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Abstract

The global burden of psychopathologies appears to be underestimated, since the global
psychiatric disorder burden is exceeding other medical burdens. To be able to address
this problem more effectively, we need to better understand the etiology of psychiatric
disorders. One of the hallmarks of psychiatric disorders appears to be epigenetic
dysregulation. While some epigenetic modifications (such as DNA methylation) are
well known and studied, the roles of others have been investigated much less. DNA
hydroxymethylation is a rarely studied epigenetic modification, which as well as being
an intermediate stage in the DNA demethylation cycle is also an independent steady
cell state involved in neurodevelopment and plasticity. In contrast to DNA methylation,
DNA hydroxymethylation appears to be related to an increase in gene expression and
subsequent protein expression. Although no particular gene or genetic locus can be at
this point linked to changes in DNA hydroxymethylation in psychiatric disorders, the
epigenetic marks present good potential for biomarker identification because the
epigenetic landscape is a result of the interplay between genes and environment, which
both influence the development of psychiatric disorders, and because
hydoxymethylation changes are particularly enriched in the brain and in synapse-

related genes.
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Core Tip: DNA hydroxymethylation is one of the least investigated epigenetic
mechanisms but based on currently available results it is abundant in the brain, thus
potentially influencing the development of psychiatric disorders through modulation of

gene expression. Currently no particular genetic locus or gene can be linked to
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hydroxymethylation in psychiatric disorders. However, the dynamics in gene
expression of the ten-eleven translocation enzymes that catalyze hydroxymethylation
have been demonstrated, and changes in hydroxymethylation levels when comparing
healthy subjects with psychiatric disorders can be determined using genome-wide and

candidate gene approaches.

INTRODUCTION

The global burden of psychiatric disorders

Psychiatr'hdisorders comprise different types of mental disorder, including anxiety
disorder, major depressive disorder (MDD), bipolar disorder (BP), post-traumatic stress
disorder, schizophrenia (SZ), eating disorders, neurodevelopmental é]isorders,
disruptive behavior, and dissocial disorders. All disorders have in common a clinically
significant disturbance in an individual’s cognition, emotional regulation, or behavior
and are normally associated with distress or impairment in important areas of
functioning. In 2019, there were 970 million people around the world living with a
psychiatric disorder. More than half of those people struggle with anxiety disorder (301
million) or depression (280 million), both of which are also common in children and
adolescents. BP was experienced by 40 million people, and SZ by approximately 24
million peoplelll. Obsessive-compulsive disorder (OCD) affects 1%-3% of the
worldwide population!2l. Suicide is strongly connected with psychiatric sorders (in
particular, depression and BP). However, many suicides happen impulsively in
moments of crisis, such as breakdown in the ability to deal with life stressors, such as
financial or relationship problems, chronic pain, or illness. More than 700000 people die
due to suicide and there are many more people attempting itPl. 13% of the global
population is living with a psychiatric disorder which has a substantial effect on all
areas of life, such as school or work performance, relationships with family and friends,
and the ability to participate in the communityl4l. Besides social impact, there is also an

economic burden that costs the global economy US$ 1 trillion each yearl3l.
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Biomarkers and psychiatric disorders

A biomarker is a measurable indicator of some biological state or condition. Diagnostic
biomarkers serve for narrowing down diagnoses specific to an individual patientlﬁldn
the field of psychiatry, diagnoses are made based on psychiatric examination using the
Diagnostic and Statistical Manual or Mental Disorders or International Classification of
Diseases!”78l. As clinical presentations of the same psychiatric disorders are
heterogeneous, identifying biomarkers is essential step to facilitate diagnosis through
markers that allow stratification of groups within the syndrome, early detection of the
disease, prescribing the right medications, and improving treatment outcomel®l. Several
factors, including genetic, neurobiological, cultural, and life experiences and their
interplay contribute to psychiatric disorders. Heritability plays one part in
understanding pathogenesis. For example, for the development of SZ and BP there is an
approximately 80% contribution of heritability, while this drops to only around 40% for
depression and suicidalityP]. Scientists have tried to understand the association of
genetic polymorphisms on bigger cohorts by way of genome-wide association studies
(GWAS), but there still remain many unanswered questions. This indicates that
environmental factors also need to be taken into account!'¥l. Epigenetic mechanisms
such as DNA methylation and hydroxymethylation, histone tail modifications and non-
coding RNAs, respond to environmental factors and cause changes in gene expression
or translation without changing DNA sequencel®l. The final biological outcome results
from the interplay between different epigenetic mechanisms. In recent years
hydroxyaethylation has received increasing attention in the “neuroepigenome”[10].
There is particular interest in hydroxymethylation because it is highly enriched in brain

and synapse-related genes, and exhibits dynamic regulation during development!!l.

