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Comprehensive DNA methylation analysis
of peripheral blood cells derived from patients
with first-episode schizophrenia

Masaki Nishioka1,2, Miki Bundo1, Shinsuke Koike2, Ryu Takizawa2,3, Chihiro Kakiuchi2, Tsuyoshi Araki4,
Kiyoto Kasai2 and Kazuya Iwamoto1

Epidemiological studies have revealed that schizophrenia is highly heritable. However, genetic studies have not fully elucidated

its etiology. Accumulating evidence suggests that epigenetic alterations may provide an additional explanation of its

pathophysiology. We investigated the methylation profiles of DNA in peripheral blood cells from 18 patients with first-episode

schizophrenia (FESZ) and from 15 normal controls. Schizophrenia patients were confined to those at the stage of

first-episode psychosis. We analyzed the DNA methylation status of 27578 CpG sites by means of the Illumina Infinium

HumanMethylation27 BeadChip array. Differentially methylated CpG sites, which were particularly abundant within CpG islands,

were enriched in genes related to the nuclear lumen, to transcription factor binding, and to nucleotide binding. We also

observed differential methylation of the promoters of HTR1E and COMTD1, which are functionally related to genes found to

be differentially methylated in schizophrenia patients in previous studies. Our results indicate the site-specific epigenetic

alterations in patients with FESZ.
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INTRODUCTION

Schizophrenia is believed to be a genetic disease; its heritability is
estimated to be B50%.1 Genetic studies, including genome-wide
association studies, have identified candidate genes such as major
histocompatibility complex genes, ZNF804A, TCF4, NRGN and
MIR137.2–4 Although these genes may be relevant to the
pathophysiology of schizophrenia, low penetrance, low odds ratios
or low reproducibility is the limitation of these candidate genes.
Accumulating evidence suggests that epigenetic alterations, such as
DNA methylation and histone modifications, may provide an
additional explanation for the pathophysiology of schizophrenia,
because epigenetic profiles may reflect environmental risk factors
such as stress and poor nutrition.
In postmortem brains of patients with schizophrenia, DNA

methylation alterations in the promoters of GAD, RELN, COMT,
SOX10 and other genes have been reported.5–12 However,
hypermethylation of RELN and COMT was not validated by other
groups.13–15 Investigations of epigenetic alterations in peripheral
tissue samples obtained from schizophrenia patients have revealed
hypermethylation of HTR1A in leukocytes,16 hypomethylation of
HTR2A in saliva,17 hypomethylation of MB-COMT in saliva18 and

hypermethylation of S-COMT in leukocytes.19 Dempster et al.20

reported hypermethylation in the ST6GALNAC1 promoter in
peripheral blood cells derived from monozygotic twins discordant
for major psychosis.
In peripheral tissues, the epigenetic profile is considered to be

differed from those of brain cells. However, certain regions of the two
cell types may have some common epigenetic characteristics.20–23

Unlike brain samples, peripheral tissue samples can be obtained
with minimally invasive techniques, permitting the collection of larger
samples. Such samples might be useful for longitudinal studies,
possibly reflecting the course of the disease.
We hypothesized that epigenetic alterations vary with disease stage

and that the DNA of patients at the first-episode psychotic stage
should exhibit epigenetic alterations that are closely related to the
onset of psychotic symptoms. The inconsistency between previous
studies may be partly attributable to the difference of disease stages
between patients. We expect that consistent epigenetic alterations can
be found in patients by strictly confining the patients to those at a
specific disease stage. Therefore, we collected peripheral blood
samples from carefully selected patients with first-episode schizo-
phrenia (FESZ) and analyzed comprehensive DNA methylation status
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for comparison with the DNA methylation status of age-matched
healthy controls (CTs).

