Neuromol Med (2013) 15:95-101
DOI 10.1007/s12017-012-8198-6

ORIGINAL PAPER

DNA Methylation Signatures of Peripheral Leukocytes

in Schizophrenia

Makoto Kinoshita - Shusuke Numata + Atsushi Tajima - Shinji Shimodera -
Shinji Ono - Akira Imamura - Jun-ichi Iga - Shinya Watanabe - Kumiko Kikuchi -
Hiroko Kubo - Masahito Nakataki - Satsuki Sumitani - Issei Imoto *

Yuji Okazaki + Tetsuro Ohmori

Received: 18 June 2012/ Accepted: 24 August 2012 /Published online: 9 September 2012

© Springer Science+Business Media, LLC 2012

Abstract Schizophrenia (SCZ) is a complex psychiatric
disease with a lifetime morbidity rate of 0.5-1.0 %. To date,
aberrant DNA methylation in SCZ has been reported in
several studies. However, no comprehensive studies using
medication-free subjects with SCZ have been conducted. In
addition, most of these studies have been limited to the
analysis of the CpG sites in CpG islands (CGIs) in the gene
promoter regions, so little is known about the DNA meth-
ylation signatures across the whole genome in SCZ.
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Genome-wide DNA methylation profiling (485,764 CpG
sites) of peripheral leukocytes was conducted in the first set
of samples (24 medication-free patients with SCZ and 23
non-psychiatric controls) using Infinium HumanMethyla-
tion450 Beadchips. Second, a monozygotic twin study was
performed using three pairs of monozygotic twins that were
discordant for SCZ. Finally, the data from these two inde-
pendent cohorts were compared. A total of 234 differen-
tially methylated CpG sites that were common between
these two cohorts were identified. Of the 234 CpG sites, 153
sites (65.4 %) were located in the CGIs and in the regions
flanking CGlIs (CGI: 40.6 %; CGI shore: 13.3 %; CGI shelf:
11.5 %). Of the 95 differently methylated CpG sites in the
CGls, most of them were located in the promoter regions
(promoter: 75.8 %; gene body: 14.7 %; 3'-UTR: 2.1 %).
Aberrant DNA methylation in SCZ was identified at
numerous loci across the whole genome in peripheral leu-
kocytes using two independent sets of samples. These
findings support the notion that altered DNA methylation
could be involved in the pathophysiology of SCZ.
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Introduction

Schizophrenia (SCZ) is a mental disease characterized by
auditory hallucinations, delusional ideas, and cognitive
impairments. Its reported lifetime morbidity risk is 7.2 per
1,000 (Bhugra et al. 2005). SCZ is a complex disorder that
results from genetic and environmental etiological influ-
ences, and its heritability is estimated to exceed 80 % (Sul-
livan et al. 2003). Although candidate gene approaches,
genome-wide association studies, and copy number variant
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studies have been carried out for SCZ (Harrison and Wein-
berger 2005; International Schizophrenia Consortium 2008;
Purcell et al. 2009; Rees et al. 2011; Shi et al. 2009; Ste-
fansson et al. 2009), the effects of each individual genetic
factor are not large.

Epigenetics is defined as the study of mitotically or mei-
otically heritable variations in gene function that cannot be
explained by changes in DNA sequence (Petronis et al. 2000).
The 41-65 % concordance rate of SCZ in monozygotic
twins, non-Mendelian inheritance, the presence of sporadic
cases, sexual dimorphism, and parental origin effects suggest
that epigenetic components are involved in the etiology of
SCZ (Cardno and Gottesman 2000). DNA methylation,
which is the addition of a methyl group to the cytosine in a
CpG dinucleotide, is a major epigenetic mechanism, and
attention to its role in SCZ has recently increased. To date,
aberrant DNA methylation in SCZ has been reported in
several studies (Abdolmaleky et al. 2006; Carrard et al. 2011;
Chen et al. 2011; Dempster et al. 2011; Grayson et al. 2005;
Iwamoto et al. 2005; Melas et al. 2012; Mill et al. 2008;
Nohesara et al. 2011). Although antipsychotic drugs are
known to influence DNA methylation (Dong et al. 2008;
Melas et al. 2012; Mill et al. 2008; Shimabukuro et al. 2006;
Tremolizzo et al. 2005), no comprehensive studies using
medication-free subjects with SCZ have been conducted. In
addition, most of previous studies have been limited to the
analysis of the CpG sites in CpG islands (CGIs) in the gene
promoter regions, so little is known about the DNA methyl-
ation signatures across the whole genome in SCZ.

