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ARTICLE INFO ABSTRACT

Genetic variation may impact on local DNA methylation patterns. Therefore, information about allele-specific
DNA methylation (ASM) within disease-related loci has been proposed to be useful for the interpretation of
ApoJ GWAS results. To explore mechanisms that may underlie associations between Alzheimer's disease (AD) and
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ps},’ChOSis, schizophrenia risk CLU gene and verbal memory, one of the most affected cognitive domains in both conditions,
Eglgneir:f;;“ we studied DNA methylation in a region between AD-associated SNPs rs9331888 and rs9331896 in 72 healthy
Allil e-specific methylation individuals and 73 schizophrenia patients. Using single-molecule real-time bisulfite sequencing we assessed the
CpG-SNP haplotype-dependent ASM in this region. We then investigated whether its methylation could influence episodic

verbal memory measured with the Rey Auditory Verbal Learning Test in these two cohorts. The region showed a
complex methylation pattern, which was similar in healthy and schizophrenia individuals and unrelated to
haplotypes. The pattern predicted memory scores in controls. The results suggest that epigenetic modifications

within the CLU locus may play a role in memory variation, independent of ASM.

1. Introduction

Genome-wide association studies (GWAS) have recently identified
DNA sequence variants associated with common neuropsychiatric dis-
orders. Functional and clinical consequences of these variants are being
investigated with a variety of methods. Yet, little is known about how
they confer disease susceptibility. It is proposed that, since genetic
variation may have a substantial impact on local DNA methylation
patterns, the interpretation of GWAS results can be improved by using
information about allele-specific DNA methylation (hereafter ASM) and
other allele-specific epigenetic modifications within disease-related loci
(Do et al.,, 2016; Gagliano et al., 2016; Hutchinson et al., 2014;
Meaburn et al., 2010). Methylation of CpG dinucleotides in gene pro-
moters usually leads to repression of transcription, while that in exons
and introns may regulate splicing (Kader et al., 2018). In this way,
ASM, in which the local DNA sequence dictates the methylation status
of nearby CpGs, can impact upon disease risk and symptom variability.

Here, we explored DNA methylation within the clusterin gene (CLU)
for ASM and associations with episodic verbal memory in non-clinical
and schizophrenia samples. Clusterin (apoliprotein J) is implicated in
many cellular processes, including apoptosis, complement regulation,
lipid transport, membrane protection, and cell-cell interactions
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(Karch and Goate, 2015; Rohne et al., 2016). Several single nucleotide
polymorphisms (SNPs) in the CLU locus reached genome-wide sig-
nificance in GWAS of Alzheimer's disease (AD) (Harold et al., 2009;
Lambert et al., 2009, 2013; Zhang et al., 2016) and schizophrenia
(Pardinas et al., 2018; Schizophrenia Working Group of the Psychiatric
Genomics Consortium, 2014). Although data on familial coaggregation
of AD and schizophrenia are mixed (Rohde et al., 2016), some other
findings suggest that these disorders may have common etiological and
pathophysiological factors (for review see (Garcez et al., 2015)). In-
vestigation of the CLU polymorphism, one of the shared risk factors,
might shed light on mechanisms underlying the two conditions and
their cognitive symptoms. Verbal memory is one of the most affected
cognitive domains in both AD and schizophrenia (Cirillo and
Seidman, 2003; Minati et al., 2009) and represents their cognitive en-
dophenotype (Gur et al., 2007; Pedraza et al., 2014). This makes it an
interesting trait to explore the CLU role in the development of these
neuropsychiatric disorders. The CLU role in memory variation may also
be important in its own right. Recent findings (De Sanctis et al., 2018)
indicate that genes, which influence memory, are numerous and
widespread in the brain, with some of them being expressed outside the
classical memory networks. Moreover, while deletion/silencing of the
majority of these genes induces memory deficit, few genes are coupled
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with memory enhancement after their deletion. Further research of the
gene-memory relationships may thus lead to the discovery of new
memory-enhancing drugs.