MATERIALS AND METHODS

Subjects
A total of 18 Japanese patients (11 males and 7 females) with FESZ were

recruited from the outpatient and inpatient unit of the University of Tokyo

Hospital. The mean age of the subjects was 22.8±4.5 (±s.d.). We also

recruited 15 Japanese age-matched healthy CTs (10 males and 5 females; mean

age 23.3±4.0). FESZ patients were defined according to the following criteria:

(1) patients who had experienced a first acute psychosis as defined by the

Structured Interview for Prodromal Symptoms24 and were diagnosed with

schizophrenia according to Diagnostic and Statistical Manual of Mental

Disorders fourth edition (DSM-IV) after 46 months of follow-up,

(2) patients who had received antipsychotic medication for o16 cumulative

weeks and (3) patients whose continuous psychotic symptoms had lasted for

o60 months. From the CT group, we excluded subjects with a history of

psychiatric disease or a family history of an axis I disorder in their first-degree

relatives. For both groups, we excluded subjects who had current or past

neurological illness, autism spectrum disorder, traumatic brain injury, a history

of electroconvulsive therapy or a history of substance abuse. We obtained

written informed consent from every subject after complete explanation of this

study. This study was conducted in accordance with the Declaration of

Helsinki and its Amendments, and was approved by Human Genome,

Gene Analysis Research Ethics Committee at the Faculty of Medicine,

University of Tokyo.

DNA extraction and sodium bisulfite conversion
Genomic DNA was extracted from the collected blood samples with a Wizard

Genomic DNA Purification Kit (Promega, Madison, WI, USA), according to

the manufacturer’s instructions. Sodium bisulfite conversion of genomic DNA

was performed with an EZ DNA Methylation Kit D500 (Zymo Research,

Irvine, CA, USA), according to the manufacturer’s instructions.

Illumina Infinium HumanMethylation27 BeadChip Kit
We obtained DNA methylation profiles from 33 DNA samples (18 FESZ

patients and 15 CTs) with an Infinium HumanMethylation27 BeadChip Kit

(Illumina, San Diego, CA, USA), according to the manufacturer’s protocol. A

total of 200ng of DNA was assayed after bisulfite conversion. The Infinium

platform assays 27 578 CpG sites covering 14 475 genes, most of which are

located around transcription start sites.25 Among the 27 578 CpG sites, 20 006

CpG sites (72.5%) are located inside CpG islands and 7572 CpG sites (27.5%)

are located outside CpG islands. The Infinium platform presents DNA

methylation status as a beta-value ranging from 0 (no methylation) to 1

(complete methylation). The beta-value is calculated by means of the following

equation:

betavalue¼methylatedintensity/ methylatedintensity þ unmethylatedintensity

� �

where methylatedintensity and unmethylatedintensity are the signal intensities of

methylated and unmethylated probes, respectively.

Data analysis
Principal component analysis was performed with CLC Genomics Workbench

4 (CLC Bio, Katrinebjerg, Denmark). Cluster analysis was performed by the

nearest-neighbor method with the amap program package26 implemented in

the R software environment (ver. 2.13.0; http://www.R-project.org/).

We analyzed the methylation data using Significance Analysis of Microarray

(SAM) software ver 3.11.27,28 A false discovery rate (FDR) for each probe (local

FDR) of o0.01 was considered statistically significant. For gender-specific

analysis, a local FDR of o0.05 was considered significant.

Gene ontology was analyzed with the Database for Annotation, Visualiza-

tion and Integrated Discovery Bioinformatics Resources ver. 6.7.29,30 Ontology

terms that contained410 genes and that had an expression analysis systematic

explorer score (a modified Fisher’s exact P-value) of o0.001 were considered

significant. For gender-specific analysis, terms that contained 43 genes and

that had an expression analysis systematic explorer score of o0.05 were

considered significant, owing to the limited sample size.

Using R, we calculated Pearson’s correlations between clinical indicators

(positive and negative syndrome scale (PANSS) score, global assessment of

functioning (GAF), duration of untreated psychosis (DUP), age at disease

onset or age at psychosis onset) and beta-values of the probes that showed

significant alterations. A correlation coefficient with an absolute value of 40.5

and with P-value of o0.05 was considered significant.

