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Abstract

Introduction—The pharmacoepigenetics of antipsychotic treatment in severe mental illness is a
growing area of research that aims to understand the interface between antipsychotic treatment and
genetic regulation. Pharmacoepigenetics may one day assist in identifying treatment response
mechanisms or become one of the components in the implementation of precision medicine.

Objectives—To understand the current evidence regarding the effects of antipsychotics on DNA
methylation in schizophrenia and bipolar disorder.

Methods—A systematic review with qualitative synthesis was performed through PubMed,
Embase, and Psychinfo from earliest date to June 2019. Studies were included if they analyzed
DNA methylation in an antipsychotic-treated population of patients with schizophrenia or bipolar
disorder. Data extraction occurred via a standardized format and study quality was assessed.

Results—Twenty-nine studies were identified for inclusion. Study design, antipsychotic type,
sample source, and methods of DNA methylation measurement varied across all studies. Eighteen
studies analyzed methylation in patients with schizophrenia, four studies in patients with bipolar
disorder, and seven studies in a combined sample of schizophrenia and bipolar disorder. Twenty-
two studies used observational samples whereas the remainder used prospectively-treated samples.
Six studies assessed global methylation, five assessed epigenome-wide, and 15 performed a
candidate epigenetic study. Two studies analyzed both global and gene-specific methylation,
whereas one study performed a simultaneous epigenome-wide and gene-specific study. Only three
genes were analyzed in more than one gene-specific study and the findings were discordant.

Conclusions—The state of the pharmacoepigenetic literature on antipsychotic use is still in its
early stages and uniform reporting of methylation site information is needed. Future work should
concentrate on using prospective sampling with appropriate control groups and begin to replicate
many of the novel associations that have been reported.
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Background

Antipsychotic medications are one of the primary pharmacologic modalities for the
treatment of severe mental illness, including schizophrenia and bipolar disorder. Despite
clear efficacy, antipsychotics do carry a risk of treatment failure, non-adherence, and side
effects [1-4]. Following many years of intense research and discovery, pharmacogenetics,
the study of the effect of structural gene variation on medication outcomes, is poised to
become part of the treatment toolbox for clinicians treating patients with antipsychotic
medications [5,6]. In contrast, pharmacoepigenetics, the study of how alterations in gene
expression beyond the underlying genetic code influence medication outcomes or how
medications influence epigenomics, is still in the beginning stages. Epigenetics encompasses
several mechanisms that influence gene expression including DNA methylation, histone
modifications, and RNAbased mechanisms such as micro RNA[7]. Although all forms of
epigenetic mechanisms have been the subject of study in relation to antipsychotic treatment,
most studies have analyzed DNA methylation in one form or another.

The status of genomic methylation (theoretically from 0 to 100%) is measured from broad
levels down to individual sites within the genome. Global methylation reflects the
methylation status of total genomic content within a given sample. Several methods exist to
estimate global methylation status and include the use of restriction enzymes, enzyme-linked
immunosorbent assays (ELISA), and surrogate measures that utilize transposable elements
that are distributed throughout and make up a considerable portion of the genome (e.g., long
interspersed nuclear element; (LINE-1), etc.) [8]. Global estimates of DNA methylation
provide an idea of methylation changes at the genome level. However, it does not provide
information on changes that may be concentrated in genomic areas of importance that are
likely to have effects on gene expression [9].

The next level of measurement, region-specific methylation, can characterize critical
regulatory regions, such as CpG islands and promoter areas. There are several techniques
that have been developed for the assessment of regional methylation with many being
polymerase chain-reaction (PCR) and/or restriction enzyme based [10]. Regional estimates
are highly useful for targeting genes of interest, however, as they provide the average
methylation for a given region, they may not capture important differences found at the level
of the CpG dinucleotide itself. To accomplish measurements at the base pair level, bisulfite
sequencing techniques are used. Pyrosequencing is considered the gold standard for smaller
genomic regions. Various other strategies, including next generation bisulfite sequencing, are
used for greater coverage of the genome [11]. Finally, along with next generation
sequencing, array-based analyses are commonly utilized to assess site-specific methylation
at hundreds of thousands of sites across the genome [8]. This approach is generally used for
discovery or hypothesis-generating studies. The main arrays used in human DNA
methylation studies are the Illumina Infinium series (San Diego, CA), which first released an
array that assessed 27,000 CpG methylation sites across the genome (HumanMethylation27
BeadChip). Since this original array, updated technologies have been released that have been
able to assess approximately 450,000 sites (HumanMethylation450 BeadChip) and now
approximately 850,000 sites with the most current version (HumanMethylationEPIC) [12].
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There has been a significant amount of interest in the use of epigenetics to explain the
interface between genetics and antipsychotic treatment response. With such interest, and the
large range of technologies and approaches that can be used in assessing methylation, there
are now many studies that have investigated DNA methylation in patients with schizophrenia
or bipolar disorder who are on antipsychotic treatment. The purpose of this systematic
review was to gather the current evidence aimed at understanding the DNA methylation
profiles of patients on antipsychotic medications. The systematic review and summarization
of this evidence is intended for researchers and clinicians to understand the current level of
evidence that exists and also provide a resource on which future studies can be based.