Symptomatic consequences of schizophrenia risk CLU variants are
largely unknown. At the same time, AD associated SNPs have been
shown to influence cognition, including episodic memory, in AD pa-
tients (Barral et al., 2012; Pedraza et al., 2014), elderly and oldest old
(Ferencz et al., 2014; Mengel-From et al., 2011, 2013; Pedraza et al.,
2014; Sapkota et al., 2016), and young and middle-aged adults
(Bressler et al., 2017; Stevens et al., 2014). In addition, the AD risk CLU
genotype is likely related to preclinical changes in the structure and
neurophysiology of the hippocampus, a memory-relevant brain area
(Lancaster et al., 2015; Ponomareva et al., 2013; Yang et al., 2016).
Finally, the AD risk SNPs seem to associate with some schizophrenia-
related impairments. The frequency of the AD risk allele C of
1511136000, the strongest GWAS signal for AD in the CLU locus, was
increased in schizophrenia patients with negative symptoms
(Zhou et al., 2010). An association between rs9331896, another AD
GWAS signal in the CLU gene, and all dementia except vascular one
(Nordestgaard et al., 2018) is also noteworthy since schizophrenia pa-
tients are at higher risk of dementia (Ribe et al., 2015). Together, these
associations suggest a diagnostically unspecific effect of the CLU gene
on verbal memory and other mental functions. It can be speculated that
its influence occurs early in the lifespan, with different alleles making
an individual susceptible or resistant to cognitive impairments in late
life or in case of disease. In line with this hypothesis, genetic risk (a
polygenic score) for AD was shown to affect verbal memory and the
hippocampal volume in childhood (Axelrud et al., 2018).

The present study was based on the hypothesis of ASM influence on
disease risk and symptom variability and aimed to explore a potential
mediating role of DNA methylation in associations between the CLU
polymorphism and verbal memory normal variation and impairments.
Previously Chibnik et al. (2015) investigated whether DNA methylation
would fall along the causal pathway linking the risk GWAS signals to
AD. Using brain samples and a quantitative measure of neuritic amyloid
plaque as an AD endophenotype, they showed that local AD-associated
methylation changes were not driven by rs11136000. We focused our
analysis on DNA methylation in a region between two other index SNPs
from AD GWASs: rs9331888 and rs9331896 (Fig. 1). The alleles
rs9331888 G and rs9331896 T confer risk for AD (Lambert et al., 2013;
Zhang et al., 2016). These SNPs are situated upstream of the intronic
rs11136000, being in strong linkage disequilibrium (LD) with the latter
(The 1000 Genomes Project Consortium, 2015). The region is of interest
because of its potential regulatory role in CLU expression, as evidenced
by the presence of a DNase hypersensitive cluster (Kent et al., 2002). In
addition, rs9331888 lying within one of CLU alternative promoters has
been shown to associate with expression of the alternative splice form
NM 203339 and may influence enhancer function by eliminating
binding sites for nuclear factor kappa B and early B-cell factor and
generating a new binding site for heat shock factor protein-1
(Szymanski et al., 2011). GWAS results are presumably capturing
haplotypes (Bell et al., 2018), and the combined effects of several SNPs
in a haplotype should explain individual differences in local methyla-
tion better than an index SNP (Do et al., 2016). Given this, we first
assessed the haplotype-dependent ASM in the region between
rs9331888 and rs9331896 in whole blood samples of healthy in-
dividuals and schizophrenia patients, based on single molecule real-
time bisulfite sequencing (SMRT-BS) (Yang et al., 2015). Second, we
investigated whether haplotypes and local methylation patterns would
be associated with episodic verbal memory in each of the two cohorts.

2. Methods
2.1. Sample

Participants were selected from a database of the Mental Health
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Research Center (MHRC) in Moscow described in (Golimbet et al.,
2017). Individuals were included if they were Caucasian, aged 18-45
years, completed at least a secondary school (11 years), and had no
history of brain injury, psychoactive medication, and somatic or neu-
rologic conditions that may affect cognitive functions. All the partici-
pants provided written informed consent, donated blood samples for
DNA extraction, and completed a neuropsychological battery that in-
cluded the Rey Auditory Verbal Learning Test (RAVLT). The study was
conducted according to the principles of the Declaration of Helsinki and
approved by the local Ethics Committee.

