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Many genetic studies report mixed results both for the associations between COMT polymorphisms and schizophrenia
and for the effects of COMT variants on common intermediate phenotypes of the disorder. Reasons for this may include
small genetic effect sizes and the modulation of environmental influences. To improve our understanding of the role
of COMT in the disease etiology, we investigated the effect of DNA methylation in the MB-COMT promoter on neural
activity in the dorsolateral prefrontal cortex during working memory processing as measured by fMRI - an intermediate
phenotype for schizophrenia. Imaging and epigenetic data were measured in 102 healthy controls and 82 schizophrenia
patients of the Mind Clinical Imaging Consortium (MCIC) study of schizophrenia. Neural activity during the Sternberg
Item Recognition Paradigm was acquired with either a 3T Siemens Trio or 1.5T Siemens Sonata and analyzed using
the FMRIB Software Library (FSL). DNA methylation measurements were derived from cryo-conserved blood samples.
We found a positive association between MB-COMT promoter methylation and neural activity in the left dorsolateral
prefrontal cortex in a model using a region-of-interest approach and could confirm this finding in a whole-brain model.
This effect was independent of disease status. Analyzing the effect of MB-COMT promoter DNA methylation on a
neuroimaging phenotype can provide further evidence for the importance of COMT and epigenetic risk mechanisms in
schizophrenia. The latter may represent trans-regulatory or environmental risk factors that can be measured using brain-
based intermediate phenotypes.

Introduction polymorphisms in the etiology of schizophrenia,'? there have

also been many negative genetic case-control association

The enzyme catechol-O-methyltransferase  (COMT)  studies, including three meta-analyses, which all failed to

degrades catecholamines such as dopamine, epinephrine,
and norepinephrine in the synapse. Since schizophrenia is
thought to be associated with dopamine dysfunction, COMT
has become one of the most studied genes in schizophrenia
research. Despite some evidence for the involvement of COMT
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support an association between COMT polymorphisms and
schizophrenia.*® To better understand if COMT plays a
significant role in disease pathophysiology, other factors that
modulate COMT enzyme activity, such as epigenetic changes,
should be investigated.
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Table 1. Basic demographic characteristics

(tseista) Sample (?eer:gleel; (yl:gfs) WRAT-IIIRT Parental SES Handedness
N N Mean (SD) Mean (SD) Mean (SD) Mean (SD)
15 SCz 67 158 224 33.82(10.09) 46.48 (6.66) 2.79%(1.00) 1.20 (3.04)
HC 85 37° 435 33.11(11.19) 50.78 (4.05) 2.79*(0.71) 0.80 (2.53)
3 N4 15 5 333 33.47(13.10) 44.71°(7.55) 3.00%(1.18) 1.67 (3.37)
HC 17 3 17.6 30.41(12.68) 51.767 (3.36) 2.00%(0.61) 1.35(2.69)
Total N4 82 20° 244 33.76 (10.61) 46.17° (6.81) 2.83(1.03) 1.29 (3.09)
HC 102 40° 39.2 32,66 (11.43) 50.94° (3.95) 2.66 (0.75) 0.89 (2.55)

A series of t tests or chi-square tests were performed to detect significant differences of gender, age, WRAT-IIIRT score, parental socio-economic status and
handedness between study sites with different scanner field strength or between diagnostic groups. Abbreviations: WRAT-IIIRT, reading subtest of the
Wide Range Achievement Test - III; SES, socio-economic status; handedness, Annett Handedness Scale; SCZ, schizophrenia patients; HC, healthy controls.
aSignificantly different between SCZ and HC based on a t test (P < 0.05); ®Significantly different between SCZ and HC based on a chi-square test (P < 0.05).

Table 2. Spearman correlations

Correlation with MB-COMT promoter methylation
Spearman'’s rho P
Age 0.07 0.36
SIRP performance 0.14 0.06
Parental SES 0.01 0.94
WRAT-IIIRT 0.09 0.26
Handedness -0.11 0.15

Correlations between the MB-COMT promoter methylation and age.
SIRP performance, parental socio-economic status, WRAT-IIIRT score and
handedness.