This systematic review followed the suggested, structured format for establishing the
question, collecting the evidence via a standardized process, evaluating the quality of
included studies, creating a summary of evidence, and interpreting the evidence [13-15].

Systematic Review Question

The question that this systematic review aimed to answer was “What is the DNA
methylation profile for patients with schizophrenia or bipolar disorder treated with
antipsychotics?” The question was posed to capture any description of DNA methylation
within the two primary populations treated with antipsychotic medications.

Study Search and Collection

Potential studies for inclusion were searched in PubMed, Embase, and Psychinfo from
earliest date to June 2019. Studies were included if they (i) evaluated any measure of DNA
methylation in a sample of patients with schizophrenia or bipolar disorder treated with
antipsychotics and (ii) presented original, non-duplicated data. Exclusion criteria included
(i) non-original research publications such as review papers, abstracts, or commentaries, (ii)
non-English studies, or (iii) non-human studies. Studies whose primary objective was to
compare DNA methylation based on psychiatric diagnosis were allowed as long as studies
explicitly stated patients were on antipsychotics, and the study included a statistical
reporting of the association between DNA methylation and antipsychotic treatment. Studies
of DNA methylation and psychiatric diagnosis were excluded if (i) antipsychotic medication
treatment was not mentioned or (ii) associations between antipsychotic treatment and DNA
methylation were not reported in the results section. Studies that used antipsychotic
treatment as a covariate in analysis or for the purposes of a sensitivity analysis were
excluded as these studies did not report on statistical associations between the measured
methylation and antipsychotic use. Search terms entered into each database included a

combination of: “antipsychatic”, “neuroleptic”, “[individual FDA or antipsychotic names of
FDA or European approved drugs]”, “epigenetic”, “epigenomic”, “methylation”,
“schizophrenia,” and “bipolar disorder”. Two authors (KB and AK) independently assessed
search results to identify studies that met criteria for inclusion and extracted data. A third
author (BS) was utilized for any discordant determinations during search evaluations. Figure
1 shows the PRISMA diagram for the systematic review that yielded 29 studies for

inclusion.
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Data Extraction and Qualitative Review

The final included set of studies were reviewed and data were extracted for the following
variables via a standardized collection instrument: study title, authors, study population,
study design, subject/patient numbers, antipsychotic(s), comparator group (if applicable),
length of treatment (if prospective), tissue assessed, DNA methylation measured, and major
findings. Study quality was assessed using the NIH Quality Assessments Tools (https://
www.nhlbi.nih.gov/health-topics/study-quality-assessment-tools). Findings were collected
and described in the results section.

RESULTS

Our systematic review yielded 29 studies (Table 1) [16—44]. Eighteen studies analyzed
methylation in patients with schizophrenia, four studies in patients with bipolar disorder, and
seven studies in a combined sample of patients with schizophrenia and bipolar disorder. The
majority (n=22) of studies included observational sampling, such as cross-sectional or case-
control studies, and the remaining analyzed changes in a prospective manner. Antipsychotic
treatment varied widely, and peripheral blood levels were analyzed in 23 of 29 studies. The
sources of DNA consisted of peripheral blood (79%), brain (10%), combined brain and
saliva (7%), and skeletal muscle (4%). Of note, only three studies utilizing peripheral blood
controlled for the cellular composition in their analyses (all by statistical methods in
epigenome-wide studies). Finally, the method of DNA methylation assessment ranged from
global to genome-wide and targeted gene analysis. All studies analyzed 5-methylcytosine
methylation with the exception of one study who simultaneously analyzed 5-
hydroxymethylcytosine gene methylation (an “oxidized derivative” form of 5-
methylcytosine) [44]. Unless otherwise stated, all summarized results refer to 5-
methylcytosine DNA methylation. Study quality information can be found in the
supplementary information.