EPIGENETICS OF PSYCHIATRIC DISORDERS
DNA methylation

Mental disorders are influenced by many biological and external factors that can be

linked together by epigenetics(?12l. The term epigenetics describes innate (hereditary) or
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lifetime-acquired changes in gene expression that do not originate from differences in
DNA sequencel®3l. Epigenetics can thus help us understand the delicate interplay of
environmental and genetic influences within the cell. One of the commonly studied
mechanismgof epigenetic regulation is DNA methylation and the changes in its pattern.
During the DNA methylation process a single methyl group is attached to the 5" C site
of the cytosine, making the cytosine either methylated or, when removed,
unmethylated. DNA methylation can have a significant effect on the regulation of gene
expressionY. While DNA methylation is still the best researched and understood
epigenetic modification, other types (such as noncoding RNAs) are getting more

recognition!15.16],

DNA hydroxymethylation
DNA methylation was long thought of as a binary state; whether the switch was turned
on (resulting in a methylated cytosine) or off (resulting in an unmethylated cytosine).
However more recently it has been discovered that methylation can have _stable
intermediate stages, which can happen during the process of demethylation. Active
demethylation is catalyzed by enzymes of the ten-eleven translocation (TET) family and
the enzyme thymine-DNA glycosylase mediated base excision. TET family proteins (the
enzymes TET1, TET2 and TET3) are 2-oxoglutarate and Fe(I)-dependent dioxygenases,
which catalyze 5-methylcytosine (5mC) conversion to 5-hydroxymethycytosine (5hmC)
(illustrated in Figure 1). DNA hydroxymethylation was first described in 1972 but it
was only in 2009, that 5hmC was identified as an oxidation metabolite of DNA
methylation!1718], 5ShmCs are often localized in gene bodies and untranslated regions.
Compared to methylation, levels of 5hmC are lower (roughly 10% of methylation
levels), but a high abundance of 5hmC is observed in the central nervous system.
nimal studies demonstrate that DNA hydroxymethylation appears to be important
during neurodevelopment as levels of 5ShmC in mice embryos increase in the absence of
demethylation, making it a stable cell state. This is confirmed by many animal

studies'?). 5hmC can be recognized by specific binding proteins, and can be maintained
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through cell division/?’l. While its exact role in adult brain is not known, it appﬁars that
DNA hydroxymethylation can affect neuroplasticity and neurotransmission. 5hmC as
such serves a dual role, not only as an intermediate of active demethylation but also as
an important mark of epigenetic regulation. As with DNA methylation, numerous
environmental factors such as medication, stress and pollutants can affect levels of
ShmCMl,

Like DNA methylation, DNA hydroxymethylation also affects gene expression, but
the manner and direction (upregulation or downregulation of gene expression) are not
as well characterized as for DNA methylation. Nevertheless, research indicates that
DNA hydroxymethylation of the gene body leads to increased gene expression.
Enrichment of DNA hydroxymethylation is also often observed at 5 splicing sites,

enhancers and CpG island borders(2!l.

METHODS FOR DNA HYDROXYMETHYLATION DETECTION

Several methods are available for the analysis of DNA hydroxymethylation, following
in the footsteps of DNA methylation methods. For DNA methylation, bisulfite
conversion of DNA is the gold standard. During the conversion, unmethylated
cytosines are deaminated, allowing methylated cytosines to be identified. However, the
classical bisulfite conversion approach does not work for DNA hydroxymethylation
because it is not possible to distinguish between methylated and hydroxymethylated
cytosines(22l. Since the ratio of methylation to hydroxymethylation is approximately 9 to
1 in favor of methylation other approaches are needed to measure
hydroxymethylation[23. When the number of target genes is small, the candidate gene
approach is most appropriate. When the number of target genes increases, a genome-
wide approach is usually better in terms of finances, time, and information. Therefore,
the selection of the appropriate method for DNA hydroxymethylation analysis should
be based on the broader experimental design. Since genome-wide methods are more

commonly used for 5ShmC assessment, this section focuses only on such methods.
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Genome-wide methods for detecting DNA hydroxymethylation