The sample consisted of 145 individuals. These were 72 healthy
subjects without a family history of psychoses (M 27.94, SD 6.83 years,
53% women). It also included 73 patients with schizophrenia spectrum
disorders (mean age 26.99, SD 6.72 years, 51% women). Healthy in-
dividuals were recruited by word of mouth, mainly from the staff of
research institutes and hospitals and university students. They did not
receive a participation fee. Those who agreed to participate in the study
were asked to complete a questionnaire about his/her individual his-
tories of psychiatric and neurological diagnoses, substance use, and a
family history of psychoses. The cases were inpatients from the MHRC
or Moscow Psychiatric Hospital No 1. According to the ICD-10, 63
patients were diagnosed with schizophrenia (F20), while the others had
schizophrenia spectrum disorders: F21 (n = 3), F23 (n = 3), F25
(n = 4). Mean illness duration was M 5.40, SD 5.92 years.

Epigenome-wide association studies (EWAS) have shown that
smoking-induced methylation could occur in many regions of the
human genome (Gao et al., 2015). Thus, smoking is a potential con-
founder in DNA methylation association studies. To consider smoking
in the subsequent analysis, we obtained self-reported data on smoking
status from 89% of patients and 78% of controls. 33% of patients and
36% of controls were current or former smokers. The groups did not
significantly differ in sex, age and smoking. We did not consider edu-
cational years above secondary school because the manifestation of
schizophrenia often hinders further education.

2.2. Memory assessment

The RAVLT was administered according to a standard procedure
(Schmidt, 1996). In our analysis, we used the RAVLT Immediate score,
the sum of words recalled across five learning trials, as an episodic
verbal memory index. The Immediate score is a reliable measure, which
is sensitive to both AD and schizophrenia-related memory impairments
as well as to normal memory variation (Badcock et al., 2011; Estévez-
Gonzélez et al., 2003; Schmidt, 1996). Raw scores were converted to T-
scores using the mean and SD derived from a larger sample of healthy
Russian individuals (Lezheiko and Alfimova, 2017).

2.3. DNA methylation profiling and SNP genotyping

Genomic DNAs were isolated from peripheral blood with the
DNeasy Blood and Tissue Kit (Qiagen, USA), and these DNA samples
(200 ng) were then treated to obtain bisulfate converted DNA with the
EpiGentek Methylamp DNA Modification Kit (Epigentek Group Inc.,
USA) according to the manufacturers’ protocols. To amplify 1316 bp
PCR product from the rs9331888 - rs9331896 region of bisulfite con-
verted DNA (hg19 chr8:27467639-27468953, + strand), bisulfite PCR
was performed according to SMRT-BS (Yang et al., 2015) with some
modifications. The sequencing was performed by the University of
Washington PacBio Sequencing Services with PacBio RSII (P6/C4
chemistry, CCS reads) and followed by post- sequencing data prepara-
tion and quality control. The CpG sites residing in CpG-SNPs were not
included in the methylation analysis. For each of the other 26 CpGs
situated within the region the degree of methylation (M) was calculated
as the fraction of methylated cytosine residues. The additional metho-
dological details are provided in the Supplementary file.

