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Abstract

Defined epigenetic modifications occurring during brain development may play
a fundamental role on brain function. An alteration in the establishment of
correct DNA methylation at specific genes has been associated with
neuropsychiatric disorders. In this regard, during perinatal period DNA
methylation may finely control genes regulating brain levels of critical
neuromodulators such as D-Serine and D-Aspartate. Since levels of these D-
amino acids have been found altered in some mental disorders such as
schizophrenia, the lack of an epigenetic control may contribute to the genesis
and/or progression of these diseases. Thus, during my PhD, I performed a
comprehensive DNA methylation analysis along with mRNA expression at
DAO and DDO genes, involved in the degradation of D-Serine and D-Aspartate,
respectively. I performed the analyses in mice during development and in post-
mortem tissues of patients with schizophrenia. I evaluated DNA methylation
using amplicon bisulfite sequencing on Illumina MiSeq platform and I also
performed an in-depth single molecule methylation approach in order to assess
the cell to cell methylation heterogeneity. I found strong spatiotemporal changes
in DNA methylation at the DAO gene during development, especially in
cerebellar astrocytes and particularly at two specific CpG sites. These CpGs at
DAO gene promoter showed high degree of hydroxymethylation at post-natal
day 1 and at, post-natal day 15 the global levels of DNA methylation AND
hydroxymethylation dramatically decreased. This demethylation strongly
activated DAO gene expression, indirectly promoting the physiological
degradation of cerebellar D-serine. The same mechanisms emerged at DDO
promoter in cerebellum, where two CpG sites were demethylated during
development activating the expression of the gene. Furthermore, both in mouse
brain during development and in post-mortem brain tissues, the applied single-
molecule methylation approach demonstrated that epiallele distribution was able

to detect differences in DNA methylation representing area-specific methylation



signatures, which are likely not detectable with targeted or genome-wide
methylation analyses. The present study demonstrates that D-Serine and D-
Aspartate levels during brain development are indirectly regulated by DNA
methylation that govern the expression of DAO and DDO genes. Furthermore,
single-molecule methylation approach promises to identify different cell-type
composition and function in different brain areas and developmental stages.
Overall, these analyses demonstrate that at selected genes, epiallele-based
analyses may be very informative and can be successfully utilized in a broad
range of applications, including in depth determination of epigenetic origin of

brain diseases.



1. Background

1.1 Epigenetic mechanisms

The term “epigenetics” was coined for the first time by Weddington in
1942. He defined the epigenetics as a branch of biology studying the changes in
phenotype without altering the genotype. He used the expression "epigenetic
landscape" as a metaphor for biological development. In fact, Waddington
postulated that cell fate is established during development and cells are like
marbles that reach their lowest point by randomly rolling in the valleys separated
by the crests (Goldberg AD et al., 2007; Jaenisch R et al., 2003; Holliday et al.,
2006). Indeed, most cell differentiation processes are based on epigenetic
phenomena (Henikoff S et al., 1997; Gokbuget D et al., 2019; Boland MJ et al.,
2014). The cells of a multicellular organism derive from a single cell and so they
have the same genetic heritage. However, they develop differently generating
more than 100 different cell types. During morphogenesis, pluripotent stem cells
become highly differentiated cells, thanks to the activation or repression of
specific sets of genes (Theunissen TW et al., 2017). Thereafter, epigenetics was
used to explain the complexity of multicellular organisms in term of
transcriptional heterogeneity. Indeed, cells in different tissues can achieve
different function by maintaining distinct gene expression profiles. This cellular
heterogeneity is ensured by three main epigenetic mechanisms: DNA
methylation (Deaton AM et al., 2011), chromatin modification (Quina AS et al.,
2006; Strahl BD et al., 2000) and non-coding RNA (Mohammad F et al., 2012;
Kaikkonen MU et al., 2011) (Figure 1). Chromatin is the combination between
DNA and histone proteins. Depending on the structure of DNA-histone
complex, gene expression can be regulated modulating access to transcription
factors and transcriptional machinery. The core of the chromatin is the
nucleosome, an octamer composed by two heterodimers H2A and H2B and an

H3-H4 tetramer around which DNA wraps. From the nucleosome, histones



expose tails that, especially those of H3 and H4, are susceptible to numerous
post-translational ~ modifications, such as methylation, acetylation,
phosphorylation, ubiquitination, biotinylation, sumoylation. All these
modifications ensure chromatin variability (Jenuwein T et al., 2001). The most
common and known histone modifications are acetylation and methylation. In
general, acetylation of histones consists in the transfer of an acetyl group onto a
lysine residue. This modification is achieved by histone acetyltransferase (HAT)
and can be reversed by histone deacetylases (HDAC) (Yang XIJ et al., 2007;
Kouzarides T, 2007). Histone acetylation neutralizes the positive charges of
lysine residues and reduces the binding strength between histones and DNA,
causing changes in the structural organization of chromatin (Allfrey V et al.,
2007). Therefore, acetylation opens the chromatin structure by promoting the
binding of the factors necessary for gene transcription: hyperacetylation is
associated with an active transcription state, hypoacetylation is related to
transcriptional repression (Becker PB, 1994). Histone methylation can generally
occur at lysine and arginine residues. Lysine methylation is catalyzed by lysine
methyltransferase (KMT) and lysines can be mono-, di- and trimethylated. All
KMTs have a SET domain, containing the catalytic site, and the site for the
binding of the cofactor S-adenosylmethionine (SAM), donor of the methyl
group. According to the number of methyl-group and the position of the lysine,
histone methylation may have a different and opposite role in the regulation of
transcription (Hyun K, 2017). Given the wide complexity in the histone
modifications establishment, it is not possible to identify a precise histone code
associated to gene activation or repression. Another class of epigenetics
regulators are the non-coding RNA (ncRNA) (Derrien et al., 2012; Mattick JS
et al., 2006). Several recent studies have shown that ncRNAs are involved in the
regulation of a wide range of biological processes, such as cell cycle regulation
(Mens MMJ et al., 2018), pluripotency (Yan P et al., 2017), differentiation
(Fatica A et al., 2014) and cell death (Feng Q et al., 2019). They are functional

RNA molecules that are transcribed from DNA but not translated into proteins.



They include siRNA, piRNA, miRNA, and IncRNA. It has also been
demonstrated that the short and long non-coding RNA are implicated in several
epigenetic processes, such as heterochromatin formation, DNA methylation
targeting, gene silencing and histone modification (Wang KC et al., 2011). The
ncRNAs can regulate chromatin states by recruiting chromatin remodeling
complexes either in genomic loci that are close to their transcription site (cis
regulation) or at distant genomic loci (trans regulation). At the transcriptional
level, ncRNAs may bind the promoter of specific genes and prevent access to
transcription factors by inhibiting the transcription. DNA methylation is the most
studied epigenetic mechanism generally associated to gene silencing and
heterochromatin formation (Jones PA, 2012; Breiling A et al., 2015; Raiber EA
etal., 2017; Razin A et al., 1980). It consists in the covalent addition of a methyl
group on the 5' of cytosine residues with the formation of 5-methylcytosines
(Adams RLP, 1990). DNA methylation generally occurs at CpG dinucleotide,
even though recent evidences have shown the existence of non-CpG
methylation, especially in brain tissue and in stem cells (Patil V et al., 2014; Guo
W et al., 2016). The reaction is catalyzed by a class of enzymes defined DNA
methyltransferases (DNMTs) that use the cofactor SAM as a donor of the methyl
group (Okano M et al., 1998; Yen RW et al., 1992). There are two classes of
DNMT in mammals: DNMTI1, also defined the "maintenance"
methyltransferase, that is involved in the methylation of hemi-methylated
nascent DNA (Leonhardt et al., 1992; Liu et al., 1998), and DNMT3, consisting
in three members DNMT3a, DNMT3b and DNMTS3L, that instead establish "de-
novo" methylation patterns in the early stages of embryonic development and in
germ cells (Okano et al., 1999). DNMT3 enzymes also play a role in maintaining
DNA methylation in heterochromatic regions. DNMT3a and DNMT3b are
expressed in embryonic tissues and undifferentiated embryonic stem cells, while
their expression is down regulated in differentiated cells (Uysal F et al, 2017).
The third member of the family is DNMT3L, which does not possess the

catalytic domain, but seems to be a key regulatory factor during gametogenesis
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and embryogenesis (Veland N et al., 2019). Mutations in DNMTI1 or
DNMT3a/3b genes in mouse germlines block development and cause lethality

of the embryos, suggesting that DNMTs play crucial roles in embryogenesis
(Chen T et al., 2003; Liao J et al., 2015)
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Figure 1. Epigenetic mechanism. Schematic representation of epigenetic modifications
explained in the text.
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1.2 DNA methylation dynamics

Despite some tissue-specific differences, mammalian genomes present a
high degree of DNA methylation and the 70-80% of CpG dinucleotides are
methylated (Xin Y et al., 2011). DNA methylation is, in fact, involved in several
biological processes, such as genomic imprinting (Weaver JR et al., 2009), X
chromosome inactivation (Cotton AM et al., 2011) and has a key role in
development (Zeng Y et al., 2019; Smith ZD et al., 2013; Bird A, 2002).