Global Methylation Studies

Eight studies included a measurement of global methylation (Table 2). The most commonly
employed measurement utilized restriction enzymes (five studies) followed by transposable
elements (two studies) and ELISA (one study). Six studies included patients with
schizophrenia, one study included patients with bipolar disorder, and one study include both
patients with bipolar disorder and schizophrenia. All studies reported on associations of
typical and/or atypical antipsychotics (AAPS) as a class with DNA methylation, therefore,
no study reported associations with individual antipsychotic medications. Five studies
included samples on both atypical and typical antipsychotics, one study included only
patients on AAPs, and two studies did not specify antipsychotic type. The source for DNA
methylation in each study was peripheral blood. Lower global methylation in patients treated
with AAPs was observed in three studies [25,26,34] although the comparator groups in each
study differed. Increased global methylation was observed in three studies and one study
identified increases in responders only [20,32,41]. One study did not identify an effect of
antipsychotic dose on global methylation levels [21].
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Genome-wide Methylation Studies

Six studies utilized epigenome-wide technologies to report on DNA methylation profiles in
antipsychotic-treated populations within peripheral blood (five studies) or brain (one study)
(Table 3). Three studies included in patients with schizophrenia, two included patients with
bipolar disorder, and one included a combined schizophrenia/bipolar sample. Patients within
these studies were on AAPs (two studies) or did not state the type of antipsychotic (two
studies). One study only included patients on olanzapine or quetiapine and the remaining
study only included patients on olanzapine. Two studies analyzed epigenome-wide changes
prospectively, one compared to mood stabilizers and two evaluated antipsychotic side
effects. All studies utilized array approaches to interrogate genome-wide methylation with
four studies utilizing the Illumina HumanMethylation technology. Within these genome-
wide studies, methylation changes within a wide number of genes and pathways was
observed. For example, pathway changes were identified in lipid metabolism, the Wnt/p-
catenin, neurogenesis, immune function, cell substrate/matrix adhesion, and mitochondrial.

Gene-Specific Studies

Targeted gene methylation analyses were performed in 18 studies with patients with
schizophrenia or bipolar disorder who were treated with antipsychotics (Table 4). Eleven
studies included samples from patients with schizophrenia, five studies included both
patients with schizophrenia and bipolar disorder, and two studies only included patients with
bipolar disorder. Seven studies included samples treated with either AAP or typical
antipsychotics, six studies included only AAP-treated samples, and five studies did not
specify antipsychotic type. Most studies included any type of antipsychatic in the specified
class, whereas three studies only included patients on risperidone and one study included
patients on olanzapine or quetiapine. The methodology of gene-specific analyses varied
across studies, with pyrosequencing and methylation-specific PCR as the most common
methods (five studies each). Similarly, the genes of interest varied across studies. Thirty-
three different genes were analyzed and only the COMT, HTRZa, and 5-HTT genes were
analyzed in more than one study. Studies were mixed in identifying increased (eight studies),
decreased (five studies), or no change (five studies) in gene-specific methylation within
antipsychotic-treated patients.

Discussion

The goal of this study was to perform a systematic review to better understand the current
evidence regarding DNA methylation profiles of antipsychotic-treated patients with bipolar
disorder and schizophrenia. Within the included studies, the majority (62%) analyzed
associations in patients with a schizophrenia diagnosis, whereas a smaller proportion
reported associations in patients with bipolar disorder (14%) or a combined sample (24%).
Across the 29 included studies, the type of antipsychotic was not uniform and included
typical, atypical, or multiple concurrent antipsychotics. Furthermore, class effects of
antipsychotics (rather than a single or few antipsychotics) were more commonly studied and
often effects of antipsychotics represented secondary analyses in studies of methylation
changes based on psychiatric diagnosis. The studies included in this review used various
approaches to assess DNA methylation including non-specific, global methylation, genome-
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wide discovery with epigenome arrays, and targeted analyses of candidate genes/pathways.
The findings among these studies were mixed in that there was no uniform identification of
increased or decreased DNA methylation in antipsychotic-treated patients, nor were any hits
replicated in a rigorous manner. It appears that the effects of antipsychotics are dependent on
the study design, population under study, and the gene(s) being studied. Given the
heterogeneity identified here, it is critical that future clinical epigenetic studies of
antipsychotics carefully choose sample populations (e.g., targeting a specific diagnosis with
a well-defined antipsychotic exposure), methylation analysis methodology, sample sources,
and gene locations that will allow for the development of an evidence base with sufficient
rigor and quality for clinical application.

Methylation assessments of the COMT, HTRZa, and 5-HTT genes were included in more
than one study. Two studies identified increased COMT methylation; the first in patients
with schizophrenia on antipsychotics compared to healthy controls and the second in
patients with schizophrenia with metabolic syndrome [33,34]. In contrast, two studies found
decreased COMT methylation in patients with schizophrenia versus controls and
furthermore, in one study, lower methylation was also specifically associated with atypical
antipsychotic treatment [18,38]. 5-H 7T findings were also mixed with one study finding
decreased methylation with long-term antipsychotic use whereas another study found no
differences [19,34]. In one study, HTRZ2A methylation was found to be higher with
antipsychotic use compared to non-treated or healthy controls, however, another study found
no difference [17,40].