In this study, first, genome-wide DNA methylation pro-
filing (485,764 CpG dinucleotides) of peripheral leukocytes
both in the first set of samples (24 medication-free SCZ
patients and 23 non-psychiatric controls) and in the second
set of samples (3 pairs of monozygotic twins discordant for
SCZ) was conducted. Then, the data from these two inde-
pendent cohorts were compared, and common changes in
DNA methylation between the cohorts were detected.

Materials and Methods
Subjects

For the first set of samples, twenty-four medication-free
patients with SCZ (11 males and 13 females, mean age:
30.9 = 10.5 y) were recruited from Tokushima and Kochi
University Hospitals in Japan. The diagnosis of SCZ was
made by at least two experienced psychiatrists according to
DSM-IV criteria on the basis of extensive clinical inter-
views and a review of medical records. None of the
patients with SCZ had any psychiatric comorbidity. Among
the twenty-four patients, sixteen of patients had no history
of taking antipsychotics, and of the other eight patients,

@ Springer

seven had not taken any antipsychotics for at least
2 months. Twenty-three control subjects (10 males and 13
females, mean age: 31.9 & 9.7 year) were selected from
volunteers who were recruited from hospital staff, students,
and company employees documented to be free from
psychiatric problems, a past history of mental illness, and
medications. For the second set of samples, three pairs of
monozygotic twins discordant for SCZ were recruited from
Nagasaki University Hospital. All of the twins were males,
and their mean age was 52.7 & 10.4 year. These three
pairs of twins were also reported in a previous study (Ono
et al. 2010). All affected individuals among the twins were
treated with various psychotic drugs. Demographic data of
all samples analyzed in this study are presented in Sup-
plementary Table S1. All subjects who participated in this
study were of unrelated Japanese origin and signed written
informed consent approved by the institutional ethics
committees of the University of Tokushima Graduate
School, Kochi Medical School, and Nagasaki University
Graduate School of Biomedical Science to participate in
this study.

DNA Methylation Methods

Genomic DNA was extracted from peripheral blood using
the phenol-chloroform method. Bisulfite conversion of
500 ng genomic DNA was performed using the EZ DNA
methylation kit (Zymo Research). DNA methylation level
was assessed according to the manufacturer’s instructions
using Infinium® HumanMethylation450 Beadchips (Illu-
mina Inc.). The technical schemes, the accuracy, and the
high reproducibility of this array have been described in
previous papers (Bibikova et al. 2011; Dedeurwaerder et al.
2011; Sandoval et al. 2011). Quantitative measurements of
DNA methylation were determined for 485,764 CpG
dinucleotides, which covered 99 % of the RefSeq genes
and were distributed across the whole gene regions,
including promoter, gene body, and 3'-untranslated regions
(UTRs). They also covered 96 % of CGIs from the UCSC
database with additional coverage in CGI shores (0-2 kb
from CGI) and CGI shelves (2-4 kb from CGI). Detailed
information on the contents of the array is available in the
Infinium HumanMethylation450 User Guide and Human-
Methylation450 manifest (www.illumina.com) and in
recent papers (Bibikova et al. 2011; Sandoval et al. 2011).
DNA methylation data were analyzed with the methylation
analysis module within the BeadStudio software (Illumina
Inc.). DNA methylation status of the CpG sites was cal-
culated as the ratio of the signal from a methylated probe
relative to the sum of both methylated and unmethylated
probes. This value, known as f3, ranges from 0 (completely
unmethylated) to 1 (fully methylated). For intra-chip nor-
malization of probe intensities, colored balance and back