Genome-wide approaches are often better than candidate gene approaches when
studying lesser-known epigenetic states such as hydroxymethylation. In addition,
psychiatric disorders are complex behaviors that likely involve multiple genes.
Currently, there are several methods. Some methods use restriction enzymes and
glucosylation (the process by which B-glucosyltransferase specifically transfers a
glucose unit to 5hmC, resulting in glucosylated 5hmC). One example is Aba-seq, which
uses a restriction endonuclease AbaSI that selectively recognizes glucosylated 5hmC
and cleaves DNA in its vicinity (within approximately 10 base pairs)i24. Another
example is Reduced Representation Hydroxymethylation Profiling, in which DNA is
first digested with the enzyme Mspl, which recognizes and cleaves the 5-CCGG
sequence. 5ShmCs are later glucosylated, which prevents Mspl from further cleavage, so
that only fragments containing 5ShmC are prevented from enzymatic digestion!l.

Tet-assisted bisulfite sequencing (TAB-seq) also takes advantage of glucosylation of
5hmC. After the glucosylation step, the DNA is oxidized using Tet proteins. The
glucosylated 5hmC is retained, while 5mC converts to 5-carboxylcytosine (5caC). This
oxidized DNA is then treated with bisulfite conversion and polymerase chain reaction
(PCR) amplification, where unmethylated cytosines and 5mC (now 5caC) are converted
to thymine, while glucosylated 5ShmCs become cytosines. TAB-seq is more appropriate
when only the 5hmC content is of interest[26l.

A more complex method is a variant of bisulfite sequencing called oxidative bisulfite
sequencing (oxBs-seq). In oxBs-seq, the sample of interest is divided into two parts; one
part is subjected to bisulfite treatment, and after PCR amplification both 5hmC and
5mC are observed as cytosines. The second part of the sample is oxidized before
bisulfite treatment, converting 5hmC to 5fC and after PCR amplification to thymine,
with 5mC seen as cytosines. This parallel sequencing of the same sample allows
accurate detection of 5hmC but increases the price because very high coverage is

required27].
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Immuno-dot  blot methods wuse antibodies that can recognize 5-
hydroxymethylcytosine. A major advantage of these methods is their relative simplicity
in terms of wet-lab work. They provide information on global DNA
hydroxymethylation throughout the genome and provide a single numerical measure.
The results do not provide detailed information on the state of hydroxymethylation in
specific genomic regions, but can be used to provide a comprehensive overview of the
state of hydroxymethylation in the genomel28l. A more complex immune approach uses
the combination of hydroxymethylation-specific antibodies with next generation
sequencing. In antibody-based methods such as hydroxymethylated DNA
immunoprecipitation sequencing, DNA is cut into short fragments. Using antibodies
against hydroxymethylation, only the hydroxymethylated DNA is isolated from the
mixture of DNA fragments. A library is created from the purified DNA fragments and
sequenced using next-generation sequencing(®’l. Compared with oxBs-seq, this is a less
costly option. It does not provide base pair resolution, but a resolution of a few hundred
base pairs is usually sufficient for regional overview and gene identification[2330],

Nanopore technologies is a third-generation (long-read) sequencing approach.
Compared with the commonly used Illuina approach of “sequencing by synthesis”,
sequencing with Nanopore technologies is based on small changes in current. During
sequencing, DNA strands pass through protein nanopores about 1.8 nanometers in
diameter embedded in a polymer membrane. As DNA strands enter the pore, the
current changes according to the DNA bases that are inside the pore (about 6 DNA
bases at a time). This also allows detection of epigenetic changesll. The advantage of
this method is that it provides genome-wide information, while long reads (up to
several Mb = 10°  base pairs) allow detection of rare
variants/deletions/insertions/repetitive regions as well as epigenetic DNA changes
(both DNA methylation and hydroxymethylation), all in a single sample. This reduces
the possibility of biological and technical errors. Although the price per sample is high
(the total cost is nearly € 1000 per sample), it allows a much more detailed examination

of a sampleP2l.
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CURRENT OVERVIEW OF DNA HYDROXYMETHYLATION STUDIES AND
PSYCHIATRIC DISORDERS