The effect of DNA methylation on development is explicated through its
regulatory role in gene expression. Methylation-mediated gene regulation may
occur through two mechanisms: (i) CpG methylation directly interfere with the
binding of certain transcription activators within the transcription factor binding
domain (Zhu H et al., 2016; Jin J et al., 2016); (i) specific methyl-CpG binding
proteins such as MeCP2 and MBD1 may act as transcriptional repressors
themselves binding the methylated DNA and silencing the genes (Fan G et al.,
2005; Kribelbauer JF et al., 2019). The methyl-CpG binding proteins are also
able to recruit several other complexes, such as histone deacetylase, histone
methylase and chromatin remodeling complexes, resulting in transcriptional
repression and heterochromatin formation (Clouaire T et al., 2008). However,
DNA methylation is not a stable and fixed modification. Recently, another
family of proteins have raised increasing interest, the Ten Eleven Translocation
(TET) proteins (Wu X et al., 2017; Williams K et al., 2011;). TET enzymes act
by catalyzing the oxidation of a residue of 5-methylcytosine (5-mC) to 5-
hydroxymethylcytosine (5-hmC). The 5-hmC is the first step for the active DNA
demethylation process. The discovery of this cytosine modification suggested
that DNA methylation is a very dynamic process and the demethylation
machinery is as important as the one that establish the 5-mC. In fact, in brain, 5-
hmC seems to be very abundant, especially in neurons, and it was shown to be
essential for the correct brain development (Rasmussen KD et al., 2016; Pfeifer

GP et al,, 2013). It has been widely demonstrated that the loss of TET enzymes
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compromise proper differentiation of embryonic stem cells (Dawlaty MM et al.,
2014; Reimer M Jr et al., 2019; Santiago M et al., 2014). All the mechanisms
described above indicate that the continuous dynamic oscillation of methylation
and demethylation events is likely essential for the correct development of
mammals and only at the end of this modelling process, each type of cells will
acquire a cell type-specific methylation profile becoming able to regulate the
exact gene expression program. The dynamics of methylation is schematized in
Figure 2.

Passive replication-coupled
DNA demethylation

DNMTs
Sa 3b, 1
5caC TET-
OH independent
TDG "de novo"
0 | \/L BER

N/&O
Active TET-dependent
DNA demethylation
[ / ‘
o7 n

/\*/\ v o

51C ‘
\ 5hmC

Figure 2. DNA methylation and demethylation process. Cytosine (indicated with C in the figure)
can be modified in 5' position by DNMTs protein to become 5'-methylcytosine (5mC). The methyl
group can be removed by two different mechanisms: a passive demethylation process,
independent by TET enzymes and due to the replication of the cells, or by an active process,
mediated by TETs through the conversion of 5-mC in 5-hydroxymethylcytosine (ShmC), 5-
formylcytosine (5fC) and 5-carbossicytosine (5caC). The final removal of carbossil group is
commiitted to TDG or BER enzymes. (From Meier K and Recillas-Targa F, New insights on the
role of DNA methylation from a global view, 2017)

TET-
assisted
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1.3 Cell to Cell heterogeneity and the epialleles analysis

The vast majority of studies addressing a role to DNA methylation in
regulating gene expression, regardless of the employed techniques, took into
consideration the average amount of CpGs methylation in specific genomic
regions or their genome-wide distribution with only relatively high resolution.
However, mammalian genome contains about 29 millions of CpG sites (Fouse
SD et al., 2010) which are non-randomly distributed along the genome and the
methylation status of each of these CpG sites may be influenced by the
methylation of the neighbor CpGs (Affinito et al., 2016). Thus, the epigenetic
information retained by the DNA methylation at a gene promoter should be
considered as the combination of methylated and unmethylated status of each
CpG site constituting the analyzed region. Expanding this concept to the
genome, the number of possible combinations is too huge (108,700,000) and
may be a very hard task, even if the analysis could enormously increase the
potential information content of genomic DNA. However, all the possible
methyl-CpG combinations may be verify more easily at a single gene locus. In
principle, each cell may bear a specific combination of methylated CpG at
specific loci that may reflect the origin of the cell and/or the functional state of
a given gene (allele) in that cell. This introduce the concept of
“epipolymorphism” which goes far beyond the identification of differentially
methylated regions. In fact, cells may be considered an epigenetically
heterogeneous population in which each combination of mCpG at a given locus
represents a specific "epiallele". Such information is lost when the average
methylation, even at single CpG sites, is evaluated. Some previous studies based
on bisulfite sequencing revealed that different combinations of mCpG are
present at given loci and are usually interpreted as the effect of stochastic
methylation and demethylation events resulting in an average methylation
degree which is then associated to gene activity. However, it should be taken

into consideration that each of the detected methylation profile corresponds to
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the configuration of a single allele in a single cell belonging to tissue cell mixture
and accounting for cell to cell methylation variability. By genome-wide
approaches, some works evaluated the methylation of few adjacent CpGs and
have identified the cell to cell methylation variability in liver (Qu W et al., 2016),
in leukemias (Li S et al., 2014) and in immortalized fibroblasts (Landan G et al.,
2012) nicely describing the stochastic and clonal evolution of epialleles during

carcinogenesis.
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1.4 DNA methylation in brain development and in neuropsychiatric

disorders

In mammals, a global genetic reprogramming takes place during
embryonic development. During the temporal window from primordial germ
cells (PGCs) to somatic cells, the epigenome of the zygote is reorganized in order
to erase the parental epigenetics memory and facilitate the gametogenesis
process (Borgel J et al., 2010; Popp C et al., 2010). PGCs originate from a
hypermethylated epiblast and undergo extensive DNA demethylation process
with a reduction of global methylation levels from 70% to about 4% (Guibert S
et al., 2014). Global DNA demethylation in the germline is thought to occur as
a result of a passive mechanism: after the specification of PGCs, two factors,
PRDMI1 and PRDM14 repress the expression of DNA methyltransferase 3A, 3B
and E3 ubiquitin protein ligase UHRF1, so that both the maintenance of
methylation levels and the new wave of methylation are apparently repressed
during the proliferation of PGCs (Guibert S et al., 2014). During gametogenesis,
DNA methylation is re-established through de novo methylation events that
allow the proper formation of the fertilized oocyte. Then, another demethylation
event occurs until the blastocyst formation, with the exception of the imprinted
regions. At this time point, the blastocyst starts to differentiate and contextually,
a de novo methylation is established at specific genes defining the somatic cell
lineages (Hajkova P et al., 2002). The methylation events that establish during
this time window are thought to be maintained throughout the life and an
alteration in this mechanism has been associated with numerous
neuropsychiatric diseases, such as schizophrenia and bipolar disorder. In fact,
mice with a postnatal deletion of DNMT1 and DNMT?3a or with a global deletion
of methyl-CpG-binding protein 2 (MeCP2) show abnormal neural plasticity and
cognitive deficits (Feng J et al., 2010; Moretti P et al., 2006). This suggests that
DNA methylation is essential for correct brain development and function (Figure