Although several reasons could lead to the discordant findings among studies analyzing the
same genes (e.g., study design, patient population, etc), one primary issue among gene-
specific studies is a lack of uniformity in assessing a gene’s methylation status. This may
include the sample source and technologies used to determine methylation, which varied
among the studies described in this review. Additionally, the target area of a given gene can
vary widely especially since most technologies described here only analyze a very small
portion or section of a gene. Although technologies like bisulfite sequencing exist to analyze
an entire gene, this is currently limited by its expense and need for advanced bioinformatic
processing approaches. For example, in the two studies that analyzed 5H72RA, one stated
that they “screened [a] CpG-rich spot in the upstream of promoter region or within candidate
genes” [40] whereas the other stated that they analyzed “H7RZA promoter” methylation
[17]. The latter study provides some more details including primers sets, base pair distances
from the assumed transcription start site, and an external reference [45] that provides their
methods for identifying CpG islands near promoter regions. Despite the base pair distances
for the HTRZA analysis provided in the latter study, neither study provided exact genomic
coordinates for their analyzed region of interest or were fully transparent regarding the
number of CpG methylation sites included in their analysis (although the [40] provides more
information for their statistically significant associations). This demonstrates that the
descriptions, either within the manuscript or available supplementary material, of the exact
genomic locations analyzed may not be known, thus making comparisons difficult and
potentially unreliable. Future publications should consider utilizing supplementary material
to report specific genomic locations assessed including number of CpG sites, location of
CpGs, and primer(s) used to analyze methylation (if applicable). Such information should be
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provided regardless of the significance of the statistical associations described within the
study. Creating a more transparent and uniform reporting of gene-specific methylation
assessment will allow for future strategies to replicate previous studies and potentially
combine results in using meta-analytic strategies.

The epigenome-wide studies identified numerous sites, genes, and pathways associated with
antipsychotic treatment. Many of the reported associations are novel in nature and occurred
in relatively small sample sizes given the large number of comparisons performed within
each study. Therefore, although promising, findings from these exploratory studies should be
considered preliminary until further replication is pursued. A few studies did include a
replication cohort to validate their epigenome-wide candidates, however, independent
replication did not occur in any study; thus the rigor of replication was low. Pathway
analyses were included in three studies that identified several potential pathways impacted
by methylation changes including mitochondrial, Wnt/B-catenin, adipogenesis, immune-
related, neurogenesis, and regulatory [30,35,46]. Some of these pathways have been
investigated for molecular changes (e.g., protein, gene variation, etc.) in response to
antipsychotic medications in both human and non-human studies [47-50]. Overall, these
epigenome-wide studies have identified both novel and known pathways that should be
furthered pursued for their roles in antipsychotic treatment response and side effects.

Most studies included in this review utilized clinically-accessible samples (i.e., blood or
saliva) for DNA methylation measurements. This does increase the potential clinical utility
of methylation associations identified in these tissues, however, it may not reflect the brain,
which is the main site of interest in psychiatric disease treatment. A few studies utilized
saliva and post-mortem brain samples and found similar DNA methylation changes in both
tissues suggesting some changes in the brain may be reflected in the periphery. This is
further supported in studies whose primary purpose is to identify DNA methylation
correlations across various tissues within the brain [51]. Of note, peripheral blood DNA
methylation has been found to have lower correlation with brain DNA methylation whereas
saliva appears to have a higher correlation. Such nuances should be considered when
interpreting the utility of such studies (e.g., biomarker versus mechanism) [52]. The only
other tissue utilized in the included studies was skeletal muscle, which was specifically
chosen as a candidate tissue for the study of antipsychotic-associated insulin resistance [53].
Future work will need to take into consideration the source of DNA methylation assessment
and what role this plays in the interpretation of findings.

The associations described within these studies evaluated several relationships to
antipsychotic use. These relationships included: (i) a basic effect of antipsychotics compared
to healthy controls or another medication class, (ii) an effect of length of treatment on DNA
methylation, (iii) associations of antipsychotic response (based on psychiatric scale
measurements) to DNA methylation changes, and (iv) associations between antipsychotic
side effects and DNA methylation changes. This wide range of assessment may partly
explain the observed contradictory changes in DNA methylation (hyper versus
hypomethylation). Nevertheless, this range of work is also useful in delineating the
epigenetic underpinnings of antipsychotic efficacy versus side effects, which may or may not
be distinct. Given the low response rates, high rates of nonadherence, and high mortality
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rates, this work may well create an evidence base on which future studies can pursue multi-
gene approaches to understand treatment mechanisms or improve treatment outcomes.