As mentioned above, psychiatric disorders are multifactorial disorders influenced by
both genetic and epigenetic factors. As epigenetic mechanisms show a high degree of
tissue specificity, the best biological source (tissue or organ) for studying psychiatric
disorders is therefore the brain. Studies often focus on brain regions related to
emotional and behavioral responses, and cognitive and executive control functions.
These often-studied regions include the limbic system (hippocampus) and the
prefrontal cortex (PFC) (Brodmann area 9 in the dorsolateral PFC)13334, Since the brain
is not accessible during life, other peripheral, more easily accessible tissues, such as
blood, are often included in studies of psychiatric disorders as well. In the following
paragraphs the available studies on DNA hydroxymethylation are summarized, with

more technical data presented in Table 1.

DNA hydroxymethylation and suicidal behavior

In the field of suicidal behavior only two studies have been published that examined
the pattern of DNA hydroxymethylation in suicide completers. Gross et all3%] examined
DNA hydroxymethylation levels in PFC of male suicide completers with MDD.
Compared to the control group, no global changes in DNA hydroxymethylation
distribution were observed. They did however observe 550 differentially
hydroxymethylated CpG sites in the genome. Lutz et all®] included DNA
hydroxymethylation analysis of opioid related genes in three brain regions (anterior
cingulate cortex, thalamus and anterior insula). Suicide completers who experienced
child abuse showed decreased level of DNA hydroxymethylation, while suicide
completers with no history of child abuse did not. The decrease in DNA

hydroxymethylation may therefore be a mark of child abuse.

DNA hydroxymethylation and SZ
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SZ is a complex, multifactorial disease that causes psychosis. Psychotic symptoms
include changes that affect personal and occupational life, e.g., positive symptoms such
as hallucinations, delusions, thought and movement disorder, and negative and
cognitive symptomsl¥]. SZ manifests in late adolescence or early adulthood. Due to
psychotic symptoms, SZ is also accompanied by an elevated risk of suicide, which
reduces life expectancy for people developing it

Factors that contribute to the development of SZ are both genetic and
environmental®’l. Large-scale GWAS has highlighted a large number of variants with
small effects which are highly heterogeneous between individuals. The importance of
environmental factors is studied through epigenetics. Genome-wide approach and
specific candidate gene studies have shown differences in DNA methylation and
histone modifications in schizophrenic patients. Associated genes are involved in axon
and dendrite extension, oligodendrocyte differentiation, regulation of GABAergic
transmission, metabolism of dopamine, and glutamate and serotonin receptors/40l.

Candidate gene studies have shown hyper- and hypo-methylated genes in brain
tissue in concordance with studies on peripheral tissue (whole blood, peripheral
leukocytes, or saliva). However, the results of DNA methylation studies are not always
similar between male and female patients. Moreover, many interesting results from
DNA methylation studies have pushed interest toward DNA hydroxymethylation.
Even though there are not as many studies investigating hydroxymethylation, and
much more work needs to be done, some interesting results have been obtained!4l.

The level of 5mC is increased in both male and female SZ patients, but 5ShmC level in
peripheral blood is increased in males and decreased in females compared to controls.
Furthermore, 5mC globally increased with age in all participants (schizophrenic and
controls), but there was no significant correlation with age for the 5ShmC levell#ll. An
increased level of 5hmC was also reported in the promoter of the GABRB2 gene in
peripheral white blood cells of patients with SZ compared with controls. Furthermore,
they found a correlation between promoter 5mC and 5hmC levels, with single

nucleotide polymorphisms in patients with SZ. Heterozygous (C/A) genotypes of
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rs72815526 were correlated with increased 5hmC levels whereas heterozygous (C/T)

genotypes of rs3811997 were correlated with decreased 5mC levelsl42l.

