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Given the difficulty of procuring human brain tissue, a key 
question in molecular psychiatry concerns the extent to 
which epigenetic signatures measured in more accessible 
tissues such as blood can serve as a surrogate marker for 
the brain. Here, we aimed (1) to investigate the blood-brain 
correspondence of DNA methylation using a within-subject 
design and (2) to identify changes in DNA methylation of 
brain-related biological pathways in schizophrenia.

We obtained paired blood and temporal lobe biopsy sam-
ples simultaneously from 12 epilepsy patients during neu-
rosurgical treatment. Using the Infinium 450K methylation 
array we calculated similarity of blood and brain DNA meth-
ylation for each individual separately. We applied our find-
ings by performing gene set enrichment analyses (GSEA) 
of peripheral blood DNA methylation data (Infinium 27K) 
of 111 schizophrenia patients and 122 healthy controls and 
included only Cytosine-phosphate-Guanine (CpG) sites that 
were significantly correlated across tissues.

Only 7.9% of CpG sites showed a statistically signifi-
cant, large correlation between blood and brain tissue, a 
proportion that although small was significantly greater 
than predicted by chance. GSEA analysis of schizophre-
nia data revealed altered methylation profiles in pathways 
related to precursor metabolites and signaling peptides.

Our findings indicate that most DNA methylation 
markers in peripheral blood do not reliably predict brain 
DNA methylation status. However, a subset of periph-
eral data may proxy methylation status of brain tissue. 
Restricting the analysis to these markers can identify 
meaningful epigenetic differences in schizophrenia and 
potentially other brain disorders.

Key words:  DNA methylation/cross-tissue/blood/brain/ 
correlation/schizophrenia

Introduction

Despite convincing evidence for strong heritability for 
psychiatric disorders,1 recently discovered genetic sus-
ceptibility loci explain only a small amount of the total 
variance.1–3 It has therefore been suggested that epigenetic 
processes might modulate gene expression.4

DNA methylation, one of the key epigenetic processes, 
involves the addition of a methyl group to the cytosine of 
a Cytosine-phosphate-Guanine (CpG) dinucleotide and 
can result in transcriptional silencing.5 DNA methylation 
has been suggested as the underlying mechanism of cru-
cial developmental processes such as tissue and cellular 
differentiation. DNA methylation itself  is thought to be 
affected by a wide range of environmental factors includ-
ing nutritional supplements, chemicals, and parenting 
behavior.6–9

Recently, groundbreaking studies have shown an 
association between parenting behavior (eg, licking and 
grooming in rodents) and DNA methylation alterations 
in genes, related to hypothalamic-pituitary-adrenal axis 
activity, underlining the importance of epigenetic mecha-
nisms in (ab)normal development.9–11 Specifically, this 
discovery spurred the interest of clinician-scientists to 
focus on differences in DNA methylation related to severe 
psychiatric disorders such as schizophrenia, eg, in candi-
date genes12–14 and using methylome-wide approaches.15,16 
In all of these studies methylation levels were measured in 
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easily accessible peripheral blood samples. For example, 
studying 27 000 markers in peripheral blood of 22 pairs 
of monozygotic twins discordant for major psychosis, 
Dempster et al15 reported altered pathways related to ner-
vous systems development and neurotransmitter receptor 
signaling. Using a much larger sample of over 700 schizo-
phrenia patients and controls, Aberg et al16 used methyl-
CpG binding domain sequencing methods and identified 
differentially methylated markers linked to hypoxia and 
infections.

Very few researchers have had the opportunity to inves-
tigate DNA methylation in postmortem brain samples of 
schizophrenia patients. Focusing on candidate genes such 
as RELN17,18 or MB-COMT19 or applying epigenome-
wide approaches,20 these studies showed marked methyla-
tion differences between patients and controls.