3).
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Figure 3. DNA methylation during development. Schematic representation of DNA methylation
and demethylation events during development. On x-axis different developmental stages are

reported while degree of methylation is indicated on y-axis.
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During early neuronal differentiation, promoters of pluripotency-associated
genes are silenced by de novo DNA methylation while genes related to neuronal
pathways loss DNA methylation and start to be expressed (Mohn F et al., 2008)
After birth, neuronal methylation profiles continue to evolve in parallel with
developmental plastic changes (Lister R et al., 2013). One of the first work that
reveal the key role of DNA methylation in brain development has been by Lister
et al. They discovered that DNA methylation is able to distinguish two broad
classes of cortical cells, neurons and astrocytes, since these cells show a distinct
DNA methylation profile at specific gene sets. The progressive and well-
orchestrated shaping of DNA methylation patterns in brain occur both at CpG
and at non-CpG (CpH) sites. As result, at genomic level each type of brain cells,
despite sharing similar global mCpG content, acquire a cell-type specific DNA
methylation landscape that gives an identity card for different brain cells and
govern and stabilize an elected gene expression program (Florio et al., 2017). As
said above, appropriate patterns of DNA methylation in the brain play an
important role in mental health. Several pivotal gene-specific or genome-wide
studies addressed a role to DNA methylation changes in animal models of
neuropsychiatric disease or post-mortem brain of psychiatric subjects (Tsankova
N et al., 2007; Keller S et al., 2010; Miller G, 2010; Perroud N et al., 2013;
Nestler EJ et al., 2015; Labonté B et al., 2012). These studies revealed an
alteration in average CpG methylation at certain important genes including
several involved in glutamatergic and GABAergic neurotransmission, brain
development, and other processes functionally linked to disease etiology (Mill
et al., 2008). While the role of DNA methylation in neurodegenerative disorders
such as Parkinson disease and Alzheimer disease has been broadly investigated
(Wei X et al., 2020; Stoccoro A et al., 2018; Konki M et al., 2018) very few
studies addressed an alteration in DNA methylation at selected genes in patients
with schizophrenia (Jaffe AE et al., 2016; Li S et al., 2019; Hu TM et al., 2017).
One of the most studied candidate genes displaying differential methylation in

schizophrenia is reelin (RELN). Reelin has a crucial role in the extension of
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axons and dendrites (Nabil Fikri RM et al., 2016) and it has been shown to
participate in neuronal migration during early postnatal development (Hirota Y
et al., 2017). Genetic studies have also suggested an association between RELN
variants and schizophrenia (Marzan S et al., 2021; Costa E et al., 2020;
Sozuguzel MD et al., 2019). RELN expression has been observed to be reduced
between 30-50% in different brain areas in patients with schizophrenia (Beasley
CL et al., 2020; Habl G et al., 2012). This reduction has been attributed to the
hypermethylation of RELN promoter in post-mortem brain from patients with

schizophrenia (Nabil Fikri RM et al., 2017).
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1.5 The role of D-amino acids in brain development and in

schizophrenia

In the central nervous system (CNS), two D-amino acids, D-serine and
D-aspartate, occur in considerable concentrations, especially in specific stages
of development (Kiriyama Y et al., 2016; Hashimoto A et al., 1995). Both D-
amino acids play important roles in development and functioning of mammalian
brain and are produced and processed endogenously (Hashimoto A et al., 1997;
Errico F et al., 2020; Errico F et al., 2012). D-Serine is a co-agonist of the N-
methyl D-aspartate (NMDA) receptor and is relevant for its physiological
activation (Schell MJ et al., 1995). Also D-Aspartate, an agonist of NMDAr,
play a role in development and brain function (Katane M et al., 2012). As D-
amino acids play biological roles, alterations in the concentrations of D-amino
acids might occur in some neuropsychiatric disorders and relate to their
pathogenesis. Dysregulation of D-aminoacids system has been suggested as a
contributor in the genesis and progression of schizophrenia and other
neuropsychiatric and neurodegenerative conditions (Verrall L et al., 2012; Coyle
JT et al., 2012; Balu DT et al., 2015; Errico F et al., 2015; Hashimoto K et al.,
2003; Hashimoto K et al., 2005; Bendikov I et al., 2007; Calcia M et al., 2012;
Errico F et al., 2013; Nuzzo T et al., 2017). Excessive production/release of D-
serine is implicated in acute and chronic degenerative disorders while
abnormally low levels have been observed in patients affected by psychiatric
disorders such as schizophrenia or bipolar disorders (Hashimoto K et al., 2003;
Verrall L et al., 2007). In contrast to D-serine, little is known on the role of D-
Asp in the brain. However, altered D-Asp levels have been proposed to
contribute to NMDAr hypofunction found in brain of patients with
schizophrenia (Balu DT, 2016; Coyle JT, 2012; Errico F et al., 2015; Nuzzo T
et al., 2017). The brain levels of D-Asp and D-Ser are strictly regulated during
development and may differ among brain areas. High levels of D-Asp have been

found during fetal life with a rapid reduction after birth (Errico F et al., 2015).
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D-Ser levels are more constant during life (Pollegioni et al., 2012) although it
has been reported that they are high in cerebellum during early post-natal life
and drop after 12-18 days in mice (Punzo et al., 2017; Miyoshi Y et al., 2012;
Cuomo M et al., 2019). D-Ser and D-Asp levels are regulated at different levels
(Errico F et al., 2006) but the enzymatic machinery that govern synthesis and
degradation of these D-aminoacids have been partially characterized. It is known
that D-aspartate oxydase (DDO) degrades D-Asp levels while D-amino acids
oxydase (DAO) and serine racemase (SR) control synthesis (SR) and
degradation (DAOQO) of D-Serine. Thus, considering the so fine mechanism
controlling the spatio-temporal distribution of D-Asp and D-Ser levels, several
evidence demonstrated that an imbalance in the levels or activities of DDO,
DAO or SR enzymes might cause altered D-Asp and D-Ser metabolism and thus
might be involved in the onset of schizophrenia (Yang HC et al., 2013; Jagannath
Vetal., 2018; Liu YL et al., 2016; Wood LS et al., 2007).
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1.6 DNA methylation at genes encoding enzymes involved in D-

amino acids metabolism.

There are several evidences showing the specific regional and cellular
expression of DAO and DDO mRNA and protein in the human brain (Verrall et
al., 2007; Habl et al., 2009; Ono et al., 2009). However, very few studies have
addressed a role to DNA methylation in the transcriptional regulation of D-
amino acid related genes. Jagannath et al. was the first group to report some
information about DNA methylation specifically at DAO gene performing an in-
silico analysis in the cerebellum and frontal cortex using GEO database. They
identify a specific CpG site located in the exon 1 significantly more methylated
in the cerebellum than in the frontal cortex. Regarding DDO gene, it has been
demonstrated in some papers and in different experimental conditions that DNA
methylation controls the increase in DDO transcription in a precise spatio-
temporal manner (Punzo D et al., 2016; Florio E et al., 2017). By amplicon-
bisulphite NGS, in whole brain of mice, eight CpG residues surrounding the
transcription start site at DDO locus undergo to a decrease in methylation with
a concomitant expression increase. Remarkably, the same and other gene regions
at DDO locus have been analyzed in more detail analyzing five brain areas
(prefrontal cortex, cortex, hippocampus, cerebellum, and striatum) from mice at
post-natal day 30, in primary cortical neurons, microglia, oligodendrocytes, and
astrocytes and in mouse embryonic stem cells. Taking advantage of a specific
bioinformatic pipeline (Scala et al., 2016), the epialleles at DDO promoter region
have been analyzed showing the presence of high rate of cell to cell
heterogeneity (Florio E et al., 2017). In fact, neurons, oligodendrocytes,
astrocytes, and microglial cells display distinct epiallele distribution at DDO
promoter, indicating that epialleles could mark the cell-type identity. Taken
together, these methylation studies emphasized the presence of well-orchestrated
postnatal epigenetic events ensuring the proper control of DDO transcription

(Florio E et al., 2017).
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2. AIM OF THESIS