A haplotype analysis was based on three common SNPs rs2070926,
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Fig. 1. CpG methylation in the CLU alternative
promoter region. Top panel. Mean methylation
levels are shown separately for patients (da-
shed line) and controls (solid line), with CpG
physical positions are presented on the x axis
(chromosome 8 position, hg 19). The error bars
represent standard errors. The locations of
SNPs mentioned in the paper are marked with
dashed lines. Bottom panel. Different
CLUtranscripts with corresponding Ensembl
IDs are presented in relation to the CLU locus
above, with the name of the main transcript
being highlighted in bold. Thick lines represent
exons. The asterisk represents the translation
start site. The arrow points to the direction of
transcription. The location of the mirtron gene
MIR6843 (RefSeq number NR_106902.1) is
also shown.
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15867230 and rs9331888 in the target region. Genotypes for each SNP
and three major haplotypes consisting of these SNPs (C-C-C, G-A-C, G-
A-G) were obtained directly from the sequencing results using a custom
perl script. We did not include rs9331896 in either haplotype or me-
thylation analyses. This is a C > T CpG-SNP on + strand, and bisulfite
data do not allow to distinguish an unmethylated cytosine from T allele.
However, rs9331896 is in almost perfect LD with rs2070926 in
European populations, with D’ =1 and R? = 0.99. The allele T of
rs9331896 is correlated with the rs2070926 G allele (The 1000
Genomes Project Consortium, 2015). A subject was considered homo-
zygous if more than 90% of his/her reads bore the same allele (hap-
lotype). Since we filtered out heterozygotes with fewer than five reads
per haplotype, the sample for the ASM analysis was reduced to 65 pa-
tients (of them 16 heterozygotes) and 63 controls (27 heterozygotes).
Tests of Hardy—-Weinberg equilibrium (HWE) (Rodriguez et al., 2009)
showed that all three SNPs conformed to HWE (p > 0.05) in both
groups. The groups did not differ in genotype distributions (all
p > 0.05, Table S1).

2.4. Statistical analysis

All analyses were performed with the Statistica and JASP
(JASP Team, 2018). Based on a visual analysis we excluded one outlier
(a female patient with an extremely hypermethylated pattern). We used
beta logit regression to model the relationship between methylation
levels of each of the 26 CpGs and haplotypes, considering age, gender,
and diagnosis (patient/control).

27468500

382

To this end, numeric values were assigned to the CCC and GAC
haplotypes as follows: absent = 0, present = 1. To eliminate 0 and 1
values of methylation without altering the rank order of observations,
we compressed the data range as follows: M’ = (M—0.5)*0.99 + 0.5
(Triche et al., 2016). The regression analysis was repeated adjusting for
smoking. P-values were corrected for multiple testing using Benjami-
ni-Hochberg method (with FDR at 5%). To assess haplotype effects on
verbal memory, we conducted Bayesian ANCOVAs adjusted for gender
and age, separately in controls and patients. To examine if DNA me-
thylation levels would contribute to inter-individual variation of verbal
memory, we applied Bayesian correlation analysis and hierarchical
linear regression. Prior to the analysis of the relationships between
methylation and memory, we excluded five undermethylated CpGs
with low variability (M < 0.2 in 90% of the sample) and reduced the
methylation data for the other CpGs by means of the principal com-
ponent (PC) analysis. The PCA is a commonly used technique to reduce
dimensionality of correlated data. It helps to remove redundant fea-
tures, to see patterns in the data and to build simpler models in sub-
sequent analyses. Since we intended to use the normal patterns of
methylation in this region as a starting point of our analysis and these
patterns might be disturbed in schizophrenia, we calculated PCs in the
healthy group treating patients as supplementary observations. We
applied the Principal Components & Classification Analysis module of
Statistica to do that. Next, factor scores were obtained for all subjects,
both controls and patients, and we assessed the influence of age,
gender, diagnosis, and the “gender X diagnosis” interaction on PCs
scores using MANCOVA. Further, we calculated Bayesian Pearson
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correlations of PCs with the memory measure, separately in controls
and patients. Finally, PCs with at least modest evidence in favor of the
correlation were analyzed by means of Bayesian hierarchical linear
regression to examine if these correlations are independent of each
other and would be retained when controlling for demographic con-
founders. For each group, a null regression model included age and
gender and was compared to the models with these PCs as additional
predictors. We used the JASP default priors in all the Bayesian analyses.

3. Results
3.1. ASM

Haplotype frequencies in our samples were as follows: controls,
CCC-39 (0.31), GAC-43 (0.34), GAG-44 (0.35); patients, CCC-44
(0.34), GAC-23 (0.18), GAG-63 (0.48). The group difference in the
overall haplotype distribution was significant (2 = 9.68, p = 0.008).
The GAG haplotype was significantly more common (odds ratio [OR],
1.75; 95% confidence interval [CI], 1.06-2.90; p = 0.028) and the GAC
haplotype was significantly less common (OR, 0.41; 95% CI, 0.23-0.74;
p = 0.003) in the schizophrenia cases than in the controls.