DNA hydroxymethylation and BP

BP is a chronic psychiatric disorder characterized by unusual shifts in mood, energy,
activity levels, and concentration. Impulsive reckless behavior leads to an increased risk
of suicidel#3l. Since SZ and BP are both psychoses, some studies have been made on a
combined group of people with SZ and BP[4445],

A number of studies address DNA methylation in patients with BP but just two have
investigated hydroxymethylation where patients with BP were included in the study
alongside patients with SZ, forming a combined group of psychotic illnesses. In a study
made on parietal cortical samples from psychotic patients (Brodmann areal??4l), an
increase in 5mC and 5hmC was observed at the promoter IXabed of the brain-derived
neurotrophic factor (BDNF) gene. This result was also associated with reduced
transcription of the BDNF genel#l. In another study on the inferior parietal lobule of
psychotic patients increased expression of the TET1 gene was detected. Consistent with
the increase of expression the TET1 gene, there was an increased level of 5hmC.
Specifically, higher 5hmC levels were observed at the glutamate decarboxylase 67 gene
at positions -537 to -415 and -145 to +21 in psychosis patients vs control. There was also
an increase in 5hmC at the BDNF [Xabcd gene at position -60 to +50 in psychosis
patients vs control, but not within BDNF exon IXd at +1185 to +1305[451.

DNA hydroxymethylation and MDD

MDD is the psychiatric disorder that contributes the most to the global health burden,
and is the primary cause of disability globally. The environmental factors that increase
the risk of MDD the most are stress and exposure to adverse life events, meta-analyses
and genome-wide studies have shown that genetic factors also contribute to its

development, contributing about 40%[46l.
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The DNA methylation studies were summarized in a recent systematic review([#’l. Out
of 67 studies 61 were performed on blood samples and thus lacked information on the
status of DNA methylation in the central nervous system. Among the already well-
established genes, hypermethylation of BDNF and the serotonin transporter gene
showed association with depression on general or MDD. Results of other genes showed
mixed results/¥7],

Only two studies on hydroxymethylation in MDD have been reported so far the
studies by Gross et all®! and Lutz et all3®l mentioned previously. In both studies the brain
tissue of subjects with MDD who died due to suicide was used, making it difficult to
link the observed differences to MDD alone.

Although studies in human are lacking, three studies on mice strain C57BL/6 have
been reported, all investigating the TET enzymes. Feng et all%8l applied chronic stress,
and determined decreased levels of expression of TET1 in the nucleus accumbens in
stress-susceptible mice. In a TET1 knockout genes related to the immune system were
demonstrated to be the most highly dysregulated. Zhang et all**l examined the TET2
knockout animals, and identified some hydroxymethylated regions that overlapped
with known depression-associated loci. They also showed abnormal translocation of
TET2 protein from the cytosol to the nucleus in chronic stress induced mice. Cheng et
al®! showed that chronic restraint stress induced depression-like behavior in mice and
reduced hydroxymethylation of the PFC. Knocking out TET1 resulted in resistance to
chronic restraint stress, while a knockout of TET2 increased the susceptibility to chronic
restraint stress(*l. The above results indicate that hydroxymethylation exhibits dynamic
changes in response to stress-induced stimuli, resulting in changes of epigenetically

regulated gene expression.

DNA hydroxymethylation and OCD
OCD is a psychiatric disorder characterized by obsessions and compulsions of various
natures and degrees, and is in the majority of cases accompanied by at least one

comorbid psychiatric disorder, most commonly MDDI>!. OCD is a heritable disorder
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with a polygenic background. Candidate gene and genome-wide studies suggest that
the serotonergic, dopaminergic, and glutamatergic systems, and the interaction between
them, contribute to the risk of the OCDP2. Important contributing environmental
factors are perinatal complications, childhood trauma, reproductive cycle events, and
stressful life events[5ll.

Epigenetic studies of OCD have mostly investigated DNA methylation. Using the
genome-wide approach, covering over 485000 CpG sites, genes previously associated
with OCD were detected™. With the candidate gene approach the oxytocin receptor
and serotonin transporter genes were interrogated. The results were mixed, showing
both higher and lower level of methylation in OCD patients compared to controls[54+56].

In the context of the candidate gene approach BDNF methylation and
hydroxymethylation have also been analyzed. Expression of BDNF in peripheral blood
mononuclear cells demonstrated broad association with OCD, showing an increase in
gene expression, as well as significant correlation of both lower methylation and higher
hydroxymethylation at promoter exon II%7l. The results were replicated on saliva
samples, showing lower levels of methylation in OCD compared to controls!?.