DNA methylation, which involves the addition of a methyl
group to the cytosine residue of a C-phosphate-G (CpG)
dinucleotide, is a well described epigenetic mechanism and
is commonly associated with silencing gene expression.”®
Investigating the association between COMT DNA methylation
and a diagnosis of schizophrenia, previous studies have focused
on the promoter regions of either one of the two COM T isoforms:
the soluble isoform (§-COMT) or the membrane-bound isoform
(MB-COMT). The latter is the predominant form found in
brain tissue’ and has a greater affinity for dopamine.'® Whereas
S-COMT promoter methylation appears to be increased in
schizophrenia patients,"! MB-COMT promoter methylation has
been shown to be decreased.'*" Investigating the relationship
between COMT promoter methylation and gene expression
in post-mortem brain samples of schizophrenia patients,
Abdolmaleky et al.’? found decreased MB-COMT promoter
methylation to be associated with increased COMT gene
expression. However, negative findings have also been reported
for both isoforms'" implying that the methylation-expression
association is more complex and/or that measurements were
influenced by analysis methods, age differences or the exact
location of the studied CpG-sites.

Unlike post-mortem studies, in vivo obtained neuroimaging
measures can be used to gain insight into the functional correlates
of DNA methylation.
phenotypes are disease-associated, heritable and stable traits

Neuroimaging-based intermediate
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that reduce phenotypic complexity and likely display a stronger
relationship with risk factors than behavior or diagnosis,
due to their greater proximity to the underlying biology.'®'
Dorsolateral prefrontal cortex (DLPFC) dysfunction during
working memory (WkM) processing is a heritable marker closely
related to schizophrenia.'® Compared with matched healthy
controls, patients and individuals at risk for schizophrenia show
prefrontal neural abnormalities, i.e., they need to recruit more
neural resources than controls at low task difficulty levels and
may show decreased neural activity (hypofrontality) when task
difficulty increases.””* Studying the effect of epigenetic changes
in the promoter region of the brain-linked MB-COMT isoform
on brain function—rather than disease status—might provide
better insight into disease-associated changes and mechanisms
on a neuroscience systems level.

To date, only one study has investigated the effect of
S-COMT methylation on prefrontal activity. Studying healthy
controls Ursini et al.?? found an association between S-COMT
methylation in exon 4 and prefrontal activity duringa WkM task.
The aim of the present investigation was to study the association
of DNA methylation in the MB-COMT promoter with a brain-
based intermediate phenotype for schizophrenia in schizophrenia
patients and healthy controls.

Results

Demographics

Patients and controls did not differ in demographic variables
such as age, parental socio-economic status and Annett
handedness score (Table 1). There were significantly more female
participants in the control group and patients had a significantly
lower WRAT-IIIRT score. We found no differences in gender,
age, WRAT-IIIRT, parental socio-economic status or handedness
between acquisition sites with different scanner field strengths
(Table 1). For information on demographics split by acquisition
site and on clinical data in the patient group, see Tables S1 and
S2.

MB-COMT promoter methylation did not differ between
sites with different scanner field strength or by gender, but
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Figure 1. (A) Increased MB-COMT promoter methylation was associated with WkM-related mean neural activity (% BOLD change, controlled for scan-
ner field strength, gender, age and population stratification) in the left DLPFC, independent of disease status. (B) Functional map illustrating increased
neural activity with MB-COMT promoter methylation in an exploratory whole-brain model. Effects were found in a cluster comprising the DLPFC (high-
lighted in yellow), VLPFC (BA 45), premotor and primary sensory cortex in the left hemisphere. Results were cluster-corrected and the model included
the same covariates as described above. The z-values are represented according to the color code.

patients had lower MB-COMT promoter methylation values
(meanmwS 0.7854 + 0.0177; mean__ = 0.7917 = 0.0199;
tdiagnosis[182] = —2.22, P = 0.028). There were no significant
correlations between AMB-COMT promoter methylation and
age, parental socio-economic status, WRAT-IIIRT score or
handedness. MB-COMT promoter methylation correlated with
Sternberg Item Recognition Paradigm (SIRP) performance at a
trend level (Table 2). There were no significant effects of clinical
variables such as typical and atypical cumulative lifetime or
current antipsychotic drug dose, length of illness and negative
or positive symptoms on MB-COMT promoter methylation
(Table S3).

Functional MRI

We found a positive association between MB-COMT promoter
methylation and neural activity in the left DLPFC (F[1176] =
4.60, P = 0.03) covarying for the effects of diagnosis, scanner
field strength, sex, age, and population stratification (Fig. 1A).
We found no MB-COMT promoter methylation by diagnosis
and no MB-COMT promoter methylation by sex interaction
effect on DLPFC activity. Left DLPFC activity did not differ
between males and females and did not correlate with current
and cumulative antipsychotic drug dose.