There were no effects of the haplotypes on DNA methylation.
Gender and diagnosis did not impact on the methylation either. A
nominally significant effect of age was observed for some of CpGs, but it
did not survive the FDR correction. The results did not change when
smoking was added into the models. Smoking itself was not a sig-
nificant predictor of the methylation levels.

3.2. Haplotypes, methylation and verbal memory

Compared to the controls, the schizophrenia subjects had lower
memory scores (patients, M 35.54, SD 12.56; controls, M 51.52, SD
9.18; t = 8.18, p < 0.001). There were no haplotype effects on verbal
memory.

The methylation pattern was similar in the patient and control
groups (Fig. 1). The PC analysis of methylation data revealed four
significant PCs (with eigenvalues > 1) that accounted for 61.5% of
overall variance in the control group (Table 1). PC1 was related to age
(MANCOVA, F =5.43, p <0.001; follow-up ANCOVA, F = 13.81,
p < 0.001). There were no other effects of age, gender, or diagnosis on
the PCs.

The Bayes factors (BF; quantifies evidence for the alternative hy-
pothesis relative to the null hypothesis) suggested moderate evidence
for positive correlations of verbal memory with PC1 (r = 0.29; 95%
Credible interval (CI) 0.06-0.48; BF,, = 3.01) and PC3 (r = 0.32; 95%
CI 0.09-0.51; BF;g = 5.69) in the control group (Fig. 2). PC1 reflected
methylation levels of most CpGs, with greater loadings for CpGs near
rs9331888. Its higher scores meant lower methylation. PC3 had high
positive correlations (> 0.5) with methylation levels of two CpGs near
the translation start site in exon 2. Higher PC3 scores, therefore, cor-
responded to higher methylation of these CpGs. The regression analysis
showed that the best model included both PCs along with age and
gender (Table 2) and explained 21% of the memory variance
(R? = 0.21 vs. R? = 0.11 for the null model). The estimated BF;, sug-
gested that the data were 4.46 times more likely to occur under a model
including an effect for methylation than a model without it.

4. Discussion

We studied DNA methylation in the region between two AD-asso-
ciated SNPs within the clusterin gene for ASM and for correlations with
episodic verbal memory in middle-aged samples of healthy individuals
and schizophrenia patients. The rationale for this study was a hy-
pothesized mediating role of allele-specific DNA methylation, an epi-
genetic process that can regulate gene expression, in effects of disease-
associated genetic variants on phenotypes (Hutchinson et al., 2014;
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Table 1
Medians and factor loadings based on a principal components analysis for
methylation levels of 21 CpGs within the CLU gene.

CpG Median PC1 PC2 PC3 PC4
Patients Controls

CpG_7666 0.76 0.71

CpG_7753 0.38 0.40 —-0.53 —0.64

CpG_7783 0.40 0.44 -0.56 —0.64

CpG_7798 0.60 0.67 -0.73

CpG_7883 0.05 0.08 —0.65

CpG_8014 0.38 0.26 0.64

CpG_8113 0.30 0.30 0.60

CpG_8166 0.14 0.11 —0.60

CpG_8171 0.22 0.20 —0.54

CpG_8307 0.00 0.04 -0.70

CpG_8521 0.00 0.00 -0.76

CpG_8573 0.04 0.05 —0.63

CpG_8613 0.07 0.11 -0.73

CpG_8632 0.02 0.05 —0.62 0.54

CpG_8684 0.05 0.06 -0.78

CpG_8713 0.00 0.00 —0.66 0.53

CpG_8748 0.07 0.05 -0.83

CpG_8806 0.10 0.06 —0.68

CpG_8824 0.14 0.13 -0.72

CpG_8834 0.09 0.06 -0.76

CpG_8923 0.05 0.01 —0.54 0.51

PC eigenvalue 7.98 213 1.48 1.33

% of total variance 37.99 10.16 7.07 6.31

Note: Each CpG name indicates the last four digits of its coordinate on chro-
mosome 8 (27,467,666-27,468,923). Factor loadings < 0.5 are skipped.