Dysregulation of D-amino acids system has been invoked as a
contributor in the genesis and progression of schizophrenia and other
neuropsychiatric and neurodegenerative conditions. D-serine (D-Ser) and D-
aspartate (D-Asp) are present at substantial levels in the mammalian brain and
are considered important neurotransmitter, having the ability to interact with
NMDA receptor. For this reason, the brain levels of D-Asp and D-Ser must be
strictly regulated during development and may differ among diverse brain areas.
To ensure the correct and physiological brain levels of D-Ser and D-Asp, a
specific enzymatic machinery intervene in their degradation: D-amino acid
oxidase (DAO) enzyme, that degrades D-Ser and D-Aspartate oxidase (DDO),
that instead metabolizes D-Asp. Since also the levels of DAO and DDO may be
strictly orchestrated during development, I hypothesized that D-amino acids
regulating genes may be subject to epigenetic control. Thus, the aim of my PhD
project was to identify the existence of a physiological change in DNA
methylation at these genes during developmental stages for a correct brain
development. I provided a comprehensive and dynamic snapshot of epigenetic
landscape at DAO and DDO genes along with mRNA expression and D-amino
acids levels in schizophrenia disease and during brain development. I studied
DNA methylation and demethylation dynamics at DAO and DDO genes in three
mouse brain areas (Hippocampus, HIPP, Cerebellum, CB and Cortex, CX) at
four different post-natal stages (Post-natal day 1, P1, Post-natal day 15, P15,
Post-natal day 30, P30 and Post-natal day 60, P60). I also interrogated DNA
methylation changes occurring in specific cell types, particularly in cerebellar
astrocytes and neurons. Taking advantage of the very high coverage methylation
analyses, I explored in depth the cell-to-cell methylation heterogeneity focusing
on how much this phenomenon occur in a stochastic or a well-orchestrated
fashion. In order to evaluate whether an organized distribution of the methylation

profiles (epialleles) among the entire population of brain cells exists at D-amino
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acid related genes in physiological and/or pathological conditions, I performed
an ultra-deep methylation analysis (coverage: 200.000-300.000 reads/sample) of
DAO and DDO promoters. I found for the first time consistent spatiotemporal
modifications occurring at the DAO gene during neonatal development
specifically in the cerebellum and within specific cell types (astrocytes).
Moreover, I observed a dynamic demethylation event occurring especially at two
specific CpG sites located just downstream of the transcription start site,
measuring the level of 5'-hydroxymethylcytosine. This demethylation event was
sufficient to strongly activate the DAO gene, ultimately promoting the complete
physiological degradation of cerebellar D-serine few days after mouse birth.
High amount of 5’-hydroxymethylcytosine, exclusively detected at relevant CpG
sites, strongly evoked the occurrence of an active demethylation process. Once
established the physiological distribution of DNA methylation at promoter
region of these genes, I asked whether this epigenetic modification undergoes
changes in specific pathological conditions. Thus, I analyzed DNA methylation
at DAO and DDO promoters in post-mortem tissues (Dorsolateral Prefrontal
Cortex, Hippocampus and Cerebellum) from patients with schizophrenia.
Differential methylation and expression were detected across different brain
regions, although no significant correlations were found with diagnosis. At DAO
and DDO locus, I demonstrated that the analysis of epiallele distribution allowed
me to detect differences in DNA methylation representing area-specific
methylation signatures, which are likely not detectable with targeted or genome-
wide classic methylation analyses. My results encourage the employment of
epiallele approach to study DNA methylation since it may potentially give
important information on cell identity and origin, functional state of a given gene
and about the mechanisms underlying DNA methylation establishment, changes

and, potentially, alterations of these processes in diseases.
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3. MATERIAL AND METHODS

3.1 Collection of mouse brain tissue.

All experiments were performed on male animals. C57BL/ 6J mice were
purchased from The Jackson Laboratory. Mice were housed in groups (n = 4 or
5) in standard cages (29 x 17.5 x 12.5 cm) at constant temperature (21-24 °C)
and maintained on a 12/12 h light/dark cycle, with food and water ad libitum.
All research was performed in accordance with the European directive 86/
609/EEC governing animal welfare and protection, which is acknowledged by
the Italian Legislative Decree no. 26 (March 14, 2014). Animal research
protocols were also reviewed and approved by the local animal care committee
at University of Naples “Federico II.” All efforts were made to minimize the
animal’s suffering. Hippocampus, cortex, and cerebellum were collected from
C57BL/6 J mice at different developmental stages, including the following time
points: post-natal day (P) P1 (n=3), P15 (n=3), P30 (n=3), and P60 (n=3). All
brain regions were dissected out within 20 s on an ice-cold surface. All tissue
samples were pulverized in liquid nitrogen and stored at -80 °C for subsequent

processing.

3.2 Isolation of neurons, astrocytes, and enriched microglia/

oligodendrocyte/endothelial cells

Cerebral cortex and cerebellum were dissected from six to eight
C57/BL6 mice at P1 and P15 and dissociated into a single-cell suspension using
the Neural Tissue Dissociation Kit Postnatal Neurons (Milteny Biotec),
according to the manufacturer’s protocol, with minor modifications [71, 72].
Briefly, after carefully removing the meninges, brain tissue was weighed and cut
into small pieces in ice-cold Hank’s buffered salt solution (HBSS, Gibco). The

minced tissue was then dissociated enzymatically in a solution of Enzyme Mix
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1 for 25 min at 37 °C and then mechanically after adding Enzyme Mix 2. Finally,
the sample was applied to a cell strainer, and the resulting single-cell suspension
was centrifuged at 300xg for 10 min. Mouse astrocytes, neurons, and other non-
neuronal cells were sequentially separated from the same brain samples with a
magnetic activated cell sorting approach (MACS®). ACSA2-expressing
astrocytes were enriched by positive selection using antibody-conjugated
magnetic beads (Milteny Biotec). Neuronal cells were enriched by a negative
depletion of non-neuronal cells using the Neuron Isolation Kit (Milteny Biotec).
Briefly, up to 107 dissociated cells were resuspended in 80 pL of cold
Dulbecco’s phosphate- buffered saline containing 0.5% bovine serum albumin
(DPBS-BSA buffer), incubated with 10 pL FcR Blocking Buffer for 10 min, and
then with 10 uL ACSA-2 MicroBeads for 15 min, always at 4 °C. After washing,
cells were centrifuged to remove excess beads from the solution. The pellet was
suspended with 500 uL. of DPBS-BSA buffer and the suspension was applied to
the appropriate MACS column fitted in MACS Midi magnetic cell separator.
The flow-through containing the unlabeled negative fraction was collected for
subsequent cell separation. Following column removal from the magnetic
separator, bound astrocytes were flushed out with 1 mL of DPBS-BSA,
centrifuged, and the pellet stored at —80 °C for further analysis. Cell number in
the negative fraction was determined and up to 107 dissociated cells were
resuspended in 80 pL DPBS-BSA. Then, they were first incubated with 20 pL
of Non-Neuronal Cell Biotin-Antibody Cocktail for 5 min and then with 20 pL
di Anti-Biotin MicroBeads for 10 min, always at 4 °C. After resuspension in 500
uL buffer, the solution was eluted on MACS column. The flow-through
containing the negative fraction of unlabeled neuronal cells was centrifuged and
the pellet stored at —80 °C. Following column removal from the magnetic
separator, bound non-neuronal cells (MOE fraction: mainly microglia,
oligodendrocytes, and endothelial cells) were eluted in 1 mL buffer, centrifuged
and stored. Cell identity and purity of astrocyte and neuronal fractions was

confirmed in immunocytochemical experiments.
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3.3 Human Tissue Samples Collection.

Dorsolateral prefrontal cortex and hippocampal samples from post-
mortem brains were obtained from The Human Brain and Spinal Fluid Resource
Center, Los Angeles Healthcare Center, Los Angeles, CA, USA (Brain Bank 1,
BB1). Cerebellum tissue samples were obtained from the MRC London
Neurodegenerative Disease Brain Bank of the Institute of Psychiatry, King’s
College London, UK (Brain Bank 2, BB2). All tissues were carried out under
the regulations and licenses of the Human Tissue Authority and in accordance
with the Human Tissue Act of 2004. Clinical diagnosis of SCZ was performed
according to DSMIII-R criteria. Frozen tissues were pulverized in liquid

nitrogen and stored at —80 °C for subsequent processing.

3.4 DNA and RNA extraction protocols.

DNA from mouse and human tissues was prepared using DNeasy®
Blood & Tissue Kit (Qiagen, Hilden, Germany), following the manufacturer‘s
instructions. Total mRNAs were extracted using TRI REAGENT® (Invitrogen)
solution, according to the manufacturer’'s instructions. DNA and RNA were
quality checked by 260/280 absorbance ratio using NanoDrop 2000, (Thermo
Scientific) and were quantified using respectively Qubit® 2.0 Fluorometer with
the dsDNA broad range assay kit (Invitrogen, Q32850) and Nanodrop 2000
(RNA).