RESULTS

Quality control with principal component analysis
Principal component analysis revealed that the data from one FESZ
patient had significantly aberrant beta-values (Supplementary
Figure 1), possibly due to a complex ethnic background or to
experimental artifacts. We excluded this subject and performed
subsequent analyses with data from the 17 remaining FESZ patients
and the 15 CTs (Table 1). Subsequent principal component analysis of
these samples showed no clear separation between the two groups
(data not shown).

Unbiased cluster analysis
We then performed unbiased hierarchical cluster analysis by the
nearest-neighbor method. Cluster analysis did not clearly discriminate
between the FESZ and CT groups (Figure 1). Cluster analysis with
other algorithms also failed to discriminate between the two groups
(data not shown).

Global DNA methylation analysis
The average beta-value for all the CpG sites was significantly lower in
the FESZ patients than in the CTs (Dbeta-value¼ 0.005, P¼ 0.0005,
t-test). The average beta-value for CpG sites inside CpG islands was
also significantly lower in the FESZ patients than in the CTs (Dbeta-
value¼ 0.008, P¼ 2.08� 10–5, t-test). In contrast, the average beta-
value for CpG sites outside CpG islands was not statistically different
between the two groups (Table 2). Separate analyses of the male and
female subjects showed the same tendency (data not shown).

Differentially methylated CpG sites and genes in FESZ patients
SAM revealed that 603 CpG sites had significantly different DNA
methylation levels between the FESZ and CT groups (local

Table 1 Clinical data (average±s.d.) of the subjects

FESZ patients (N¼17) CTs (N¼15)

Male:female 10:7 10:5

Age at sample collection 22.8±4.5 23.3±4.0

Age at disease onset 21.0±5.0 NA

Age at psychosis onset 21.7±5.1 NA

Age at antipsychotics initiation 22.6±4.7 NA

DUP (weeks) 48.6±87.0 NA

Duration of treatment (weeks) 10.6±9.1 NA

GAF 40.4±13.4 NA

PANSS—positive 17.5±3.4 NA

PANSS—negative 21.8±8.0 NA

PANSS—general 36.5±8.9 NA

PANSS—total 75.8±18.4 NA

Abbreviations: DUP, duration of untreated psychosis; FESZ, first-episode schizophrenia;
GAF, global assessment of functioning; NA, not applicable; PANSS, positive and negative
syndrome scale.
Age at disease onset was defined as the age at which schizophrenic symptoms (including
negative symptoms such as social withdrawal) were first observed. Age at psychosis onset was
defined as the age at which psychotic symptoms such as auditory hallucination were first
observed.
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FDRo1%). Notably, all these top-ranked CpG sites showed
hypomethylation in the FESZ patients. As expected, cluster analysis
of the methylation levels of these 603 CpG sites successfully
discriminated between the FESZ patients and the CTs (Figure 2a).
Among the 603 CpG sites, 581 (96.4%) were located inside CpG
islands and 22 (3.6%) were located outside CpG islands. The
identified CpG sites were significantly enriched inside CpG islands,
compared with the overall CpG site distribution as determined by
means of the Illumina Infinium HumanMethylation27 platform

(Figure 2b, Po9.3� 10–35, w2- test), suggesting significant hypo-
methylation of CpG islands in the FESZ patients.
The 603 CpG sites covered 589 distinctive genes and were located

mainly in promoter regions (Supplementary Table 1). Fourteen pairs
of CpG sites covered the same genes. A top-ranked gene identified by
SAM was CLDN12, which encodes a component of tight junction
strands. The average beta-value difference between the FESZ and CT
groups was 0.026. The maximum beta-value difference between the
two groups was 0.084 at the CpG site (cg17607973) in BCDIN3. This
gene encodes a posttranslational protein modification enzyme and has
not been reported in previous molecular genetics studies of schizo-
phrenia. The interindividual beta-value differences for CLDN12 and
BCDIN3 are shown in Figure 2c. The beta-value differences for the
other genes discussed in this study are shown in Supplementary
Figure 2.
Gene ontology analysis of the 589 genes revealed that genes related