http://www.illumina.com

Neuromol Med (2013) 15:95-101

97

ground corrections in every set of twelve samples from the
same chip were performed using internal control probes. X
chromosome CpG sites in the CGIs in the AR gene in this
array as well as the internal control probes were checked to
validate the DNA methylation measurements, as done in a
previous study (Siegmund et al. 2007), and large sex dif-
ferences were observed at all of these CpG sites (Supple-
mentary Figure S1).

Statistical Methods

In the first set of samples, surrogate variable analysis (Leek
and Storey 2007) was used to identify CpG loci showing
significant differences in DNA methylation between medi-
cation-free patients with SCZ and the controls. This analysis
is useful in clinical studies, where a large number of clinical
variables, including known and unknown factors, have a
complicated joint impact on microarray data, as applied in
previous studies (Colantuoni et al. 201 1; Numataetal. 2012).
A false discovery rate (FDR) correction was applied at the
0.05 level for multiple testing. In the second set of samples, a
paired ¢ test was used to assess the significance of DNA
methylation differences between the affected and unaffected
twin subjects. P values < 0.05 and average DNA methyla-
tion differences between two groups >0.01 were considered
significant differential methylation.

Results

Diagnostic Differences in DNA Methylation Between
Medication-Free Patients With SCZ and Controls

DNA methylation levels were compared between 24
medication-free patients with SCZ and 23 control subjects
using Infinium® HumanMethylation450 BeadChips. Of

(A) (B)

485,764 CpG sites, significant diagnostic differences in
DNA methylation were observed at 10,747 CpG sites at
FDR 5 % correction. The top 100-ranking differentially
methylated CpG sites are shown in Supplementary Table
S2.

DNA Methylation Differences in Monozygotic Twins
Discordant for SCZ

Genome-wide DNA methylation profiling of three pairs of
monozygotic twins that were discordant for SCZ using the
same [llumina methylation arrays was also conducted. Of
485,764 CpG sites, significant diagnostic differences in
DNA methylation were observed at 15,872 CpG sites
(P < 0.05 and average Af > 0.01). The top 100 ranking
differentially methylated CpG sites are shown in Supple-
mentary Table S3. In addition, a list of the CpG sites that
showed a Af > 0.3 within each individual twin pair is
shown in Supplementary Table S4.

Common Changes in DNA Methylation in SCZ
Between the Two Independent Cohorts

The data from these two independent cohorts were com-
pared, and a total of 234 differentially methylated CpG
sites that were common between the cohorts were identi-
fied. Of these 234 CpG sites, 215 sites (92.4 %) demon-
strated higher DNA methylation in SCZ compared to
controls. When these 234 differentially methylated CpG
sites were classified into four categories (CGI, CGI shore,
CGI shelf, and others) according to the CpG content in the
genes, 153 sites (65.4 %) were located in the CGIs and in
the regions flanking CGIs (CGI shore and CGI shelf)
(Supplementary Table SS5). Although the proportions of
CpG sites in the CGIs and in the regions flanking CGlIs in
this array were respectively 31 and 33 %, fewer changes in
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Fig. 1 The percentage of the CpG sites associated with schizophrenia
(SCZ) between the two cohorts. a The percentage of the CpG sites
associated with SCZ according to their CpG contents in the genes. Of
the 234 CpG sites significantly associated with SCZ, 95 sites (40.6 %)
were located in the CGls, 31 sites (13.3 %) in CGI shores, and 27
sites (11.5 %) in CGI shelves. b The percentage of the CpG sites
associated with SCZ according to their location in the genes. Of the