Some limitations to the current body of research regarding DNA methylation and
antipsychotics should be considered. First, the populations, treatment, methodology, and
targets of DNA methylation analysis varied widely across the studies. The most powerful
study design to identify causal DNA methylation changes secondary to antipsychotic
treatment would be through prospective studies. Within this systematic review, 8 of 29
studies included a prospectively treated population, however, none included placebo
comparators. This is further reflected in the quality assessments of each study
(supplementary information) included in this review, which did not identify a study that met
every quality criteria. As discussed, the source of DNA methylation measurement varied
among studies, with the most common source being peripheral blood. The use of this tissue
in understanding AAP effects should be taken with caution, especially if the study utilized
no method to correct for potential cell type bias inherent to peripheral blood. It is evident
from the included studies that more uniform approaches are required in assessing
associations between DNA methylation and antipsychotics as the current heterogeneity
among the studies makes it impossible to critically evaluate and combine findings. Finally,
there is a current lack of replication and/or validation of most of the findings described
within the studies included in this review, suggesting that the findings to date are not yet
suitable for further clinical application at this time.

Conclusions and Considerations for Future Research

It remains to be seen if pharmacoepigenetics will prove useful in the same manner as
pharmacogenetics, or if it will have a unique role in clinical applications or used in the
evidence base for treatment mechanisms and future treatment development. Such future use
of DNA methylation in antipsychotic treatment is not out of the realm of possibility given
that DNA methylation has been used to support clinical treatment decisions in cancer [54],
prenatal testing [55], forensic testing [56], and in the development of drugs [57]. Until such
time, it is imperative that studies of DNA methylation in antipsychotic-treated populations
utilize high quality methodologies (from primer design to methylation assessment) that
allow for a robust evidence base that can be used in future research that would inform
clinical decisions. Upcoming research should focus on assessing previously identified
pathways from either pre-clinical or clinical studies in prospectively-treated populations
with adequate control groups in order to identify the most relevant and powerful associations
between antipsychotics and DNA methylation. Strategies, such as Mendelian
Randomization, may be a useful method for estimating the causal associations between
DNA methylation and antipsychotic treatment in observational studies while accounting for
possible confounding effects. This approach has been successfully utilized in other disease
states, such as dyslipidemia, and its application in epigenetics is growing [58,59]. Future
work should simultaneously assess critical tissues of interest related to antipsychaotic effects
(e.g., brain for efficacy, metabolic tissues for side effects, etc.) alongside clinically
accessible tissues (e.g., saliva, blood, etc.) to identify robust associations that would have
potential for clinical utility. Additionally, studies should utilize technical or statistical
approaches to control for the heterogeneous cellular composition of peripheral blood.
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Studies should also include clearly defined populations with inclusion and exclusion criteria
that target specific diagnoses and/or diagnostic sub-types (e.g., bipolar disorder I, etc.) with
clear exposures of specific individual antipsychotic medications. Future studies and reviews
should attempt to clarify associations of DNA methylation with antipsychotic treatment
versus disease development itself as it is possible that the two are linked. This work will be
critical to defining epigenetic mechanisms that are relevant to both disease and treatment
outcome. Employing these approaches, among others, will be vital to the improvement of
future application of epigenetics in antipsychotic treatment including replication and new
discovery.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Records identified through PubMed, Embase, and Psychinfo
searching
(n=1741)

Records remaining after removal of duplicates (n = 1252)

Records remaining after title/abstract screening (n = 43)

Records excluded after full-text search
(Total of 14 excluded;
n = 12 excluded for non-DNA methylation measure or did not report specific
association between antipsychotic and DNA methylation;
n =1 abstract;
n=1review )

Records remaining for qualitative synthesis (n = 29)

Figure 1. PRISMA Flow Diagram of Systematic Review.
The flow diagram shows the results for the initial search and exclusions resulting in 29

studies included in the systematic review.

Pharmacotherapy. Author manuscript; available in PMC 2021 April 01.

Page 13



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Burghardt et al.

Table 1.

Studies included in Systematic Review.