Studies using blood samples are more feasible but 
limited because they only allow for indirect conclusions 
about the associated biological processes in living brain 
tissue, where epigenetic changes might be of greater 
relevance with respect to psychiatric disorders.4 Hence, 
there is a need for studies investigating, how and to what 
degree methylation patterns obtained from easily acces-
sible blood samples relate to those in living brain tissue.

Several studies analyzed the correlation of DNA meth-
ylation patterns across different tissue types—including 
blood and (postmortem) brain tissue.21–23 Using whole-
blood and postmortem brain tissue methylation data sets 
and a between-subject analysis approach, Horvath et al21 
found correlations of around r = 0.9 across the 2 tissues 
types, while Davies et al23 reported a slightly lower cor-
respondence of mean blood and brain methylation levels 
using a very similar study design.

Despite these very valuable results, limitations of these 
studies include the study design and the fact that brain 
tissue was obtained postmortem. First, there is evidence 
that pre-, peri-, and postmortem factors such as pH, 
postmortem interval, and preservation methods might 
have profound effects on DNA methylation (for a review 
see Pidsley et al24), which can bias study results based on 
postmortem tissue. Second, comparing methylation levels 
across tissues, which were obtained from different indi-
viduals and/or using mean methylation values averaged 
across subjects ignores inter-individual variability. It is 
well possible that—although group-average methylation 
values show a high level of correlation between blood 
and brain tissue (BBT)—the correlation within a given 
subject is weak (see also SM-figure 1). If  our goal is to 
study inter-individual differences in DNA-methylation 
related to brain-based disorders such as schizophrenia 
using blood samples as a proxy—data on similarity of 
DNA-methylation between BBT based on between-sub-
ject designs can be misleading (see also SM-figure 2). To 
date, there are only 2 published reports applying a within-
subject design (ie, analyzing paired data from the same 
subjects) to study blood-brain tissue correlations in DNA 

methylation in humans. The first study25 focused on a sin-
gle gene (prodynorphine) while the second one23 included 
only 2 participants.

The current study had 2 major aims. First, we wanted 
to explore how DNA methylation signatures in whole 
blood relate to those in brain tissue of  the same indi-
vidual. Our approach represents the first study to (1) 
use living brain tissue obtained during neurosurgery, 
(2) apply a within-subject design in such an analysis 
and (3) use a large set of  methylation markers, includ-
ing over 450 000 CpG sites. The second aim was to 
utilize the results from the first part of  our study to 
explore brain-relevant DNA methylation differences 
in schizophrenia using epigenome-wide data obtained 
in blood samples and gene set enrichment analysis 
(GSEA). Compared with an epigenome-wide asso-
ciation approach (which tests each individual marker 
independently), GSEA has the added advantage 
that results are more reproducible allowing to detect 
affected pathways even when changes in individual 
genes are moderate or raw data are noisy.26

Method

Aim 1

Blood-Brain Tissue (BBT) Sample.   Human neocor-
tical tissue samples and blood probes were obtained 
during neurosurgical treatment of 12 patients with 
pharmacoresistant temporal lobe epilepsy (mean 
age  =  40.92+/−15.38  years; 4 female; SM-table  1). We 
only included patients with cortical dysplasia, which is 
associated with less severe histopathological changes of 
the brain tissue. In contrast, the more common Ammon’s 
horn sclerosis (hippocampal sclerosis) includes segmen-
tal loss of pyramidal neurons, granule cell dispersion, 
and reactive gliosis.27 Sections from the temporal lobe 
were snap-frozen immediately, dissected using a cryomi-
crotome, histopathologically classified by a trained neu-
ropathologist and stored at −80°C. Blood probes were 
obtained at the same time and stored together with the 
brain samples.

Participants were excluded, if  they had neurological 
conditions other than temporal lobe epilepsy, a family 
history of epilepsy, current substance abuse or depen-
dence, a severe endocrine disorder or an abnormal body 
mass (<18 or >30), a severe metabolic disorder or incom-
plete medical records. The institutional review board 
approved the study and all participants provided written 
informed consent.