234 CpG sites significantly associated with SCZ, 109 sites (46.6 %)
were located in the promoter regions, 64 sites (27.4 %) in gene
bodies, and 6 sites (2.6 %) in 3’-UTRs. ¢ The percentage of the CpG
sites in the CGIs associated with SCZ according to their location in
the genes. Of the 95 CpG sites significantly associated with SCZ, 72
sites (75.8 %) were located in the promoter regions, 14 sites (14.7 %)
in gene bodies, and 2 sites (2.1 %) in 3'-UTRs
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DNA methylation in SCZ in the regions flanking CGIs
were observed than in the CGIs. Ninety five sites (40.6 %)
were located in the CGlIs, 31 sites (13.3 %) in CGI shores,
and 27 sites (11.5 %) in CGI shelves (Fig. 1a). When these
234 differentially methylated CpG sites were classified into
four different categories (promoter region, gene body,
3/-UTR, and intergenic region) according to their location
in the genes, 109 sites (46.6 %) were located in the pro-
moter regions, 64 sites (27.4 %) in gene bodies, and 6 sites
(2.6 %) in 3'-UTRs (Fig. 1b). Of the 95 differentially
methylated CpG sites in the CGIs, most of them were
located in the promoter regions. Seventy two sites (75.8 %)
were located in the promoter regions, 14 sites (14.7 %) in
gene bodies, and 2 sites (2.1 %) in 3’-UTRs (Fig. 1c).
Examples include two differentially methylated CpG sites
in the CGIs in the promoter regions in the B3GAT2 and
HDAC4 genes, which have been implicated in SCZ (Kihler
et al. 2011; Kim et al. 2010) (Fig. 2).

Discussion

In this study, first, genome-wide DNA methylation profil-
ing of peripheral leukocytes was conducted in the first set
of samples (24 medication-free patients with SCZ and 23
non-psychiatric controls) using Infinium HumanMethyla-
tion450 Beadchips. To our knowledge, this study is the first
to use medication-free samples with SCZ for DNA meth-
ylation profiling. Second, a monozygotic twin study was
performed using three pairs of monozygotic twins that
were discordant for SCZ. Although DNA methylation is
associated with genotypic variants (Numata et al. 2012), a
twin study is a useful method for investigating DNA
methylation differences between disease phenotypes with-
out the influence of genetic discordance. In fact, this

B3GAT2
0.3 7

0.25
0.2
0.15
0.1

0.05

second set

first set

approach has been applied successfully to identify epige-
netic differences in complex diseases, such as autoimmune
disease, type-1 diabetes, psoriasis, and bipolar disorder
(Gervin et al. 2012; Javierre et al. 2010; Kuratomi et al.
2008; Rakyan et al. 2011). Finally, a total of 234 differ-
entially methylated CpG sites that were common between
the cohorts were identified.

The present study demonstrated that altered DNA
methylation in SCZ occurred at CpG sites not only in the
CGIs but also in CGI shores and CGI shelves. As shown in
Fig. 1, aberrant DNA methylation in SCZ was mostly
observed at CpG sites in the CGIs (40.6 %). Interestingly,
of the 95 differently methylated CpG sites in the CGlIs,
most of them were located in the promoter regions
(75.8 %). Among these 72 differentially methylated CpG
sites in the CGIs in the promoter regions, several genes,
such as B3GAT2, HDAC4, and DGKI, have been impli-
cated in SCZ (Kihler et al. 2011; Kim et al. 2010; Mosk-
vina et al. 2009). When we compared to previous
methylation studies using peripheral blood samples (Carr-
ard et al. 2011; Chen et al. 2011; Melas et al. 2012), we
could not replicate altered DNA methylation changes in
SCZ in the COMT, HTRIA, and MAOA genes. The lack of
replications between studies may be due to differences in
sample size, CpG sites examined, and the demographical
features of samples (age, sex, race, medications, clinical
subtypes, or illness severity). In particular, antipsychotic
drugs are well known to influence DNA methylation (Dong
et al. 2008; Melas et al. 2012; Mill et al. 2008; Shima-
bukuro et al. 2006; Tremolizzo et al. 2005). Irizarry et al.
demonstrated that altered DNA methylation in cancer
occurred in CGI shores rather than in the CGIs, and DNA
methylation changes in CGI shores were strongly related to
gene expression (Irizarry et al. 2009). In the present study,
15 differentially methylated CpG sites in the regions