3.5 cDNA and Real Time experiments.

A total of 1 pg of total RNA of each sample was reverse-transcribed with
Quanti Tect Reverse Transcription (QIAGEN) using oligo-dT and random

primers according to the manufacturer’s instructions. qRT-PCR amplifications
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were performed using LightCycler 480 SYBR Green I Master (Roche
Diagnostic) in a LightCycler480 Real Time thermocycler. The following
protocol was used: 10 s for initial denaturation at 95 °C followed by 40 cycles
consisting of 10 s at 94 °C for denaturation, 10 s at 60 °C for annealing, and 6 s
for elongation at 72 °C temperature. The primers used for Real Time PCR both
for mouse and for human are summarized in Table 1. B-actin and PP1A genes
were used as housekeeping genes both in mouse and in human. Expression levels
of all the transcripts analyzed were normalized to the geometric mean of the two

housekeeping genes, B-actin and PP1A, and expressed as 274,

‘ Gene Species Forward (5'-3") Reverse (5'-3")
DAO Mouse TTTTCTCCCGACACCTGGC TGAACGGGGTGAATCGATCT
DDO Mouse ACCACCAGTAATGTAGCGGC GGTACCGGGGTATCTGCAC
B-actin Mouse CTAAGGCCAACCGTGAAAAG = ACCAGAGGCATACAGGGACA
PP1A Mouse GTGGTCTTTGGGAAGGTGAA = TTACAGGACATTGCGAGCAG
DAO Human GGCATCTACAATTCCCCGTA  TGGAAGATGCCTCCAAGAGT
DDO Human GGTGTTCATTTGGTATCAGGTTG =~ CTTTCGAAATCCCAGAACCA
B-actin Human TCCTCCCTGGAGAAGAGCTA CGTGGATGCCACAGGACT
PP1A Human TTCATCTGCACTGCCAAGAC CACTTTGCCAAACACCACAT

Table 1. Primers used for RealTime PCR for DAO and DDO genes in mouse and human

3.6 Bisulfite and oxidative bisulfite treatment

Bisulfite treatment was performed using EZ DNA Methylation Kit
(Zymo Research). Genomic DNA (1 pg) was converted with C/T conversion
reagent and eluted in 50 pl of H20 following the manufacturer‘s instruction. To
estimate the rate of bisulfite conversion, I used a spike-in control prepared by
adding fully unmethylated M13mpl8 double strand DNA (New England
BioLabs) in 10 representative samples. After the library sequencing, I evaluated
the conversion bisulfite of my experiments around 98- 99%. Oxidative bisulfite

experiments for hydroxymethylcytosine detection at single nucleotide level were
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performed using TrueMethyl 0xBS module (Nugen, Tecan, California USA)
following the manufacturer’s instruction. Quality and amount (1 pg) of genomic
DNA was evaluated by Nanodrop and Qubit instruments. DNA was first purified
with magnetic beads and then treated with oxidant solution. Both bisulfite- and
oxbisulfite-treated samples underwent to double amplification strategy to

generate an amplicon library.

3.7 Amplicon Library preparation

To study the DNA methylation average and the epialleles distribution
among different samples, I performed a double steps PCR strategy in order to
generate a high quality of bisulfite amplicon library (Figure 4). After the bisulfite
treatment, a first step of PCR was performed using primes generating amplicons
0f'300-400 bp. These primers contain overhang adapters sequences at each 5’end
(FW: 5'-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-3'; RV: 5'-
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-3")  that  were
recognized in the second step of PCR. Table 2 shows all primers sequences used

to study DNA methylation at DAO and DDO promoters.

Gene  Species Forward (5'-3") Reverse (5'-3") Amplicon Tm Primers
DAO Mouse TagTTagagaagtTaggYtgYtYaYta agattggtgaRRRaaaaaaggagaga +3/+ 365 52°C
DDO Mouse gtatgtttTtgaggaggtgaTaTtTa aActtaccctccattA AtccatAcc — 63/— 468 52°C
DAO Human aaggTTtgtTTaTaggggTttgaga ccaActcaaaA AtAcatctAccactc —104/+221 54 °C
DDO | Human aTTtaTaaatTagTtggagaaagTTTag cctattcaAacacactcccaaactce —227/+171 52°C

Table 2. Primers used for amplicon bisulfite PCR for DAO and DDO genes in mouse and human.
Primers and amplification conditions used in the first PCR step for all genes in this study. The

capital letters in the primer sequences indicate the original C or G. For all genes, the positions
refer to the TSS

The first PCR conditions are: one cycle at 95°C for 2 min followed by 32 cycles
at 95°C for 30 s, [primer Tm] for 40 s, 72°C for 50 s, followed by a final
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extension step at 72°C for 6 min. Reactions were performed in 30 pl total
volumes: 3 pl 10x reaction buffer, 0.6 ul of 10 mM dNTP mix, 0.9 pl of 5 pM
forward and reverse primers, 3.6 ul MgCl2 25 mM, 2-4 pl bisulfite template
DNA, 0.25 pl FastStart Taq, and H20 up to a final volume of 30 ul. For both
PCR steps, I used the FastStart High Fidelity PCR System (Roche). To eliminate
the excess of primers I performed a first purification step using AMPure
magnetic Beads (Beckman-Coulter, Brea, CA) with a ratio AMPure Beads/PCR
products of 0.8. After this first purification step, I checked product sizes on 1.5%
agarose gel. Then, I performed a second step of PCR, to add multiplexing indices
and Illumina sequencing adapters. The condition of second PCR step were as
follows: 50 pl total volume, 5 pl 10x reaction buffer, 1 ul ANTP mix, 5 pl forward
and reverse Nextera XT primers (Illumina, San Diego, CA), 6 pul 25 mM MgCl2,
5 pl of first PCR product, 0.4 pl FastStart Taq, and H2O up to a final volume of
50 ul. Thermocycler settings were: one cycle at 95°C for 2 min followed by 8
cycles at 95°C 30 s, 55°C for 40 s, 72°C for 40 s, followed by a final extension
step at 72°C for 5 min. As before, I repeated one AMPure Beads purification this
time with a ratio Beads/PCR of 1.2. The quantification process and the check of
amplicon quality were performed respectively using Qubit® 2.0 Fluorometer
and Agilent 2100 Bioanalyzer DNA 1000 Kit (Agilent Technologies, Santa
Clara, CA), according to the manufacturer‘s instructions. Finally, I prepared the
amplicon bisulfite library. Each sample was diluted using 10 mM Tris pH 8.5
and brought to a final concentration of 4nM. Subsequently, 5pl of diluted DNA
was mixed and the library were denatured with NaOH 0,2N. 5pul of 4nM pool
was mixed with 5ul of NaOH 0,2 N with a final concentration of 1nM. Library
was then diluted with a hybridization buffer (HT1). The library was diluted to a
final concentration 8 pM in a final volume 600 pl. I used a Phix control libraries
(Illumina) [15% (v/v)] to increase the diversity of base calling during
sequencing. According to the Illumina protocols, I sequenced all different

amplicon library with a V3 reagents kits on Illumina MiSeq system (Illumina,
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San Diego, CA). Paired-end sequencing was carried out in 281 cycles per read

(281 x 2). An average of 210,000 reads/sample were used for further analysis.