BBT DNA methylation quality control and preprocessing. 
Genome-wide DNA methylation of DNA from whole 
BBT samples was assessed with the Illumina Human 
Methylation 450 Bead Chip (Illumina Inc, CA, US). No 
background correction or normalization was performed 
at this stage. Quality control and further analysis was 

http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv074/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv074/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv074/-/DC1


408

E. Walton et al

performed in the statistical programming environment 
R (version 2.15.2) using various Bioconductor packages 
(v.2.18.0) including lumi (2.10.0), methylumi (2.4.0), and 
wateRmelon (0.99.14).28

Prior to the calculation of  the methylation status 
of  each individual probe several preprocessing and 
quality control steps were performed (see SM 1.2). 
Subsequently, we performed a quantile color bias 
adjustment of  the red and green fluorescence channel 
intensities. After this, intensities were normalized using 
the Danet function in wateRmelon. We then removed 
all single nucleotide polymorphism and other non-
CpG-associated probes (N = 3 145) and 29 043 probes, 
which have been shown to be nonspecific on this chip.29 
Last, we removed all CpG sites on the X or Y chromo-
some (N = 10 291), leaving a total of  440 518 autosomal 
CpG sites, which were transformed into beta values for 

subsequent analyses. For an overview of  probe selection 
during preprocessing see also figure 1A. For additional 
details regarding data acquisition and preprocessing 
please see SM 1.2.

Statistical Analyses: BBT.  To assess associations 
between BBT in a within-subject design, we calculated 
Spearman correlation coefficients and P values for 
each CpG by correlating paired (ie, same subject) blood 
and brain data points (see SM-Figure  1, approach B). 
Correlations were derived using the pspearman package 
in R, which computes Spearman’s rank tests with a pre-
computed exact null distribution for N ≤ 22. Furthermore, 
we created subsets containing only variable CpG sites 
(defined as those with a SD greater than the maximum 
of the SD density curve) or CpG sites for which there 
is evidence that the associated genes are expressed in the 

Fig. 1.  (A) Probe selection during preprocessing. (B) Percentage of  all CpG sites passing quality control being variable (bottom 
right), correlated between blood and brain tissue (bottom left), or brain-associated (top). 4.5% of  all CpG sites were neither variable 
nor correlated nor brain-associated. (C) Percentage of  variable, brain-associated CpG sites, which pass a given Spearman correlation 
threshold. The vertical line marks the cut-off  for significant correlations at P < .05. (D) Characteristics of  variable, brain-associated 
CpG sites (in percent). Due to multiple gene location entries for some CpG sites in the Illumina annotation file, total percentage 
exceeds 100%.
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http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv074/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv074/-/DC1


409

Cross-Tissue Correspondence of DNA Methylation

human brain (based on results from the Allen Human 
Brain Atlas, http://www.brain-map.org/). For detailed 
information see SM 1.3 and SM 1.4.

Because our BBT sample size was moderate making it 
susceptible to outliers, we used multi-dimensional scaling 
analysis in R to assess whether the DNA methylation pat-
terns in our BBT dataset were comparable with a much 
larger dataset of whole blood and brain samples from 
the superior temporal gyrus. To confirm that the percent-
age of correlated probes was well above what would have 
been expected by chance, we carried out a permutation 
analysis by estimating the proportion distribution of sig-
nificantly correlated CpG sites under the null hypothesis. 
For more information see below, SM 2.1 and SM 2.2.