Meaburn et al., 2010). The long-read single-molecule sequencing-based
method providing high-resolution quantitative information that is re-
quired for a comprehensive and sensitive analysis of ASM was applied.
We could observe neither ASM nor haplotypes’ effects on verbal
memory. In contrast, moderate evidence for correlations between the
memory score and DNA methylation pattern within this region was
found in healthy individuals.

The CLU is a highly expressed gene with complex regulation, for
which many mRNA variants and secreted and intracellular forms of the
protein are described (Rizzi and Bettuzzi, 2010). The analyzed region
contains several sites with different roles in gene expression and
translation, including one of alternative promoters, the translation start
site, transcription factor binding sites, and exon-intron junctions
(Fig. 1). In accord with diverse functions of the studied region, we
found its complex methylation pattern, with hypo-, intermediate- and
hypermethylated CpGs. The pattern was the same in the patient and
control groups suggesting stochastic effects could not explain it. ASM
did not influence it either. Evidence indicates that genetic variation at
CpG sites is a dominating factor for ASM (Shoemaker et al., 2010). The
studied region includes three CpG-SNPs (rs9331896, rs2070926, and
rs9331888). We therefore expected to find ASM here, but the haplotype
did not affect methylation of the local CpGs, except the CpG-SNPs
themselves.

We found that the methylation levels were related to verbal memory
in healthy but not schizophrenia individuals. Two sets of CpGs (PCs)
might be important. The first one includes most of the low methylated
CpG sites, those situated near rs9331888 having the highest loadings.
Higher methylation levels of these CpGs predicted a lower memory
score. The hypomethylation of CpGs near rs9331888 and its correlation
with verbal memory are in accord with the promoter and regulatory
roles of this part of the CLU gene (Szimansky et al., 2011). The second
CpG set (PC3), which correlated with the memory score, included two
intermediately methylated CpGs (about 30% in both groups) around the
translation start site. Higher methylation levels of these CpGs predicted
a higher verbal memory score. The transcribed regions of genes are
often heavily methylated, and their methylation level is positively
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Fig. 2. Relationships between verbal memory (the y axis, T-scores) and (a) the first principal component (Factor 1) for methylation data, (b) CpG_8748 that has the
largest loading on Factor 1, (c) the third principal component (Factor 3), (d) CpG_8014 that has the largest loading on Factor 3 in the control group.

Table 2
Bayesian regression model for the verbal memory score in healthy individuals.

Parameter Coefficients 95% credible interval
Mean SD P(incl/data) Lower Upper
Intercept 51.52 0.99 1.00 49.55 53.49
PC1 1.75 1.00 0.60 —-0.25 3.74
PC3 2.12 0.94 0.78 0.24 4.01
Gender -1.52 1.81 1.00 -5.14 2.10
Age -0.18 0.15 1.00 —-0.48 0.13

Note: PC-a principal component. P(incl/data)-posterior inclusion probability.

correlated with the level of gene expression (Kader et al., 2018;
Mendizabal et al., 2017) and exon inclusion, intermediate methylation
in exons being associated with an intermediate level of exon inclusion
(Elliot et al., 2015). The underlying mechanisms remain unknown.
Gene body DNA methylation may be a mechanistic consequence of
chromatin  accessibility = levels to  methylation enzymes
(Mendizabal et al., 2017). On the other hand, there is evidence that
gene body DNA methylation increases gene expression (Yang et al.,
2014). Regardless of the specific mechanisms, the correlations of verbal
memory with methylation of the regulatory/alternative promoter re-
gion and the translation start site region may suggest that high and
flexible CLU expression is needed to protect memory from different
detrimental factors arising during the lifespan. This hypothesis is based
on the chaperone/scavenging role of secreted clusterin in different
tissues (Rohne et al., 2016). Remarkably, GWAS for verbal memory in
population-based aging cohorts did not reveal significant signals in the
CLU locus (Arpawong et al., 2017; Debette et al., 2015). This may be
due to the fact that secreted clusterin is primarily important under
pathological conditions where it protects the organism and helps to
reestablish proteostasis (Rohne et al., 2016). Upregulated CLU
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expression in the brain of AD (Sun et al.,, 2017) and schizophrenia
patients (Pietersen et al., 2014) is consistent with this view. However,
we did not observe the relationship between DNA methylation of the
CLU gene and verbal memory in schizophrenia patients. It can be hy-
pothesized that although verbal episodic memory impairments in
schizophrenia share common mechanisms with similar impairments in
healthy aging (Silver and Bilker, 2015), there are other disease-specific
pathogenic factors that influence memory performance in schizo-
phrenia patients and make the CLU effect difficult to detect.