3.8 Sequence handling and bioinformatics analyses

The Illumina Miseq sequencer platform generates two FASTQ files for
each sample. One file contains the sequences from forward primer and the other
one with sequences from reverse primers. The first step to analyze the obtained
sequences was evaluate the quality of each “read” using the FASTQC program.
Then in order to acquire one unique FASTQ file, I used a PEAR tool (Zhang J
et al., 2013) by selecting a minimum range of overlapping residues of 40 and a
quality threshold a mean PHREAD score of at least. Then, FASTQ files were
converted in FASTA format files using PRINSEQ tool (Schmieder R et al.,
2011). The methylation status of each CpGs was evaluated using a pipeline
software (Amplimethprofiler) that was developed in collaboration with a group
of bioinformatics from my department. The pipeline is freely available at
https://sourceforge.net/projects/amplimethprofiler (Scala G et al., 2016). This
tool is specifically designed for deep targeted bisulfite amplicon sequencing of
multiple genomic regions and provides functions to demultiplex, filter and
extract methylation profiles directly from FASTA files. In my analysis, all kind
of filters were taken into account (read length, percentage of similarity between
the end of the read and the primer sequence, bisulfite efficiency, maximum
percentage of ambiguously aligned CG sites, percentage of aligned read). Using
these filters, all reads that did not match with expected length have been rejected.
I used BLAST software (Camacho C et al., 2009) to align all reads to bisulfite
reference of each gene in the analysis. As output, the pipeline returns: i) a
summary and quality statistics file, containing information about the number of
reads that pass filtering, the methylation percentage of each C in CpG sites, and
the bisulfite efficiency for each C in non-CpG sites; ii) an alignment file where

the bisulfite efficiency/read is calculated; iii) a CpG methylation profiles file,
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containing a matrix that reports the methylation status for each CpG
dinucleotide: 0 if the site is recognized as unmethylated, 1 if the site is
recognized as methylated, and 2 if the methylation state could not be assessed.
Each row of the matrix can be considered as the CpG methylation profile and
defines an epiallele in subsequent analyses. Then, we used this output to perform
downstream analyses. Quantitative methylation averages for each site are then
computed as the number of non-converted bases mapped on that site over the
total number of mapped reads. Single molecule CpG methylation arrangement
was then performed. Based on R software (R Core Team, 2016, https://www.R-
project.org), the abundance of each one of the 2NCpG distinct epialleles (where
NCpG stands for the number of CpG sites in the analyzed region) was evaluated
for each sample by counting the number of passing filter reads containing that
epiallele. The filter was set in order to include only reads with the expected
length and containing no more that 2% unconverted cytosine outside CpG sites.

The sequencing strategy and bioinformatic analyses are illustrated in Figure 4.
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Figure 4. The scheme of the preparation of amplicon methylation library.
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3.9 Statistical analyses

All statistical analyses presented in my study were performed using
Graphpad software (GraphPad Prism Software, Inc., La Jolla, CA, USA
www.graphpad.com/ guides/prism/7/statistics/index.htm). Every time I showed
a methylation average data, I expressed the results as means + standard error. In
all figures, the comparisons between 2 groups were performed using the
unpaired Student t test, while multiple comparisons were made by 1-way
ANOVA followed by Tukey post-hoc test. For all average methylation data, a
P-value < 0.05 was considered statistically significant. For what concern the
statistical analysis of epialleles results, I decided to correlate the epialleles
distribution within each stages group using a Pearson correlation test. For this
kind of analysis, a P-value < 0.001 was considered statistically significant. A
principal component analysis (PCA) was performed on the abundance of each
epialleles presents in the analyzed cell population. Beta diversity indicates the
differences in epialleles assortment among groups and it assessed using “brain
curtis distances”; this analysis is shown by principal coordinate analysis (PCoA)

biplot that includes the impact of the epialleles driving the samples clustering.
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4. RESULTS

4.1 The different applied methods to study DNA methylation

Amplicon bisulfite sequencing of a given genomic region enables us to
determine with high precision whether each included CpG dinucleotide, in each
single molecule, is methylated or unmethylated. Thus, the information that can
be retrieved from high-coverage bisulfite sequencing are: (i) DNA methylation
at each analyzed CpG site (here defined as "single CpG methylation"), calculated
as the sum of how many times that CpG is found methylated in all the analyzed
sequences for the specific sample. This analysis allowed me to understand
whether some specific CpGs contributed more to the DNA methylation
differences among the analyzed experimental conditions; (ii) average of DNA
methylation considering all the analyzed CpG sites (here indicated as "average
methylation"), calculated as the percentage of methylated cytosine in all the
sequences for a specific sample; (iii) epiallele distribution analysis, that
determine, with high precision, the combination of methylated and unmethylated
CpG sites contained in the sequence. In this case, the methylation at each CpG
site is considered in combination with the other CpG sites present in the
amplicon. This latter analysis takes into account that CpG sites in an individual
molecule may exist in a binary state (methylated, indicated with 1 or
unmethylated, indicated with 0) and each individual DNA molecule, containing
a certain number of CpGs, is a combination of these states defining an
"epihaplotype". As an example, a region that includes 4 CpG sites may give
origin to 16 possible combinations (2*) that may be potentially found in a mixed
population of cells (Figure 5). These different combinations will be here referred
to as "epiallele"; the number of different exhibited epialleles provides a measure
of the level of epipolymorphism (see Figure 5 for details and examples); (iv)
epiallele classes analysis, that instead consider the number of methylated CpG
sites/molecule, regardless the position of the CpG site. As an example, in a gene

with 4 CpG sites, the number of epiallele classes are five: the 0-Meth class,
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referred to the molecule that bear all the four CpGs in unmethylated status; the
1-Meth class, that included the sum of all the molecules containing only 1
methylated CpG (1000, 0100, 0010, 0001) unrelatedly to the position; the 2-
Meth class, involving the sum of molecules bearing 2 methylated CpG sites and
so on until the class with all CpGs in the methylated status. I applied all these
DNA methylation analyses to each of the analyzed gene, in each analyzed brain
area and developmental stage. Taking advantage of an ad-hoc bioinformatic
pipeline, named "AmplimethProfiler" (Scala et al., 2016), I was able to
investigate in one-step the single CpG methylation, the average methylation and
epialleles distribution and evolution of the DAO and DDO genes in specific
brain areas, during brain development and in schizophrenia. In the result section
of my PhD thesis, I first discuss about average methylation and single CpG
methylation analyses and then I focus on epiallele distribution analyses and

epiallele classes analyses in all the investigated experimental conditions.
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Figure 5. Schematic representation of epiallele concept. In the Figure is represented the analysis
of a gene locus with 4 adjacent CpG sites. For this exemplificative gene it is reported an average
methylation of 50%. This methylation degree may correspond to two completely different
methylation scenarios. The first possibility is that, to get an average methylation of 50%, the
sequencing return 50% of molecules with all 4 CpG sites in a completely un-methylated status
and 50% of molecules with all 4 CpG sites in a completely methylated status. However, what
generally happen (in non-imprinted loci) is that a quote of molecules is completely methylated
and completely unmethylated but the majority of the sequences present a variable number of
methylated CpG and unmethylated CpG. By this way, the average methylation is 50% but the
distribution of methyl-C is not bimodal, and this information is not retrieved by the average
methylation. TSS: transcription start site. The pie charts represent the percentage of fully
unmethylated epialleles (U = white), fully methylated epialleles (F = black), and the 14
remaining possible methyl CpG combination or intermediate epialleles (I = gray gradient). (From
Florio et al 2017)
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4.2 Epigenetic landscape of genes involved in D-Ser and D-Asp
metabolism during brain development in mice

Since it has been reported that DNA methylation regulates the expression
of DDO gene leading to decreasing free D-Asp after birth (Punzo et al., 2016;
Florio et al., 2017) during my PhD study I asked whether (i) DNA methylation
controls the expression of DAO and DDO, indirectly controlling the levels of D-
Ser and D-Asp; (ii)) DNA methylation at DAO and DDO genes dynamically
changes during brain development in mice; (iii) distribution of epialleles at DAO
and DDO promoters is able to discriminate cell populations belonging to the
different areas and stages. To answer to these questions, I involved in my studies
cerebellum (CB), hippocampus (HIPP) and cortex (CX) from mice at four
different developmental stages (Post-natal day 1, P1; Post-natal day 15, P15;
Post-natal day 30, P30; Post-natal day 60, P60). I performed all the above-
mentioned methods to study DNA methylation, along with the measurement of
D-Ser and D-Asp levels and mRNA expression analysis of DAO and DDO

genes.