Aim 2

MCIC Study of Schizophrenia.  Cryo-conserved blood 
samples from participants of the Mind Clinical Imaging 
Consortium (MCIC) study of schizophrenia from 4 par-
ticipating sites were used to determine DNA methyla-
tion. Patients had a Diagnostic and Statistical Manual of 
Mental Disorders (DSM-IV) diagnosis of schizophrenia 
(N = 103), schizophreniform disorder (N = 4) or schizoaf-
fective disorder (N  =  3), established using a Structured 
Clinical Interview for DSM disorders30 and a review of 
case files by trained clinicians. Severity of positive and neg-
ative symptoms was rated using the Scales for Assessment 
of Positive/Negative Symptoms.31,32 Depression symp-
toms were assessed using the Calgary Depression Scale.33 
Healthy controls were excluded if  they had a history of 
a medical or Axis I psychiatric diagnosis. Patients were 
excluded if  they met criteria for current (within the past 
month) substance abuse or dependence. All subjects gave 
written informed consent prior to study enrolment. The 
human subjects research committees at each of the 4 sites 
approved the study protocol. For additional details about 
the participants and clinical measures, see references.34

MCIC DNA Methylation Quality Control and 
Preprocessing.  Blood samples were obtained from 
234 participants and sent to the Harvard Partners 
Center for Genetics and Genomics for DNA extrac-
tion. All DNA extraction, bisulphite modification, and 
hybridization steps were done blinded to group assign-
ment, the latter 2 were performed at the Mind Research 
Network Neurogenetics Core Lab on an Infinium 
HumanMethylation27 BeadChip using Illumina Infinium 
Methylation Assay. For more information on MCIC 
DNA methylation preprocessing, see SM 1.5. The final 
methylation data set comprised 228 subjects (110 schizo-
phrenia patients and 118 healthy controls) and 27 480 
CpG sites.

Statistical Analyses: MCIC.  In order to perform 
GSEA with the goal to identify brain-related biological 

pathways with altered methylation profiles associated 
with schizophrenia, we pruned the MCIC dataset for 
variable, brain-associated and highly correlated CpG sites 
only (see above and results section). After this step 1 218 
CpG sites remained in the analysis. Based on the 1 454 
gene ontology (GO) targets gene sets downloaded from 
the Molecular Signatures Database (http://www.broadin-
stitute.org/gsea/msigdb/) containing genes based on the 
controlled vocabulary of the GO project,35 we performed 
GSEA using 457 gene sets left in the analysis after filter-
ing for gene set size (min = 5, max = 500) using GSEA 
software.26 GSEA holds the advantage that pathways can 
be reliably detected even when effect sizes of individual 
CpG sites are small or signal-to-noise ratio is low, which 
is of importance especially for polygenic disorders such 
as schizophrenia. For further details about GSEA meth-
ods, please see SM 2.6 and Subramanian et al.26

Results

Aim 1

BBT Probe Characteristics.  As illustrated in figure 1B, 
74.5% of all CpG sites passing quality control were vari-
able. For 72.3% of CpG sites, there was evidence that 
the associated gene is expressed in the human brain. To 
ensure biological relevance, the following analyses were 
restricted to variable CpG sites associated with genes, 
for which there is evidence of brain-expression (227 428, 
ie, 51.6% of all CpG sites, which passed quality control, 
figure 1B).

DNA methylation signatures of BBT in our study were 
similar to those of whole blood and superior temporal 
gyrus brain tissue (obtained in 2 different samples) of a 
much larger publicly available dataset of healthy controls 
(GSE43414; SM-figure 5), suggesting that our results can 
be generalized (ie, they were not influenced by sample 
specifics of this study).

Correlation of DNA methylation between BBT.  Figure 1C 
shows the percentage of CpG sites passing a given corre-
lation threshold. Only 7.9% of a total of 227 428 variable, 
brain-associated CpG sites showed a significant cor-
relation (P < .05, corresponding to rho ≥ 0.59) between 
BBT. In other words, 4.1% of all CpG sites were variable, 
brain-associated and significantly correlated (figure 1B). 
In terms of effects size, 39.2% and 14.0% of all variable, 
brain-associated CpG sites showed moderate (rho ≥ 0.3) 
or large (rho ≥ 0.5) correlations, respectively. Permutation 
analyses (estimating the proportion distribution of sig-
nificantly correlated CpG sites under the null hypothesis, 
N  =  10 000 under rearrangements of subject labels on 
the observed data points; SM-figure  6) confirmed that 
the percentage of significantly correlated probes was well 
above what would have been expected by chance.