Page 14

Study Study Patient population Antipsychotic type Sample DNA methylation
Type Type approach
Set 1 (saliva): 30 SCZ;30 HC;15
a PR saliva and
Abdolmaleky et. al [16] obs Set 2 (brain): 35 SCZ/BD;35 HC NR brain gene-specific
Abdolmaleky et al. [17] obs 35 SCZ; 35 BD; 35 HC NR brain gene-specific
Abdolmaleky et al. [18] obs 40 SCZ; 35BD; 40 HC NR brain gene-specific
Set 1 (brain): 35 SCZ/BD;35 HC
Set 2 (saliva): 30 SCZ;20 BD;30 saliva and
Abdolmaleky et al. [19] obs HC;20 UPR NR brain gene-specific
obs 20 twin pairs discordant for SCZ;
8 pairs concordant for SCZ; 21
HC twin pairs; 21 psychiatric global and gene-
Bonsch et al. [20] control twin pairs AAP and TAP blood specific
Bromberg et al. [21] obs 28 SCZ; 26 HC NR blood global
Burghardtetal. 2217 | %S 120 BD AAP blood” EWAS
c Discovery Set: 96 SCZ; Validated d
Burghardt et al. [23] obs Set: 166 SCZ AAP blood EWAS
skeletal
Burghardt et al.[24] obs 30BD AAP muscle gene-specific
Burghardt et al. [25] obs 115BD AAP blood global
Burghardt et al. [26] obs 133SCz AAP and TAP blood global
obs and
Cheng et al. [27] prosp 60 SCZ; 30 HC risperidone blood gene-specific
24 MDD;24 BD I; 24 BD II; 25
D’Addario et al.[28] obs SCZ; 34 HC AAP and TAP blood gene-specific
Ellingrod et al. [29] prosp 35SCzZ AAP and TAP blood global
olanzapine and d EWAS and gene-
Houtepen et al. [30] obs 172 BD quetiapine blood specific
Kinoshita et al. [31] prosp 21scz olanzapine blood EWAS
Lietal. [32] obs 92 SCZ; 99 BD; 92 HC AAP and TAP blood global
Lott et al. [33] obs 85SCZ NR blood gene-specific
global and gene-
Melas et al. [34] obs 177 SCZ; 171 HC AAP and TAP blood specific
Mill et al. [35] obs 35SZ;35BD; 35 HC NR brain EWAS
Miura et al. [36] prosp 34SCz risperidone blood gene-specific
Moons et al. [37] obs 438 SCZ AAP and TAP blood gene-specific
Nour El Huda et al. [38] | obs 138 SCZ; 132 HC AAP and TAP blood gene-specific
Rukova et al. [39] prosp 20 SCZ; 220 HC NR blood EWAS
Shi et al. [40] prosp 288 SCz risperidone blood gene-specific
Swathy et al. [41] obs 184 SCZ; 330 HC NR blood global
Tang et al. [42] prosp 82SCz AAP and TAP blood gene-specific
Venugopal et al. [43] prosp 47 SCZ; 47T HC AAP blood gene-specific
Zong et al. [44] obs 279 SCZ; 265 HC AAP and TAP blood gene-specific
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Details of 29 studies included in the systematic review including study design, type of antipsychotic within study, sample type for DNA
methylation analysis, and overall DNA methylation strategy. Abbreviations: AAP = atypical antipsychotic; BD = bipolar disorder; EWAS =
Epigenome-Wide Association Study; HC = healthy control; MDD = major depressive disorder; NR = not reported; obs = observational; PR =
primary relative; pros =prospective; scz = schizophrenia; TAP = typical antipsychotic; UPR = unaffected primary relative

aAbdoImakey et al. studies (references 16-19) did not state if patient overlap was present for included samples

bBurghardt et al. references 22 and 25 had patient overlap

c .
Burghardt et al. references 23 and 26 had patient overlap

dControIIed for cell type composition
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Table 2.

Studies of Global DNA Methylation.

Page 16

Bdnsch et al. [20]

Enzyme-Based

Study Global Objective Main Finding (s)
Methylation
Method
Methylation differences based on
Restriction diagnosis/groups included and Methylation levels were higher in treated patients

antipsychotic use

(similar to HC levels) compared to non-treated patients.

Bromberg et al.
[21]

Restriction
Enzyme-Based

Methylation differences based on
homocysteine levels and diagnosis
and antipsychotic use

Overall, no associations found between antipsychotic
dose or homocysteine and methylation. Interaction noted
for increased methylation in female non-smokers
compared to female HC non-smokers.

Burghardt et al?
[25]

Restriction
Enzyme-Based

Methylation levels based on
antipsychotic use and antipsychotic-
induced insulin resistance

Lower methylation in patients on AAPs versus mood
stabilizers. Increased insulin resistance was associated
with decreased methylation.

Methylation differences related to

Melas et al. [34]

Enzyme-Based

LINE-1 demographics, clinical variables,
Burghardt et al. transposable antipsychotic use, and MTHFR/ Decreased methylation in MTHFR TT genotype in
[26] elements COMT genotype female patients treated with an AAP.
Methylation levels following folate Increased methylation after folate treatment. Methylation
Ellingrod et al. Restriction treatment in patients with SCZ with increases were greatest in patients on olanzapine and
[29] Enzyme-Based metabolic syndrome clozapine compared to all other types.
LINE-1 Methylation levels at three sites Positive correlation of methylation with clozapine
transposable based on clinical variables and treatment and age. Negative correlation with diagnosis
Lietal. [32] elements antipsychotic treatment and sex.
Higher methylation in patients treated with haloperidol
compared to all other antipsychotics (2/3@ AAP).
Restriction Methylation levels based on clinical Increased methylation in HC versus SCZ (similar level to

factors and antipsychotic use

haloperidol) and in late onset versus early onset SCZ.

Swathy et al. [41]

ELISA

Methylation changes post-
antipsychotic treatment

Increased methylation in patients with SCZ compared to
HCs. Increased methylation in responders compared to
HCs and non-responders.