In an exploratory whole-brain model we were able to confirm
the effect of MB-COMT promoter methylation on neural activity
in the left DLPFC. The identified cluster also included the
ventrolateral prefrontal cortex (VLPFC) (BA 45), premotor and
primary sensory cortex in the left hemisphere (z-max [-56 -2 44]
=4.72; P=6.66*107, cluster-corrected, Fig. 1B) in a model using
the same covariates. We again found no interaction between
MB-COMT promoter methylation and diagnosis and no effect
in the right DLPFC.

www.landesbioscience.com

Discussion

In the present study we used functional brain imaging to
explore potential effects of MB-COMT promoter methylation
on neural activity during a WkM rtask, a schizophrenia-related
brain-based intermediate phenotype. We found that MB-COMT
promoter methylation was lower in patients and that higher
methylation was associated with greater signal change in the left
DLPEC in both, schizophrenia patients and healthy controls.

Lower MB-COMT promoter methylation in patients
compared with healthy controls, as found here, is in line with
several other studies. Using DNA derived from saliva, Nohesara
et al.? found the MB-COMT promoter to be hypomethylated
in schizophrenia patients compared with controls. However,
there is much debate over the issue, whether and to what extent
methylation results from peripheral tissues such as blood or saliva
relate to methylation in the brain. Abdolmaleky et al.,'? analyzing
post-mortem brain samples from the frontal lobe, also reported
MB-COMT promoter hypomethylation in schizophrenia
patients. Effects were stronger in the left hemisphere and lower
methylation was related to increased COMT gene expression.
These results suggest that—at least in the case of the MB-COMT
promoter—methylation results may be less tissue-specific and
also relate to gene expression.

Furthermore, we found thatincreased MB-COM T methylation
correlated with WkM-related neural activity in the left DLPFC,
the left VLPFC as well as the left-hemispheric premotor and
primary sensory cortices. All of these regions have been previously
found to be activated during WkM processing?* and especially
the prefrontal regions were reported to be hypoactivated
in schizophrenia patients and their relatives during WkM
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processing.?3° So far, only one group studied the effect of COMT
methylation on a brain-based phenotype. Ursini et al.® reported
that higher stress levels and lower COMT methylation in exon 4
were associated with increased WkM-related cortical activity in
healthy controls. Differences with respect to the direction of the
methylation effect might be due to the location of the studied
CpG (MB-COMT promoter in our study vs. exon 4 in the one by
Ursini et al.). Despite these differences, the study by Ursini et al.
and our own results show how changes in DNA methylation—
which may be influenced by non-genetic factors—are related
to brain function. Studying epigenetic effects on a brain-based
correlate of schizophrenia—instead of disease status—reduces
symptom heterogeneity. Furthermore, it allowed us to investigate
the effect of a possible risk factor on a continuously distributed
brain-based trait in patients as well as in healthy controls.

Increased methylation is thought to relate to decreased gene
expression in general, which has also been observed in the case of
COMT"* We therefore speculate that a potential risk mechanism
may entail decreased COMT methylation, as observed in
schizophrenia patients, and subsequently higher COMT
expression levels. Increased COMT activity may result in lower
synaptic dopamine levels following neurotransmitter release,
which would ultimately decrease dopaminergic stimulation of
the post-synaptic neuron, particularly in the prefrontal regions,
where the dopamine transporter DAT is less abundant.”® This
decreased prefrontal activity (hypofrontality) may explain
decreased executive functioning as commonly observed using
WkM tasks in schizophrenia patients.”?

The findings of our study need to be seen in the light of
the following limitations. First, although neither MB-COMT
promoter methylation nor neural activity correlated with current
or cumulative antipsychotic drug dose, we cannot distinguish
between the potential effects of antipsychotic medications
vs. those of the underlying disease process on measures of
brain function. However, given the lack of association with
methylation and given the fact that the effect of methylation on
prefrontal dysfunction was also observed in healthy controls, in
this study and in previous reports,? suggests that the reported
association is likely to be medication-independent. Second, the
effect of MB-COMT promoter methylation was not specific
to schizophrenia patients, suggesting that the observed effect
describes a general effect of MB-COMT methylation on cortical
functioning. Third, our sample was not matched for sex and
COMT genotype by sex interaction effects have been reported for
schizophrenia risk and a range of schizophrenia-associated traits
(for a review see ref. 32). Although we could not identify a sex
effect on MB-COMT methylation, which is in line with previous
1213 or a sex by methylation effect on DLPFC activity,
sex remains an important variable when studying COMT.
Fourth, we measured MB-COMT methylation in blood samples
and it is unclear how well these methylation profiles translate
to methylation in the brain. Since we did not measure COMT
expression in this study, we cannot conclude with certainty that