Descriptive analyses of these variable, brain-associ-
ated, and correlated CpG sites revealed that eighty-seven 

http://www.brain-map.org/
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percent were located either in CpG islands or in CpG 
shores (defined as within 2 kb from CpG islands). Only 
13% were associated with CpG shelf  areas (between 
2–4kb from CpG islands) (figure  1D). With respect to 
gene location, the majority of correlated CpG sites were 
located in gene bodies (53%) and in transcription start 
sites (35%). Comparing CpG sites with highest and lowest 
correlation values (each N = 100), we found that neither 
cluster displayed a clear pattern of hypo- or hypermeth-
ylation in blood or brain tissue. That is, when looking at 
the blood-minus-brain nonparametric rank differences in 
DNA methylation for each of the 200 CpG sites in each 
of the 12 subjects, we found both CpG sites, with higher 
and sites, with lower absolute DNA methylation in brain 
tissue compared with blood, irrespective of correlation 
strength. However, the variability of rank differences 
within and across subjects was larger in the low correla-
tion cluster (SM-figure 7A). Compared with correlation 
results using a within-subject design, averaging probe 
methylation across subjects (ie, adopting a between-sub-
ject design as in previous studies) produced high mean 
correlation coefficients between BBT for both correlation 
clusters (SM-figure 7B and 7C). This illustrates that stud-
ies using blood as a proxy to study inter-individual differ-
ences in brain DNA methylation should be rather based 
on within-subjects design data. For an illustration of this 
point, see also SM-figure 1. For a list of the 100 CpG sites 
with highest within-subject correlation, see SM-table 2.

Aim 2

Application to Schizophrenia (MCIC Sample).  We pro-
ceeded to use all variable, brain-expressed and signifi-
cantly correlated CpG sites, which were also present on 
the Illumina 27K array (1 218 CpG sites, mapping to 1 154 
genes) in a GSEA of a schizophrenia case-control sample. 
Patients and controls did not differ in demographic vari-
ables such as gender, age or parental socio-economic status 
but patients had a significantly lower verbal IQ. Clinical 
variables, eg, mean length of illness was 11.73(±10.26) 
years, were typical for schizophrenia patients in an in- and 
outpatient treatment setting (for details see table 1).

GSEA revealed one GO gene set, related to the gen-
eration of precursor metabolites and energy, displaying 
differential methylation between schizophrenia patients 
and controls after permutation and false discovery rate 
(FDR) correction (normalized enrichment score  =  2.05, 
FDR = 0.02; figure 2, SM table 3). Among the genes sig-
nificantly contributing to the enrichment score, were argi-
nine vasopressin and its receptor (AVPR1A) and arginine 
vasopressin (AVP). The associated CpG sites were located 
in the promoter regions close to the transcription start sites 
of these 2 genes (35bp upstream and 326 bp downstream, 
respectively; see SM-figure  8). The AVP-associated site 
was also within 100 bp of several transcription factor bind-
ing sites, such as TGIF, GFI1, and MYC. Other enriched T
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genes in this pathway included MCHR1, WFS1, NCF4, 
and OGDH. Cumulative antipsychotic drug dose did not 
correlate with DNA methylation of any of the genes sig-
nificantly contributing to the enrichment score.

As a negative control, we then ran a separate GSEA 
using all variable, brain-expressed CpG sites with low 
cross-tissue within-subject correlation (defined as (P > 
.95, corresponding to rho ≤ 0.21,); 923 CpG sites, map-
ping to 900 genes). No gene set achieved significance after 
FDR correction (P < .05, see also SM 2.7).