4.2.1 D-Asp and D-Ser levels in hippocampus, cortex and cerebellum of mice
during development

As first step, I measured by HPLC the levels of D-Ser and D-Asp in the
different analyzed brain areas (CX, HIPP and CB) at P1, P15, P30 and P60
developmental stages. Considering that the levels of L- form of Asp and Ser in
brain may impact on the amount of D-Ser and D-Asp, I expressed the values as
the ratio of the amounts of the D- and total (D +L) forms of both Ser and Asp. |
found that the D-Ser/total serine ratio significantly increased from P1 to P15 in
both the hippocampus and cortex remaining high throughout the following
postnatal phases (Figure 6a and b) Conversely, in the cerebellum, the D-Ser/total
serine ratio underwent to a significant gradual reduction during the same

postnatal development stages (Figure 6¢). Regarding D-Asp, a strong reduction
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of the D-Asp/total aspartate ratio was observed after P1 in the hippocampus,
cortex and cerebellum and remained very low in all the following postnatal

stages (Figure 6d, e and f).
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Figure 6. D-Ser and D-Asp contents in the mouse hippocampus, cortex, and cerebellum during
ontogenesis. Average ratio of D-Ser/total Ser at different postnatal stages (P1, P15, P30, and
P60) of C57BL/6 J mice in the a) hippocampus, b) cortex and c) cerebellum. Average ratio
(expressed as %) of D-Asp/total Asp at different postnatal stages (P1, P15, P30, and P60) of
C57BL/6 J mice in the hippocampus, cortex and cerebellum. The D- and L-forms of Asp and
Ser were quantified by HPLC analysis. *p < 0.05, **p < 0.01, ***p <0.0001, compared with P1
(Fisher’s post hoc). Data are expressed as the mean + SEM. (From Cuomo et al., Clinical
Epigenetics, 2019)
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4.2.2 DAO and DDO gene structures in mice

Because the DNA methylation effects on gene expression are strictly
dependent on the analyzed gene region, I first identified the promoter region of
the D-amino acid related genes and studied the CpG conformation of each
promoter. The DAO promoter region is a CpG poor presenting a very few
numbers of CpG sites surrounding the transcriptional start site (TSS, indicated
by the black arrow in Figure 7 and considered as +1). I choose to focus on a
region of 389 nucleotides of the DAO promoter that contains four CpG sites (+
7;+ 101; + 217; + 334), all of which are located downstream of the TSS. These
characteristics make DAO gene an excellent candidate to study epiallele
distribution. In fact, considering the 4 CpGs enclosed in the analyzed region, the
possible epiallele combinations are 2%, and so 16. A so limited number of
epialleles ensured a high sequences coverage for each epiallele and make me
confident about their distribution in all analyzed brain areas at all different
developmental stages. In order to draw a complete snapchat of DNA methylation
distribution on DAO gene, I investigated DNA methylation at DAO promoter
also in the region upstream the TSS (data not shown). For DDO, I decided to
analyze a region previously reported to be regulated by DNA methylation (Florio
et al., 2017). This region of 405 bp carries six CpG sites and is located upstream
of the TSS. As shown in Figure 7, the number of all CpG sites is referred to the
TSS, indicated with +1.
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Figure 7. DAO and DDO promoter regions showing the position of the analyzed CpGs. The
numbers of the CpG sites refer to the putative transcriptional start site (TSS), indicated with + 1.
Blue box indicates the putative upstream regulatory region; green box indicates the first exon;
and white box indicates the first intron. Red rectangles specify the amplicon used for bisulfite
sequencing.
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4.2.3 DNA methylation and mRNA expression levels at DAO promoter in
Hippocampus, Cerebellum and Cortex during brain development

I analyzed the average methylation level at the DAO promoter in
Hippocampus (HIPP), Cortex (CX) and Cerebellum (CB) at four developmental
stages (Post-Natal day 1, P1, P15, P30 and P60). I first evaluated the average
methylation levels at P1, P15, P30, and P60 in all analyzed brain regions (Figure
8A). In HIPP and CX, I found high level of average methylation (approximately
75%) that remained stable during the different stages. Conversely, striking and
significant differences in the average DNA methylation were observed in CB
where the higher degree of methylation was observed at postnatal day 1 (71.5%
+ 0.03) and drastically reduced at P15 (43.5% + 0.02), P30 (44.8% + 0.004), and
P60 (53.1% =+ 0.003). These data strongly correlated with mRNA expression
levels in HIPP, CX, and CB during brain development (Figure 8B). Very low
DAO expression levels were observed in HIPP and CX in all developmental
stages, while in CB I found a significant (one-way ANOVA; p <0.001) increase
in DAO mRNA expression during ontogenesis (Figure 8B). I then evaluated the
methylation average at single CpG resolution during brain development in HIPP,
CX, and CB (Figure 8C). In HIPP and CX, no differences in single CpG
methylation were found at each developmental stage. In contrast, in CB brain
region, I observed a marked significant decrease in methylation level especially
at CpG +7 and +101 sites from P1 to P15 (from 52.8+0.06 to 8.2 + 0.02%)
remaining low at P30 and P60. A transitory decrease of methylation at CpG +217
from P1 to P15 was observed that increased again (reaching above 80% of
methylation average) at P30 and P60. Conversely, CpG + 334 exhibited high and
constant levels of methylation also in CB area.
In order to evaluate whether this demethylation phenomenon regarded
specifically the CpG sites surrounding the TSS promoter or involved other CpG
sites located upstream of the TSS, I analyzed also a region (— 234/+ 137 nts, data
not shown) that included both five additional CpG sites located upstream (=208,
=177, —162, —129, and —102) and the abovementioned + 7 and + 101 sites in a
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single amplicon. I found that all the CpG sites located upstream the TSS showed
a low degree of methylation at each of the analyzed developmental stage and
thus the methylation decrease during cerebellum development was essentially
limited to the CpG +7 and CpG + 101 (data not shown).

Taking together all the methylation analyses and the mRNA expression data, the
selective reduction of DNA methylation observed in the cerebellum from P1 to
P15 at two CpG sites (+ 7 and + 101 sites) might be functionally associated with
the robust activation of the DAO gene during that temporal window and
ultimately with the dramatic reduction of the D-Ser concentration identified in

the mouse cerebellum at P30.
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Figure 8. Methylation analyses at DAO gene. A) HIPP, CX and CB average methylation is
represented at the P1, P15, P30, and P60 developmental stages (n = 3 mice/stage). Comparisons
between developmental stages in each area were performed using one-way ANOVA followed
by Tukey’s multiple comparison post-hoc test. *p <0.001. B) mRNA expression levels for each
analyzed brain area during brain development is reported and DAO mRNA expression was
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normalized to the mean of two housekeeping genes and is expressed as 2—ACt values, * p <0.001

(one-way ANOVA followed by Tukey’s multiple comparison post-hoc test). C) Average
methylation at single CpG resolution in HIPP, CX, and CB during ontogenesis is shown. (From

Cuomo et al., Clinical Epigenetics, 2019)
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4.2.4 Analysis of 5-mCpG and 5-hmCpG dynamics at DAO promoter region
During brain development, the number and the type of cells composing
a specific brain area radically change. Thus, the demethylation phenomenon that
I observed at DAO promoter region may be the result of an increase in number
of cells that bear a demethylated DAO promoter already at P1, causing a passive
demethylation mechanism. Nevertheless, DAO promoter region may be exposed
to an active demethylation process, mediated by TET family enzymes. Bisulfite
analysis performed in this study is not able to distinguish between 5-mC and 5-
hmC. Thus, in order to elucidate whether DAO gene undergoes to an active or
passive demethylation process during cerebellum development, I performed an
oxidative bisulfite sequencing (Booth MJ et al., 2013) measuring the levels of 5-
hmC at the same DAO region analyzed before in CB at P1 and P15. This
technique involves the use of an oxidizing agent capable of removing
hydroxymethyl modification so that after bisulfite the cytosine is read as
thymine. Thus, the levels of 5-hmC levels was calculated by subtracting the
average methylation obtained with bisulfite sequencing and the average
methylation values obtained after treatment with oxidant reagent and bisulfite.
Results, shown in Figure 9, revealed the presence of high amount of
hydroxymethylation at CpG + 7 and CpG + 101 at P1 indicating that these sites
were actively demethylated likely by TETs protein (Figure 9). Also CpG + 217
exhibited high levels of 5-hmC at P1 but at this specific site the levels of 5-mC
increased at P15. These findings likely suggest that the TET enzymes activity
predominated on the activity of DNMTs specifically at + 7 and + 101 CpGs.
Strikingly, at the + 334 CpG, 5-methylcytosine was very stable and was not
exposed either to hydroxymethylation or to demethylation phenomena over

time.