studies,

an increase in DNA methylation relates to lower gene expression
of COMT. However, analyzing MB-COMT DNA methylation

in postmortem human brain tissue from the frontal lobe,
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Abdolmaleky et al. also found a decrease in patients and could
furthermore relate this decrease to an increase in COMT gene
expression, suggesting that our observed effect might also apply
to brain tissue and gene expression.

In summary, MB-COMT promoter methylation was
related to cortical processing during a WkM task in a sample
of schizophrenia patients and healthy controls. This provides
compelling evidence not only for the importance of COMT
in schizophrenia etiology, but also for epigenetic mechanisms,
possibly indicative of trans-regulatory or environmental risk
factors in schizophrenia pathophysiology.

Methods

Participants

Imaging, genetic, epigenetic and behavioral data from
participants of the Mind Clinical Imaging Consortium (MCIC)
study of schizophrenia from four participating sites (the University
of New Mexico [UNM], the University of Minnesota [UMN],
Massachusetts General Hospital [MGH], and the University
of Towa [UI]) were used to determine DNA methylation
measurements and genetic polymorphisms in cryo-conserved
blood samples and to analyze whole-brain neural activity during
a WkM task. Out of a total of 328 participants, blood samples
were available for 234 participants. DNA methylation and
genetic data of 216 participants passed genetic and epigenetic
quality control procedures (see below), resulting in a final data
set of 82 schizophrenia patients and 102 healthy controls after
imaging quality control steps (see below). Diagnoses were based
on the Diagnostic and Statistical Manual of Mental Disorders
(DSM-1V) and established using a Structured Clinical Interview
for DSM disorders (SCID)* and a review of case files by trained
clinicians. Patients had a diagnosis of either schizophrenia (n =
79) or schizophreniform disorder (n = 3). In the initial cohort,
controls were matched to the patient group for age, sex, and
parental education and were excluded if they had a history of a
medical or Axis I psychiatric diagnosis. All subjects gave written
informed consent prior to study enrolment. The human subjects
research committees at each of the four sites approved the study
protocol. For additional details about the participants and clinical
measures, see Supplementary Materials (SM) 1.1 and references
34 and 35.

Behavioral task

The Sternberg Item Recognition Paradigm (SIRP) is a WkM
task, previously shown to consistently activate the DLPFC in
healthy controls and schizophrenia patients.?” The SIRP was
administered during six 46 s blocks per run for three 360 s runs.
In each block a memory set, composed of one (load 1), three (load
3), or five (load 5) digits, was presented (two blocks per load
condition). This Encode phase was followed by a presentation
of 14 digits, one at a time (the Probe phase) and participants
responded to each probe to indicate whether or not the probe
digit was in the memory set. Participants were instructed to
respond as quickly and accurately as possible and were given
a bonus of 5 cents for each correct response. This bonus was
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provided after completion of the scan. For additional details
about the paradigm, see SM 1.2. The stimuli and responses were
presented and collected using the E-prime software (EPrime
vl.1, Psychology Software Tools, Inc.). Four participants (three
patients and one control) were excluded from further analysis,
because they completed a block with less than a 75% accuracy
rate and/or with more than 6 probes not answered within a
block.

Image acquisition and preprocessing

Structural magnetic resonance imaging (MRI) data was
acquired with either a 1.5T Siemens Sonata (UNM, MGH, UI)
ora 3T Siemens Trio (UMN). Functional MRI data was acquired
with either a 1.5T Siemens Sonata (UNM) or a 3T Siemens Trio
(UMN, MGH, UI). Cortical reconstruction and volumetric
segmentation based on high resolution structural MRI scans was
performed with the FreeSurfer surface reconstruction software
(http://surfer.nmr.mgh.harvard.edu). Functional data were
analyzed using fMRIB Software Library (FSL) (http://www.
fmrib.ox.ac.uk/fsl). We fit a general linear model to the fMRI
time course at each voxel to estimate the average activation
during the three loads of the probe condition in all trials. Equal
weight was given to all loads. For a region-of-interest (ROI)
analysis, we derived DLPFC ROIs from FreeSurfer cortical
parcellations as described previously,’®” and extracted indices
of mean activation of the DLPFC in percent signal change (%A)
during the three loads of the probe condition in all trials. Because
there is strong evidence for a cortical dysfunction especially in
the left DLPFC in schizophrenia,'?%%’ we focused on this region
in our ROI analysis. We also performed an exploratory whole-
brain model to investigate MB-COMT promoter methylation
effects across all cortical and subcortical regions. For additional
details about data acquisition and preprocessing, see SM 1.3 and
reference 39.