DNA hydroxymethylation and substance use disorder

Substance use disorder (SUD) is a mental disorder with a range of symptoms from
moderate to severe. The most severe SUD is addiction. SUD affects a person’s brain and
behavior, which leads to the uncontrollable use of substances, such as drugs, alcohol,
and medications!®®l. It is common that people with SUD are also diagnosed with mental
disorders and vice versa. Common mental disorders that co-occur with SUD are
depression, BP, attention-deficit hyperactivity disorder, psychotic illness, borderline
personality disorder, and antisocial personality disorder!l. There are three suggestions
for their joint occurrence. Firstly, common risk factors might contribute to SUD and
other mental disorders; secondly, mental disorders can contribute to substance use and
SUD; thirdly, substance use and SUD contribute to the development of other mental

disorders!®]. Tt is estimated that there is a 40%-60% genetic contribution to vulnerability
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for developing SUD. For example, genetic vulnerability can be seen through changes in
the degradation of the consumed, inhaled, or injected substancel5%l. Moreover, there are
also environmental factors that work through the epigenomel®L

There are several studies investigating ShmC changes in the brains of people with
SUDI¢U. Clark ef all®0] showed a difference in 5hmC of the BAIAP2 gene in the PFC from
people with alcohol use disorder (AUD)%. One study showed differential expression of
TET1 in the cerebellum of people with AUD, but no differences in 5hmC in the
promoter of GABAergic genes!®?. More studies of SUD were made on model organisms,
where they found 5hmC alteration after cocaine and methamphetamine administration
in the nucleus accumbensl4:6364, and a higher global 5ShmC level was observed in nucles

accumbens after ethanol administration!65].

CONCLUSION

In treatment of psychiatric disorders there is currently only a limited selection of
validated biomarkers in use (e.g., electrophysiological biomarkers, neuropsychological
biomarkers, brain imaging biomarkers, blood biomarkers), while molecular-genetic
markers particularly have not yet entered the routine practice. The selection of
treatment is based on clinical interview. In many cases patients do not respond to the
medication prescribed or their treatment is changed too quickly due to side effects,
since the response to the same medication can be highly variable among patients. Thus,
the screening of a patient’s genetic background could improve the selection of a suitable
medicine(s) based on an individual’s genetic background, taking into account
pharmacokinetic and pharmacodynamics parameters. These specific differences in gene
makeup have been tested in genes responsible for drug metabolism, however other
genes also show changes that can significantly affect the development of disease.
Shortly after the beginning of the millennium the human genome was sequenced,
initiating exponential growth of genome-wide studies that continues until today. It has
become evident that psychiatric disorders are polygenic, and that changes in gene

sequences (e.g., single nucleotide polymorhpisms, copy number variations) contribute
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small effects which result in the development of the disorder, also through genetic
pleiotropy and epistasis. However, the results of these studies have been mixed,
identifying different genes, so no particular genetic locus can be linked to a given
psychiatric disorder and used as a biomarker. Since psychiatric disorders show a
significant proportion of environmental risk factors, the study of epigenetics has
become an important approach to linking genetics with environmental effects, and
might therefore provide applicable biomarkers for diagnosis and treatment.

The majority of epigenetic studies have interrogated DNA methylation as the prime
epigenetic mark, but again these have produced mixed results at the level of genome-
wide analysis, while the candidate gene approach has confirmed the importance of
genes involved in neurotransmission and neurotrophic growth factors. Since the
development of psychiatric disorders stems from disrupted signaling in the brain DNA
hydroxymethylation, which can affect neuroplasticity and neurotransmission, has
become an interesting research field. To date not many studies are available, as this area
develops, and joint studies on transcriptional regulation are carried out, we expect to be
able to improve effects evoked by pharmacotherapy with beneficial effects on patients’
health.

As is the case with genetic biomarkers, epigenetic biomarkers are not currently useful
in a clinical setting, and many gaps remain in the understanding of their function. To
advance our understanding of potential biomarkers, more studies simultaneously
interrogating the status of the brain and peripheral tissue such as blood or even saliva
are needed. Biomarkers showing good overlap between different tissue types could
become key elements of validation studies on bigger, clinically well-defined cohorts,
helping to discern the molecular mechanisms of psychiatric disorder development,

diagnosis and treatment.
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