HDAC4
0.12 A

0.1
0.08
0.06
0.04

0.02

0_

second set

first set

Fig. 2 DNA methylation signatures of two genes (B3GAT2 and
HDAC4). DNA methylation levels are shown on the y-axis. Patients
with SCZ are shown in blue, and the controls are shown in red. The
CpG sites of B3GAT2 (cgl9273746) and HDAC4 (cgl5142485)
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demonstrated significant differences in DNA methylation between
SCZ and controls both in the first set of samples (24 medication-free
SCZ patients and 23 controls) and in the second set of samples
(3 pairs of monozygotic twins discordant for SCZ)
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flanking CGIs in the promoter regions were identified, and
several genes, such as PCMI and INSIG2, have been
implicated in SCZ (Datta et al. 2010; Gurling et al. 2006;
Lett et al. 2011). However, we did not observe more var-
iable DNA methylation changes in SCZ in the regions
flanking CGIs than in the CGIs. This observation is con-
sistent with the findings of Deaton et al.’s report in the
immune system (Deaton et al. 2011).

The present study also demonstrated that altered DNA
methylation in SCZ occurred at CpG sites not only in the
promoter regions but also in gene bodies. The role of DNA
methylation in gene bodies is still unclear. Shann et al.
demonstrated the correlation between intragenic hypome-
thylation and gene silencing in cancer cell lines (Shann
et al. 2008), and Ball et al. demonstrated that gene body
DNA methylation in highly expressed genes is a consistent
phenomenon in human cells (Ball et al. 2009). Recently, it
became apparent that CGIs in gene bodies act as alternative
promoters (Illingworth et al. 2010; Maunakea et al. 2010)
and that tissue-specific or cell type-specific CGI methyla-
tion is prevalent in gene bodies (Deaton et al. 2011;
Maunakea et al. 2010). In the present study, 14 differen-
tially methylated CpG sites in the CGIs in the gene bodies
were identified. GFRA2 is one such gene of interest. The
GFRA?2 protein is a cell-surface receptor for GDNF and
neurturin, and GDNF is a neurotrophic factor of dopami-
nergic neurons. The variants in this gene have been asso-
ciated with tardive dyskinesia in patients with SCZ and
antipsychotic responses in SCZ (Lavedan et al. 2009;
Souza et al. 2010a, b).

There are several limitations to the present study. First,
the sample size was not large. Replication studies will be
needed in larger samples, including chronic patients with
SCZ who are taking psychotic drugs. Second, the analyzed
CpG sites were limited in number, although the 450 K
microarray is one of the most powerful and cost-effective
tools currently available for assessing methylation changes.
Third, we demonstrated DNA methylation signatures of
only peripheral leukocytes, not brain tissues. However,
DNA methylation changes in major psychosis in the brain
were also found in peripheral samples in particular genes
(Kaminsky et al. 2012; Kuratomi et al. 2008). Hyperme-
thylation of the RAII gene in SCZ in our study was also
observed in a previous comprehensive DNA methylation
study using post-mortem brain tissues (Mill et al. 2008).
Finally, it is not possible to differentiate methylation from
5-hydroxymethylation of cytosine, which also plays a
critical role in gene regulation (Bhutani et al. 2011).

In summary, aberrant DNA methylation in SCZ was
identified at numerous CpG sites across the whole genome
in peripheral leukocytes using two independent sets of
samples. Of the differently methylated CpG sites in the
CGls, most of them were located in the promoter regions.

These findings support the hypothesis that altered DNA
methylation could be involved in the pathophysiology of
SCZ.
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