Discussion

Given the difficulty of procuring human brain tissue vs the 
relative ease of measuring biological markers in blood, it is 
crucial to understand whether blood samples can be used to 
ask questions about the epigenetic signatures in the brain. 
Therefore, we used epigenome-wide markers collected inva-
sively from both blood and living brain tissue of the same 
subjects at the same time to explore blood-brain tissue cor-
relations of DNA methylation data. Using a within-subject 
design, we found that only a small proportion of markers 
(ie, 7.9%) showed a significant, large correlation between 

both tissue types, ie, most CpG sites are uncorrelated and 
researchers interested in the epigenetics of brain-related 
disorders should be careful when interpreting methylome-
wide data assessed in peripheral tissues such as blood. The 
majority of the correlated CpG sites were found in or close 
to CpG islands and in gene bodies.

The second part of our study shows how knowledge 
about the within-subject cross-tissue correspondence of 
DNA methylation markers can be used to identify brain-
related epigenetic risk mechanisms of schizophrenia via 
easily accessible CpG markers assessed in blood cells. By 
restricting our analysis to probes with a significant cor-
relation with brain DNA methylation markers and using 
GSEA, we found that alterations in blood DNA meth-
ylation in schizophrenia, which correspond to brain tis-
sue DNA methylation, are found in a gene set associated 
with the generation of precursor metabolites and energy, 
including peptides such as arginine vasopressin.

Results from previous studies analyzing blood-brain 
tissue correspondence of methylation profiles were mixed. 
A few studies reported moderate to high mean correla-
tions across tissue types in humans applying a between-
subject design (see also introduction). For example, Fan 

Fig. 2.  Enrichment plot: Generation of precursor metabolites and energy.
Profile of the running enrichment score and positions of gene set members on the rank ordered list (according to association with 
a diagnosis of schizophrenia). The leading edge subset is the set of genes that appear in the ranked list prior to the peak. For more 
information, see SM 2.6.
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and Zhang36 analyzed 16 000 methylation markers from 
different human non-CNS tissues types. Averaging each 
CpG site across all samples, they found high average cor-
relation coefficients ranging between 0.7–0.85. Divergent 
results can be attributed to the statistical approach selected 
by the researchers (as demonstrated in SM-Figure 1, 2, 
and 7) and to the (more common) fact that the differ-
ent tissue types were obtained from different individuals. 
There is ample evidence that developmental processes 
such as cell differentiation are associated with unique 
methylation profiles for each cell lineage or tissue type, 
even across species. For example, Hon et  al37 reported 
that methylomes from 17 different mouse tissues clustered 
according to germ layer. Another recent study described 
a notable interspecies correspondence of tissue-specific 
methylation.38 That is, cluster analysis of 3 tissue types 
in mice and humans perfectly discriminated among tis-
sue types, regardless of the species of origin.37 Similarly, 
2 recent studies comparing inter-tissue and inter-subject 
methylation variability reported greater correspondence 
of methylation patterns within a tissue across subjects 
than within a subject across tissues.39,40

Results from our study are in line with these findings 
and underline the tissue-specificity of methylation pro-
files. Conflicting results with respect to previous human 
methylation studies are mainly due to study design. 
Whereas studies examining mean methylation values—
averaged across samples or participants (between-sub-
ject design)—claim high tissue correspondence, studies 
employing cluster analyses or within-subject designs 
report lower correlations.

Accordingly, the few existing candidate gene studies 
applying a within-subject design in rodents reported 
moderate across tissue correlations in 1 out of  4 CpGs 
in the Bdnf gene (r = 0.53) and between 2 (out of  7) dif-
ferent CpGs in Fkbp5 (R2 of  0.23–0.49).41,42 There has 
been only 1 other human methylome-wide study—apart 
from ours—that applied a within-subject design. Using 
postmortem brain tissue and blood obtained pre-mor-
tem from the same 2 individuals, Davies et al23 reported 
correlation values of  0.66–0.76 between BBT. The even 
lower correlations described in our study could be a result 
of  a larger sample size (N = 12 vs N = 2), differences in 
brain tissue retrieval (neurosurgical biopsies vs postmor-
tem tissue) and different methodology (DNA microarray 
vs methylated DNA immunoprecipitation sequencing).43

Taken together, our results indicate that the common 
practice of studying DNA methylation in peripheral tis-
sues to study disorders of the brain should be applied 
with great caution. Although tissue type is only 1 source 
of variation in DNA methylation data (and future studies 
should address the effects of age, gender, and cell type, see 
SM-figure 3 regarding the latter point), we suggest a way 
forward which includes prioritizing CpG sites that are 
validated as proxys, ie, with a high correlation in DNA 
methylation across both tissue types, for future analyses.