to the nuclear lumen, to nucleotide binding and to transcription
factor binding were significantly enriched (Table 3).
We also analyzed correlations between clinical indicators (PANSS

score (Total scale, Positive scale, Negative scale and General Psycho-
pathology scale), GAF, DUP, age at disease onset and age at psychosis
onset) and the beta-values of the 603 CpG sites (589 genes).
Significant correlations are listed in Supplementary Table 2. ANKS3,
which is related to the promising schizophrenia candidate gene
ANK3, was negatively correlated with total PANSS score and

FESZ

CT

Figure 1 Unbiased hierarchical cluster analysis of 32 subjects based on the

DNA methylation status of all probes. Cluster analysis did not discriminate
between FESZ patients (orange boxes) and CTs (green boxes).

Table 2 Comparison of beta-values (average±s.d.) in FESZ patients and CTs

Location relative to CpG islands CpG site count Proportion (%) Beta-value in FESZ patients Beta-value in CTs P-value (t-test)

All CpG sites 27578 100 0.351±0.003 0.356±0.003 4.54�10–4

Inside CpG islands 20006 72.5 0.271±0.186 0.279±0.184 2.08�10–5

Outside CpG islands 7 572 27.5 0.564±0.158 0.560±0.151 0.20

Abbreviations: CTs, controls; FESZ, first-episode schizophrenia.
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Figure 2 Differentially methylated CpG sites in FESZ patients. (a) Hierarchical cluster analysis of 603 SAM-identified CpG sites. Cluster analysis

discriminated between FESZ patients (orange boxes) and CTs (green boxes). The gradation from blue to pink indicates the gradation from low to high

standardized beta-values. (b) The 603 SAM-identified CpG sites were enriched inside CpG islands. The left panel shows the proportion of the 603 SAM-

identified CpG sites by their location relative to CpG islands. The right panel shows the proportion of all CpG sites in the Illumina Infinium

HumanMethylation27 BeadChip Kit by the location relative to CpG islands. CGI, CpG island. (c) Interindividual beta-value differences for CLDN12 and

BCDIN3. The y axis is the difference from the average beta-value.
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positively correlated with GAF. TRA2A was negatively correlated with
total PANSS score and positively correlated with age at disease onset,
both of which indicate the severity of schizophrenia. CLDN12, a top-
ranked differentially methylated gene as indicated by SAM, was
negatively correlated with DUP (Figure 3).

SAM analysis of male and female subjects
Given that male and female schizophrenia patients have different
clinical courses (for example, female schizophrenia patients have a
later onset and better treatment response31), we separately compared
the DNA methylation statuses of 21 male subjects (11 FESZ patients
and 10 CTs) and 12 female subjects (7 FESZ patients and 5 CTs). We
first performed cluster analysis for male and female subjects,
separately. However, neither analysis discriminated between the
FESZ patients and CTs (data not shown). We then performed SAM
analysis separately and found that 1352 genes (1429 CpG sites) in
males and 172 genes (173 CpG sites) in females had significantly
different DNA methylation statuses. Only 32 genes were found in
common (Supplementary Figure 3). Among these 32 genes, 27 genes
overlapped with the 589 genes identified in whole samples
(Supplementary Table 1). Note that the total number of overlapping
CpG sites was 23, covering 23 genes. The remaining nine genes were
covered by different CpG sites in male and female subjects.
Gene ontology analysis revealed that the genes related to transcrip-

tion and to the nuclear lumen were enriched in the common 32 genes
(Supplementary Table 3). In particular, the enrichment of nuclear-
lumen-related genes was concordant with the results of gene ontology
analysis of whole samples (Table 3). The gene ontology of 140 female-
specific genes revealed characteristic enrichment of mitochondrion-
related genes (P¼ 0.0004, FDR¼ 0.6%; Supplementary Table 4). The
results of gene ontology analysis of 1320 male-specific genes
resembled the results of gene ontology analysis of whole samples
(Table 3) (data not shown).

