing 5hmC were used
for library preparation using NEBNext® ChIP-Seq Library Prep
Master Mix Set for Illumina (NEB, Cat# E6240L) per the man-
ufacturer’s instructions with some modifications, i.e. no size
selection and a 2.5-fold decrease in quantity of the final PCR
primers (Universal primer and Index primer) for PCR-based final
enrichment of the library.

For the MeDIP library preparation, we followed the proto-
col from Weber et al. with some modifications (64). Briefly, the
genomic DNA was sonicated to 200 bp before starting end repair,
dA tailing and adaptor ligation using the NEB kit NEBNext®

DNA Library Prep Reagent Set for Illumina® (Cat#E6000S/L). DNA
fragments with adaptors ligated were denatured at 98◦C for
10 min followed immediately by incubation on ice for at least
2 min.

The denatured ssDNA fragments were used for immuno-
precipitation without beads at 4◦C overnight (O/N) with anti-
5methylcytosine (5-mC) monoclonal antibody (Eurogentec,
Cat# BI-MECY-0100) and mouse normal IgG (Millipore Cat#
632136) as IgG negative control. The following day, 30 μl of
Dynabeads Protein G (Invitrogen, Cat# 10003D) were added to
each of the O/N IP reaction tubes for 2 h with rotation. After
IP with beads, six washes were conducted using 1× IP buffer
followed by three washes with 1× IP buffer supplemented with

750 mm NaCl. The extensively washed beads were digested
with proteinase K at 50◦C for 2 h and then extracted with
phenol:chloroform:isoamylalchohol = 25:24:1. The extracted
aqueous phase was precipitated with 10% volume of 3 M NaAc,
pH 5.2, 3 μl of glycogen at 5 mg/ml (Invitrogen, Cat# AM9510) and
three volumes of absolute ethanol. Finally, the recovered ssDNA
fragments were amplified using NEBNext Ultra II Q5 Master
Mix (NEB, Cat# M0544S). The input DNA samples were used for
library preparation in parallel with the captured DNA fragments
containing the 5hmC or 5mC.

RNA-seq

RNA-seq library preparation and RNA-sequencing libraries were
generated from 1000 ng of total RNA from triplicate samples
using the TruSeq LT RNA Library Preparation Kit v2 (Illumina)
following the manufacturer’s protocol. An Agilent 2100 Bio-
analyzer and DNA1000 kit (Agilent) were used to quantify
amplified cDNA and control for the quality of the libraries. A
qPCR-based KAPA library quantification kit (KAPA Biosystems)
was used to accurately quantify library concentration. Illumina
MiSeq and NextSeq 500 were used to perform 75-cycle paired-
end (PE) and single-read (SR) sequencing. Illumina HiSeq 2500
and NextSeq 500 were used to perform 100-cycle SR and 75-
cycle PE sequencing. Image processing and sequence extraction
occurred using the standard cloud-based Illumina pipeline in
BaseSpace.

Bioinformatic analyses

The raw fastq files generated from the high-throughput
sequencing were aligned to the human genome (hg19) using
Bowtie. Uniquely aligned reads with no more than 2 mismatches
in the first 25 bp were retained for downstream analyses (65).
Aligned reads ranged from 15 to 20 million in number. The whole
genome was cut into non-overlapping 10 kb bins. The genomic
features and nearby genes for all bins were annotated with
Homer (66). The mapped read counts in all bins were obtained
for each sample. Bin counts were normalized by total read
counts in each sample during data analysis. The DMR/DhMRs
detection was performed by comparing the normalized bin-
level read counts between AD and controls using DSS (67),
which models the count data by negative binomial distribution
and performs Wald tests for comparing two groups. After that,
we corrected for multiple testing using a permutation-based
method to calculate the empirical false discovery rate (FDR) for
all bins (68). The permutation-based method to evaluate P values
from high-throughput data analysis is widely used (69–74).
The traditional multiple testing correction method (such as
FDR) assumes that the P values follow a uniform distribution
from null hypotheses. The assumption is often not satisfied in
capture-sequencing data including ChIP-seq and hMe-Seal. This
is because the statistical tests from capture sequencing data are
often under-powered based on small sample sizes and/or low
sequencing depths. From this perspective, a permutation test
is a more appropriate procedure to correct for multiple testing
in capture-sequencing data. In each permutation, we randomly
shuffled the AD and control labels and repeated DSS on the
permutated dataset to attain the null test statistics. The FDR
can then be evaluated against the null distribution. All bins were
ranked based on the FDR in increasing order, and bins lower than
the FDR threshold (FDR < 0.2) were deemed DhMRs.

Gene Ontology (GO) and Molecular signature database
(MSigDB) pathway analysis were conducted by GREAT (Genomic
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Regions Enrichment of Annotations Tool, http://bejerano.
stanford.edu/great/public/html/ (75)). For the RNA-seq data,
we first obtained the gene counts by recording the number
of overlapped sequencing reads with gene locations. The raw
counts were used as inputs to DSS to perform differential
expression detections. We did not do extra data normalization
because DSS automatically perform normalization to account
for sequencing depth.

Statistical analysis
The DMRs/DhMRs detection was performed by comparing
binned read counts in genomics windows between AD and
unaffected control samples. The data are characterized by a
negative binomial model, which captures the over-dispersion
in the counts within the same group. Testing the significance
of overlaps was performed by Fisher’s exact test on 2 × 2
contingency table. The Bioconductor package annotatr (76) was
used for the genomic distribution analysis, and the binding motif
enrichment analysis was conducted using Homer (66). The R
programming language was used for all data analysis unless
otherwise mentioned.

Supplementary Material
Supplementary Material is available at HMG online.
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