Details of eight studies that analyzed global methylation in antipsychotic-treated (including typical antipsychotic, atypical antipsychotic, or mixed)
patients with schizophrenia or bipolar disorder. Abbreviations: AAP = atypical antipsychotic; COMT = catechol-o-methy| transferase; ELISA =
Enzyme-linked immunosorbent assay; HC = healthy control; LINE-1 = Long Interspersed Nuclear Elements; MTHFR = methylene
tetrahydrofolate reductase; SCZ = schizophrenia

aBurghardt et al. studies assessed an independent bipolar population (Reference 25) and schizophrenia population (reference 26)
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Table 3.

Studies of Epigenome-wide Association.

Study EWAS Method Objective Main Finding (s)
Identify methylation Two sites associated with AAP-induced insulin resistance after
Burghardt et associated with correction for multiple testing. The top site was in an intergenic region
2 antipsychotic-induced and the second site was in the FAR2 gene. The FARZ site was
al.” [22] lumina 450K insulin resistance replicated in an additional sample.
Sites within five genes found to be associated with metabolic syndrome
Determine the methylation and the top pathway from a bioinformatic analysis was the Wnt/pB-
profile related to metabolic | catenin pathway. Additionally, sex-specific sites associated with
Burghardt et al. syndrome in SCZ patients metabolic syndrome were also identified. Validation occurred in
[23] lumina 450K on antipsychotics additional sample set for two genes (CDH22and MAP3K13 genes).
No individual methylation sites were significant after multiple testing
lumina 27K Identify changes based on correction. Methylation changes in pathways related to neurogenesis,
Houtepen et al. (n=122) and AAP and mood stabilizer embryonic function, regulatory, and immune function were associated
[30] 450K (n=50) use with quetiapine treatment.
29,134 CpG sites showed significant changes in DNA methylation. A
higher number of sites had decreased DNA methylation compared to
increased methylation. These sites were associated with the cell
substrate adhesion and cell matrix adhesion pathways. A site within the
Kinoshita et al. Identify changes after 1 CREBBP gene was the sole site associated with psychotic symptom
[31] Illumina 450K year of clozapine treatment | changes after correction for multiple testing.
Determine DNA Male patients with SCZ had lower methylation in the MAPZK1 gene
methylation profiles in which correlated with lifetime antipsychotic use. A similar trend was
In-house CpG major psychosis and with observed in female patients with SCZ but this did not remain
island lifetime antipsychotic significant with a correction for multiple testing. Overall, psychiatric
Mill et al. [35] microarray treatment patients had differential methylation in “Mitochondrial” pathways.
Agilent Human Identify the DNA
DNA methylation profiles after
Rukova et al. Methylation prospective treatment with Differentially methylated regions differed from controls before and
[39] Microarray antipsychotics after treatment and were also dependent on sex and remission status.

Details of six studies that analyzed epigenome-wide methylation arrays in antipsychotic-treated patients with schizophrenia or bipolar disorder.
AAP = atypical antipsychotic; CDH22 = Cadherin 22; CREBBP = CREB Binding Protein; EWAS = Epigenome-Wide Association Study; FARZ =
Fatty acyl CoA reductase; MAP3K13= Mitogen-Activated Protein Kinase Kinase Kinase 13; MAPZK1 = Mitogen-Activated Protein Kinase