Comparison with previous studies
Previous studies of peripheral tissue samples indicated DNA methyla-
tion alterations on HTR1A,16 HTR2A17 and COMT18,19 in
schizophrenia patients. In our study, SAM identified HTR1E and
COMTD1 among the 589 genes (Supplementary Table 1), which are
functionally related to HTR1A, HTR2A and COMT. However, HTR2A

and COMT were not differentially methylated in SAM analysis, and
HTR1A was not covered in this assay.
Dempster et al.20 reported that monozygotic twins discordant for

psychosis show characteristic DNA methylation differences in
peripheral blood samples. These investigators also used the Infinium
HumanMethylation27 BeadChip Kit that we used in this study.
Among the 100 top-ranked schizophrenia-associated genes in the
study of Dempster et al.20 and the 589 genes we identified, there was
one common gene, ADAMTS3. Both studies showed hypomethylation
of ADAMTS3 (Supplementary Figure 2). Cluster analysis of 100
top-ranked schizophrenia-associated genes in the study of Dempster
et al.20 with the beta-values of our data did not discriminate between
the FESZ patients and the CTs (data not shown).

DISCUSSION

Although cluster analysis of the beta-values of all the CpG sites
did not discriminate between the FESZ patients and the CTs, we
identified global hypomethylation in the FESZ patients. This result is
consistent with previous results, indicating that peripheral leukocytes
are globally hypomethylated in schizophrenia patients,19,32 although
another research group reported no difference between schizophrenia
patients and CTs.33 Importantly, DNA methylation levels were
different between CpG sites inside and outside CpG islands in our
study. The observation that the CpG sites inside CpG islands showed
significant hypomethylation in FESZ patients implies that alterations
in DNA methylation have functional significance related to gene
regulation. We also identified site-specific DNA methylation changes
in the FESZ patients. Significantly, hypomethylated genes in FESZ
patients included genes related to the nuclear lumen, to nucleotide
binding and to transcription factor binding. Among these three
groups, genes related to the nuclear lumen showed altered
methylation status in both genders, suggesting the possibility of
uncharacterized deficits in the peripheral blood cells of FESZ patients.
In addition, HTR1E and COMTD1 were among the SAM-identified
genes. These two genes are functionally related to HTR1A,16 HTR2A17

and COMT,18,19 which are differentially methylated in the peripheral
tissues, according to previous reports. Our results did not seem to
overlap with the results of Dempster et al.,20 even though we used the
same platform. This lack of overlap may be partly attributable to
differences in the disease stages of the study subjects. However,

Table 3 Gene ontology analysis of 589 SAM-identified genes (Po0.001)

Category Term Gene count P-value

Cellular component Membrane-enclosed lumen 88 8.89�10–7

Cellular component Organelle lumen 86 1.44�10–6

Cellular component Nucleoplasm 51 1.92�10–6

Cellular component Intracellular organelle lumen 84 2.12�10–6

Cellular component Nuclear lumen 67 6.45�10–5

Biological process Protein targeting 18 2.31�10–4

Biological process Intracellular transport 37 2.82�10–4

Molecular function Nucleotide binding 93 4.27�10–4

Molecular function Transcription activator activity 26 4.94�10–4

Cellular component Nucleoplasm part 31 5.59�10–4

Cellular component Cytosol 59 5.92�10–4

Molecular function Transcription factor binding 30 6.10�10–4

Biological process Small GTPase mediated signal transduction 21 7.78�10–4

Biological process Mitochondrion organization 13 8.23�10–4

Abbreviation: SAM, Significance Analysis of Microarray.
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ADAMTS3, a disintegrin and metalloproteinase with thrombospondin
motifs 3, showed consistent hypomethylation both in the results of
Dempster et al. and our results. Although the functional significance
of ADAMTS3 remains unclear, a recent exome study identified de
novo mutation of this gene in a patient with sporadic schizophrenia.34