DNA methylation sample processing and quality control

ETDA blood samples, obtained from 234 participants and
stored at —80 °C, were sent to the Harvard Partners Center for
Genetics and Genomics for DNA extraction. All DNA extraction,
bisulphite modification, and hybridization steps were done blinded
to group assignment. Bisulphite modification and hybridization on
the blinded DNA was performed at the Mind Research Network
Neurogenetics Core Lab on an Infinium HumanMethylation27
BeadChip using Illumina Infinium Methylation Assay covering
27578 CpG sites. Buile-in controls were used to evaluate the
quality of individual arrays. No sample failed the bisulphite (BS)
conversion efficiency threshold (mean BS control intensity values <
4000). For more information on DNA methylation preprocessing
and intensity data extraction, see SM 1.4 and SM 1.5.

All samples and CpG sites were filtered further according to
coverage. In detail, we defined all B-values with a Beadstudio
P value of signal detection above 0.05 as missing and removed
samples or CpG sites with a coverage of below 95%. After this
first QC step, 229 samples remained in the analysis. Next, we
removed five samples displaying gender mismatch (females
should show high B-values on the X chromosome), resulting in a
data set of 224. After excluding participants who had no imaging
data or imaging/behavioral/genetic data of insufficient quality
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(see above and SM 1.3/1.6), MB-COMT promoter methylation
B-values were extracted from a final data set of 82 schizophrenia
patients and 102 healthy controls. The investigated CpG—at
base pair position 18308445 on chromosome 22—is 864 base
pair positions upstream from the transcription start site of the
membrane-bound isoform of COMT (Fig. S2).

We performed a singular value decomposition on the genome-
wide methylation data and tested all principal components for
effects of potential confounding factors, including chip, BS
conversion efficiency and sex. This analysis showed that the
variables chip and BS conversion efficiency had significant
effects on multiple components. Therefore we corrected our
B-values statistically for these effects by computing residuals
in a regression model accounting for the effects of chip and BS
conversion efficiency using the previously derived coefficients.
That is, we removed the effects of chip and BS conversion
efficiency, which were not collinear with sex, age, or diagnosis.
For more information, see reference 40.

Population stratification

DNA methylation has been shown to be moderately
influenced by population structure, although to a much lesser
degree than genetic data.! Furthermore, through principal and
independent component analyses, Liu et al.*' found that the
population structure present in DNA methylation data are very
well captured by the first genetic principal component. Hence,
to avoid confounding effects due to population stratification, we
applied principal component analysis to our genotype data using
EIGENSTRAT of the EIGENSOFT 3.0 software package,**%
and included the first principal component as covariate in our
imaging models. For more details of principal components
analysis, see ref. 44.

Statistical models

Basic demographic characteristics were compared across
diagnostic groups and acquisition site-specific scanner field
strengths using # tests for continuous variables. Chi-square
statistics were used to examine differences in categorical variables.
Type I error was set to 0.05 for all analyses. Sample characteristic
analyses were performed with SPSS 17.0.

We performed a ROI analysis to test for an association between
MB-COMT promoter methylation with neural activity in the left
DLPEC using a general linear model and controlling for scanner
field strength. Since age and sex effects have been reported for
DNA methylation,”*’ we also covaried for these variables. To
account for non-random sampling of schizophrenia patients, we
explicitly modeled the effects of diagnosis in our main model
and tested for a diagnosis by MB-COMT promoter methylation
interaction effect. To control for population stratification, we
included the first genetic principal component as a covariate.

We also performed a whole brain analysis investigating the
relationship between MB-COMT promoter methylation and
WkM-induced brain activity in patients and controls using
mixed effects models in FSL, estimating the between-subject
variability as random effects. The model was cluster-corrected
according to FSL default settings with a z-value of 2.3 and a P
value of 0.05 and controlled for diagnosis, field strength, sex, age,
and population stratification.
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