Kinase 1; SCZ = schizophrenia

aBurghardt et al. studies assessed an independent bipolar population (Reference 22) and schizophrenia population (reference 23)
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Table 4.
Studies of Gene-Specific Methylation.
Study Gene-specific Gene(s) Objective Main Finding (s)
Method® analyzed
In saliva and brain, antipsychotic-naive patients
had higher methylation compared to patients on
Identify changes with antipsychotic and controls. There was a trend of
Abdglmaleky et.al Illumina 27K, diagnosis and decreased methylation with increased lifetime use
[16] gMSP DTNBP1 antipsychotic treatment of antipsychotics.
CpG-specific methylation higher in SCZ/BD
compared to HCs. Antipsychotic use was
gMSP and Role of HTR2A associated with higher methylation compared to
Abdolmaleky etal. | bisulfite methylation in SCZ/BD drug-free patients however there was no difference
[17] sequencing HTRZA pathogenesis and treatment | between AAP and typical antipsychotic use.
Evaluate gene-environment | Lower methylation in SCZ and BD compared to
gMSP and interactions and their effect | HCs. There was no observed effect of
Abdolmaleky etal. | bisulfite on correlations with antipsychotic or mood stabilizer use on these
[18] sequencing comMT diagnosis and treatment observed differences.
In saliva and brain, increased methylation in drug-
naive compared to HCs and patients on
Abdolmaleky etal. | Illumina 27K/ Identify changes with antipsychotics. Longer use of antipsychotics
[19] 450K, qMSP 5-HTT diagnosis and treatment associated with decreased methylation.
Methylation differences
based on diagnosis/groups
Reelin, included and antipsychotic | Lower Reelin methylation in SCZ twins on
Bonsch et al. [20] qMSP S0X10 use antipsychotics compared to drug-free SCZ twins.
Increased DNA methylation observed for AK71,
Identify effect of AKTZbut not AKT3in AAP versus patients on
Burghardt et al. AKTI, antipsychotic treatment mood stabilizer. Trends observed between
[24] MS-HRM PCR AKT2, AKT3 | and insulin resistance AKT2methylation and insulin resistance.
Increased methylation in SCZ versus HC. No
Understand the role of significant difference between AAPs used
methylation in SCZ (quetiapine, risperidone, clozapine) but quetiapine
susceptibility and had increased methylation in both males and
Cheng et al. [27] PSQ DRD4 treatment females compared to HCs (other AAPs did not).
Identify changes with
D’Addario et al. diagnosis and Increased methylation in patients with SCZ but no
[28] PSQ CNR1 antipsychotic type effect of antipsychotic type was found.
RELN,
SLCIAZ,
MTNRIA,
IGF2, H19,
BDNF, Examine DNA methylation
Houtepen et al. Illumina 27K/ SLC6A4, signatures of psychiatric No associations detected for any included
[30] 450K GADI medication in BD subjects medication after correction for multiple testing.
Assess relationship Patients with the COMT vall/val genotype and
between COMT metabolic syndrome had higher methylation of
methylation and metabolic COMT. This relationship was further influenced
syndrome in patients on by the amount of physical activity (increased
Lott et al. [33] PSQ coMT AAPs activity associated with decreased methylation).
Higher COMT methylation in SCZ (all
COMT and 5- | Methylation levels antipsychotic treated) versus HC. No differences in
Melas et al. [34] PSQ HTT compared to HCs 5-HTT detected.
Of the 35 CpG sites analyzed, one site showed
Analyze the effect of increased methylation in responders versus non-
Bisulfite risperidone treatment on responders but did not remain significant after
Miura et al. [36] sequencing ANKK1 methylation correction for multiple testing.
Nominal significant association between a single
Determine associations CpG site in /GF2and hip circumference. No
Moons et al. [37] EpiTYPER IGF2 between methylation and associations with methylation found.
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Study Gene-specific Gene(s) Objective Main Finding (s)
Method® analyzed
antipsychotic-induced
metabolic side effects
Decreased methylation observed in patients with
Determine the effect of SCZ versus HC. Lower methylation observed in
Nour El Huda et. diagnosis and clinical AAP (and in risperidone only) group compared to
al [38] MethyLight comMT variables on methylation typical antipsychotic group.
CYP3A4,
CYP2D6, Decreased methylation in CYP3A4 and CYP2D6
HTR2A, Analyze methylation based | genes associated with response to risperidone. No
ABCBI, on risperidone treatment significant associations observed for HTRZA,
Shi et al. [40] MassARRAY DRD2 and response ABCBI, or DRDZ gene methylation.
Understand the effect of One site correlated with change in symptom scores
methylation on response to | however, it was not dependent on antipsychotic
Tang et al. [42] PSQ HTRIA antipsychotics type.
Determine the effect of Reduced methylation in SCZ prior to treatment
Venugopal et al. Bisulfite AAP treatment on compared to HC. AAP treatment increased
[43] sequencing IL-6 methylation methylation to levels similar to HC.
Effect of diagnosis and Both GABRBZ25-mC and 5-hmC were increased
EpiMark GABRBZ2 5- clinical variables on 5-mC in SCZ compared to HCs. Olanzapine and
Restriction mC and 5- and 5-hmC of GABRBZ2 ziprasidone treatment associated with increased 5-
Zong et al. [44] Enzyme qPCR hmc gene mC levels (no effect on 5-hmC levels).

Details of 18 studies that analyzed gene-specific methylation in antipsychotic-treated patients with schizophrenia or bipolar disorder. Common gene
nomenclature provided in table. Abbreviations: 5-mc = 5-methylcytosine; 5-hmC = 5-hydroxymethylcytosine; AAP = atypical antipsychotic; BD =
bipolar disorder; CpG = cytosine-phosphate-guanine dinucleotide; HC = healthy controls; MS-HRM = Methylation Sensitive — High Resolution
Melting PCR; PSQ = pyrosequencing; gMSP = quantitative methylation specific PCR; SCZ = schizophrenia

a., . - - . . . . .
Studies that utilized arrays only analyzed a specified set of candidate genes and did not perform an epigenome-wide associate study

bAbdoImakey et al. studies (references 16-19) did not state if patient overlap was present for included samples
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