Our results also showed slight overlap with the study of Kinoshita
et al. using Infinium HumanMethylation450 BeadChip Kit
(Illumina).35 They mainly recruited first-onset schizophrenia
patients, who had similar profiles to the subjects in our study. Little
overlap between two previous results and our results may be due to
small sample size in these studies and the heterogeneity of
schizophrenia. Further studies with larger sample size and clinically
homogeneous subjects will be needed.
We also observed hypomethylation of SLC6A3, NEUROD2, NEU-

ROD4 and HDAC11 (Supplementary Figure 2). SLC6A3 encodes a
dopamine transporter and is reportedly related to mental disorders
including attention-deficit hyperactivity disorder and dependence on
alcohol or cocaine.36 NEUROD2 and NEUROD4 are crucial in
neuronal differentiation.37,38 HDAC11 encodes a histone deacetylase
and has an important role in epigenetic modifications. The
methylation levels of these interesting genes related to brain
function including HTR1E and COMTD1, as well as other
important genes, need validation and further investigation in detail.
In our study, the difference of beta-values between FESZ patients

and CTs was not large enough to conclude the physiological meaning
of methylation difference. The average Dbeta-value of 0.026 in 603
SAM-identified CpG sites may be regarded as relatively small, but
previous studies with the same platform reported Dbeta-values of 0.10

at most.20,39,40 In particular, Dempster et al.20 reported a Dbeta-value
of B0.05 with the same platform in peripheral blood cells from
schizophrenia patients. We did not examine the expression levels of
each investigated genes in relation to methylation differences, but
further examination will be needed to assess the physiological
meanings of these small differences.
We identified several genes whose beta-values were correlated with

clinical indicators. Previous studies reported that longer DUP is
associated with poorer prognosis and that early intervention is needed
for the FESZ patients to shorten DUP.41 The correlated genes with
DUP are potential biomarkers not only for prognosis but also for the
indication of early intervention, which are needed in clinical practice.
For example, the hypomethylation of CLDN12, which was correlated
with long DUP in our study, is the potential signal for early
intervention. The correlated genes with PANSS or GAF are also
potential biomarkers for the disease severity. For example, the
hypomethylation of ANKS3, which was correlated with high PANSS
score and low GAF, is the potential indicator of disease severity. These
correlations between hypomethylation and poor prognosis or disease
severity are consistent with our results that the methylation levels in
the FESZ patients were lower than those in CTs. In addition,
individual PANSS-correlated genes may explain the respective
components of schizophrenia etiology such as positive symptoms
and negative symptoms.
Note that only a small number of genes showed overlapping

methylation changes in both genders, suggesting that differential
epigenetic changes may reflect gender-specific pathophysiology.
In particular, female patients tended to have epigenetic alterations
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in mitochondrion-related genes, which should be validated in an
independent study of large sample sets.
The sample size in our study is relatively small, because we strictly

selected the patients according to the rigid criteria described in
Materials and methods and we excluded subjects with a family history
of an axis I mental disorder in their first-degree relatives from the
CTs, to preclude the influence of genetic factors as much as possible.
Therefore, studies with larger sample size are required to validate our
results. In addition, the effect of psychotropic drugs on the epigenome
cannot be ruled out, although our subjects had been medicated for
only a short time (10.6±9.1 weeks). Future studies are needed to
elucidate the effects of psychotropic drugs on epigenome.
In conclusion, our study indicated that peripheral blood samples

from FESZ patients showed specific epigenetic alterations. Our results
indicate that nuclear-lumen-related genes and other functionally
important genes including HTR1E, COMTD1 and SLC6A3 show
epigenetic alterations in FESZ patients.
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