Our results must be viewed in the light of the following limitations.
First, we investigated DNA methylation in easily accessible peripheral
blood samples. The use of blood as a surrogate for brain in studies of
psychiatric disorders is common. This is based on the hypothesis that
despite tissue specificity of DNA methylation, there is a certain level of
similarity in methylation between blood and brain owing to shared
environmental and genetic factors influencing epigenetic processes
across various tissues. Research of tissue specificity of methylation at
individual CpG sites is underway. Preliminary results suggest that only
a minority of variably methylated CpGs correlate between blood and
brain (Edgar et al., 2017; Hannon et al., 2015; Walton et al., 2016), and
even in the brain itself, DNA methylation is regionally specific
(Hannon et al., 2015). Thus, one should be careful when interpreting
blood-based methylation data as indicators of brain biology. Con-
sidering our study, it is noteworthy that CpG-SNPs are mostly con-
cordant across tissues (Edgar et al., 2017), and the strongest positive
correlations found for other CpGs are likely driven by DNA sequence
variation (Hannon et al., 2015). Second, whole blood is a hetero-
geneous collection of different cell types. Its cell composition, which
depends on age, is a large source of variability in methylation data
(Jaffe and Irizarry, 2014). We restricted our sample to adult individuals
not older than 45 years and controlled for age statistically, but our
study design did not allow to directly estimate and consider cell-type
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composition. Third, antipsychotic drugs may alter DNA methylation at
whole-genome and single gene levels (Ovenden et al., 2018). We did
not control for this potential confounder because all our patients re-
ceived complex antipsychotic therapy, which varied during the illness
course and even during each episode. However, the medication influ-
ence on methylation in the target region is unlikely, as the methylation
pattern here is the same in patients and controls. Fourth, our sample
may have been underpowered to detect non-obligatory, facilitating
(Bell et al., 2018), haplotype effects on methylation. We did not con-
duct a prospective power analysis because of lack of prior knowledge
about methylation levels of different CpGs in the target region and
expected effect sizes. Finally, distinguishing cause from effect in epi-
genetic epidemiology is difficult. Based on the chaperone/scavenging
role of clusterin we have hypothesized the causal relationship between
methylation within the CLU locus and memory. Alternative explana-
tions of the observed correlations are also possible. Specifically, DNA
methylation is thought to be affected by a wide range of environmental
factors as well as cis and trans regulatory elements. Some of these fac-
tors may independently influence methylation within a certain gene
and behavioral phenotypes. Future investigations should consider the
potential effects of these factors. Also, research of the transcriptional
consequences of the observed methylation patterns in the CLU gene
could shed light on the mechanisms behind the CLU-memory associa-
tions.

In summary, we investigated DNA methylation in a region spanning
1.3kb between two AD-associated SNPs within the CLU gene.
Previously GWASs identified this gene as a risk locus not only for AD
but also for schizophrenia. The region studied showed a complex me-
thylation pattern, which was similar in healthy and schizophrenia in-
dividuals. The methylation pattern had a moderate effect on verbal
memory in healthy subjects. At the same time, we found no haplotype-
specific methylation in this region. Thus, our results do not support the
hypothesized mediating role of local DNA methylation in the relation-
ship between genetic variants in the CLU gene and episodic memory,
one of the AD and schizophrenia endophenotypes. However, they
suggest that epigenetic modifications within the CLU locus may play a
role in memory variability independently of genetic variations.
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