Consequently, we excluded all uncorrelated CpG sites 
for a GSEA of the MCIC data (ie a large blood-based 
DNA methylation dataset of patients with schizophrenia 
and healthy controls). Crucial genes of the schizophrenia-
linked precursor metabolites and energy pathway iden-
tified in GSEA included AVPand AVPR1A. Although 
we cannot draw conclusions about the functional rel-
evance of DNA methylation changes in these genes 
and future studies are needed to replicate these patterns 
in postmortem brain samples as well as investigate the 
impact on gene expression, it is interesting to note that 
probes were found in close proximity to the transcription 
start sites, pointing towards a potential functional role. 
Furthermore, an association between AVP and schizo-
phrenia has been reported in previous genetic44 and endo-
crinological studies.45 AVP has an important role in social 
memory and cognition46–48 – domains that are affected in 
schizophrenia.49 In line with that, AVP serum concentra-
tions are increased in schizophrenia patients and corre-
late with positive symptom severity and verbal learning 
deficits.45 Administration of vasopressin or vasopressin 
analogues, has been shown to have beneficial effects on 
social memory47,50,51 and reexpression of AVPR1A in 
AVPR1A knock-out mice ameliorates social interaction 
deficits.48

Other highly enriched genes included MCHR1, 
an important neuroendocrine modulator of appe-
tite that has previously been shown to be associated 
with schizophrenia,52 as well as WFS1, associated with 
Wolfram syndrome, which affects central nervous system 
development.53

Our results have to be seen in the light of the following 
additional limitations. First, our BBT sample was only 
of moderate size, although larger than previous studies. 
Second, brain tissue was obtained from the temporal lobe 
restricting inference regarding other brain areas. Third, 
brain tissue was obtained from epilepsy patients with 
cortical dysplasia, which could bias our results. However, 
cortical dysplasia in epilepsy is associated with less severe 
histopathological changes of the brain tissue than the 
more common Ammon’s horn sclerosis,27 and overall 
methylation patterns in our temporal lobe samples were 
highly similar to temporal lobe samples of healthy indi-
viduals (SM 2.1). Fourth, we were not able to differentiate 
between cytosine methylation and hydroxymethylation, 
which is a common limitation to standard bisulfite-based 
analysis techniques.

In sum, we explored blood-brain tissue correlations of 
DNA methylation data and characterized epigenetic risk 
mechanisms of schizophrenia. As a novel approach, we 
used living brain tissue, epigenome-wide data and, most 
importantly, applied a within-subject design. Our corre-
lational findings indicate that only a small proportion of 
CpG sites show highly similar DNA methylation patterns 
in BBT within the same subject (as opposed to approaches 
using group averages). Studies using blood as a proxy to 
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study inter-individual differences in brain DNA methyla-
tion should therefore be based on within-subjects design 
data. Our results can guide future research in psychiat-
ric epigenetics, ie, could help to predict which CpG sites 
can be studied indirectly by analyzing blood samples. 
Following this approach, ie, by using easily accessible 
CpG markers taken from blood samples, for which there 
is evidence for a high correlation with brain DNA meth-
ylation markers, we identified a brain-related biological 
pathways that is affected in schizophrenia and can be 
identified using peripheral tissue. The pathway, related to 
precursor metabolites and signaling peptides, may pro-
vide new potential targets for schizophrenia research and 
treatment.

Supplementary Material

Supplementary material is available at http://schizophre-
niabulletin.oxfordjournals.org.
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