44



#% 5-hmC
m 5-mC

Post-natal day 15

Post-natal day 1

R
IR

100+

80+
60+
40
201

ey
IRRRARRRARRRN:

100+

T T T T

2 2 % =~
(%) Dwy-5 + Jw-g

Figure 9. Comparison of 5-mCpG and 5-hmCpG levels at single-CpG resolution of DAO

promoter in CB area. Levels of methylation (blue) and hydroxymethylation (white line pattern)

at DAO single CpG sites from P1 to P15 stages. For each time point, results are indicated as the

mean of n=3 mice. (From Cuomo et al., Clinical Epigenetics, 2019)
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4.2.5 DNA methylation dynamics in cerebellar astrocytes and neurons during
the P1-P15 temporal window

Considering the high cellular heterogeneity of cerebellum tissue, I
questioned whether some specific type of cell composing cerebellum present a
major demethylation effect. Thus, I isolated astrocytes, neurons and a fraction
containing microglia, oligodendrocytes, and endothelial cells (MOE fraction)
from cerebellum tissues at the P1 and P15 time points and I analyzed DAO
promoter methylation (Figure 10). The results showed that the decrease in
methylation levels during P1 to P15 transition mainly occurred in astrocytes
compared to neurons and other cell types (Figure 10). Even though these results
do not exclude the passive demethylation process (at these postnatal stages
astrocytes are likely active proliferating cells (Farhy-Tselnicker I et al., 2018))
together with oxidative bisulfite sequencing analysis, it is very likely that an
active demethylation event is occurring at + 7 and + 101 CpGs and specifically

in cerebellar astrocytes from P1 to P15.
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Figure 10. DAO methylation levels in different cell types at the P1 and P15 stages in cerebellum.
On the top, DAO average methylation (%) in astrocytes, neurons, and a fraction containing
microglia, oligodendrocytes, and endothelial cells (MOE fraction) at postnatal days 1 and 15.
On the bottom, DAO single-CpG methylation average in astrocytes, neurons and MOE fraction
during the transition from P1 to P15. (From Cuomo et al., Clinical Epigenetics, 2019)
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4.2.6 DNA methylation and mRNA expression of the DDO gene in different brain
areas at different developmental stages

It has been previously reported that DDO gene in whole brain increase in
mRNA expression after birth with a concomitant reduction of cerebral D-Asp
levels (Florio et al., 2016). It has been also elucidated that DNA methylation
controls DDO mRNA expression and that at early post-natal development DDO
promoter region undergoes to a decrease in methylation. Thus, I investigated
whether methylation decrease at DDO locus occurs in specific brain areas and
post-natal stages. As at DAO gene, I analyzed the DNA methylation state and
mRNA expression of the DDDO gene in HIPP, CX, and CB at P1, P15, P30, and
P60 (Figure 11). In CX region, I did not observe any differences either at average
methylation nor at single CpG resolution during development (Figure 11A and
B), although I observed a slight temporal increase in mRNA expression (Figure
11C). Conversely, in HIPP area I found a significant decrease (one-way
ANOVA; p = 0.001) in average methylation from P1 to P60 (Figure 11A) and
this demethylation regarded all the analyzed CpG sites, especially from P1 to
P15 (Figure 11B). In accordance with decrease in DNA methylation, I observed
a significant increase (one-way ANOVA; p < 0.001) of DDO mRNA levels
during ontogenesis (Figure 11C). A decrease of DDO DNA methylation was
observed also in CB from P1 to P15 that then slightly increased at P30 and P60
(Figure 11A). Accordingly, DDO mRNA expression significantly (one-way
ANOVA; p <0.001) increased over time in the cerebellum area (Figure 11B).
Very interestingly, at single CpG level, I observed that methylation levels at all
six CpG sites tended to decrease from the P1 to P15 stages, remaining then
consistently low only at the — 125 and — 175 CpG sites (Figure 11C). Conversely,
a minor increase in methylation at the other CpG sites (Figure 11C) was
observed, possibly explaining the higher average methylation levels observed
from developmental stages P15 to P60 (Figure 11A).
Overall, these data identified a key role for the methylation at the — 125 and —

175 CpG sites in the control of DDO expression during brain development.
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Figure 11. DNA methylation and mRNA expression at the DDO promoter region. A) HIPP, CX
and CB average methylation at DDO promoter is represented at the P1, P15, P30, and P60
developmental stages (n = 3 mice/stage). Comparisons between developmental stages in each
area were performed using one-way ANOVA followed by Tukey’s multiple comparison post-
hoc test. *p < 0.001. B) mRNA expression levels for each analyzed brain area during brain
development is reported and DDO mRNA expression was normalized to the mean of two
housekeeping genes and is expressed as 2—ACt values, * p <0.001 (one-way ANOVA followed
by Tukey’s multiple comparison post-hoc test). C) Average methylation at single CpG resolution

at DDO gene in HIPP, CX, and CB during ontogenesis is shown. (From Cuomo et al., Clinical
Epigenetics, 2019)
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4.3 DNA methylation and mRNA expression scenario of DAO and
DDO genes in post-mortem tissues from patients with

schizophrenia

D-Asp and D-Ser levels are believed to play a role in NMDA-related
function, being agonist and co-agonist of NMDA receptor, respectively.
Considering the epigenetic regulation of DAO and DDO genes found in mice
during development, I hypothesized that epigenetic profiling might drive the
correct spatio-temporal modulation of these genes also in human brain.
Consequently, an alteration in DNA methylation controlling the expression at
these genes could be linked to human brain disorders, including schizophrenia.
Thus, I performed an ultra-deep analysis of DNA methylation along with
expression profiles DAO and DDO genes in post-mortem hippocampus (HIPP),
dorso-lateral prefrontal cortex (DLPFC) and cerebellum (CB) from non-
psychiatric subjects (CTRL) and patients with schizophrenia (SCZ). For this
study, I used HIPP and DLPFC from 20 non-psychiatric control and 20 patients
with schizophrenia from the brain bank "The Human Brain and Spinal Fluid
Resource Center" in Los Angeles Healthcare Center, Los Angeles, CA, USA
while CB tissues were obtained from 10 non-psychiatric control and 9 patients
with  schizophrenia derived from another bank (MRC London
Neurodegenerative Disease Brain Bank of the Institute of Psychiatry, King’s
College London, UK). As in previous experiments in mice, I also performed
epiallele classes and distribution analyses in order to finely identify cell to cell
methylation differences in specific brain areas and to evaluate whether these
ultra-deep methylation profiles may distinguish brain areas within each

individual and/or be associated to schizophrenia diagnosis.
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4.3.1 DAO and DDO gene structures in human

As in mouse, I evaluated the promoter regions of DAO and DDO genes
in humans. The majority of CpG sites at DAO gene are located in proximity of
the TSS. I choose to analyze a region of about 400 nt containing 10 CpG sites
(—40; —30; —26; +11; +30; +74; +82; +105; +153 and +193) surrounding the
transcriptional start site (TSS). Also the DDO promoter region presents a cluster
of CpG sites in the closeness of TSS and in this case, I analyzed a region with

7n CpG sites encompassing the TSS.
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Figure 12. DAO and DDO promoter regions in humans showing the position of the analyzed
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CpGs. The numbers of the CpG sites refer to the putative transcriptional start site (TSS),
indicated with + 1. Blue box indicates the putative upstream regulatory region; green box
indicates the first exon. Red rectangles specify the amplicon used for bisulfite sequencing.
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4.3.2 Analysis of DNA methylation and mRNA expression at DAO gene promoter
in non-psychiatric subjects and patients with schizophrenia.

Using high-coverage targeted bisulfite sequencing, I analyzed DNA
methylation status of DAO gene in HIPP, DLPFC and CB. I interrogated DNA
methylation at DAO promoter in a region containing 10 CpG sites (—40; —30;
—26; +11; +30; +74; +82; +105; +153 and +193) surrounding the DAO
transcriptional start site (TSS) (Figure 12). No differences in average
methylation and single CpG methylation levels were found comparing CTRL
and SCZ groups in all analyzed brain areas with the exception of CB area, where
a slight decrease at +11, +30, +82, +105 and +153 CpG sites were found in
schizophrenia-affected patients with respect to non-psychiatric controls (Figure
13A and B). I then evaluated the DAO mRNA expression and I found that in
both HIPP and DLPFC, regardless of the diagnosis, DAO mRNA levels were
very low. Conversely, higher DAO mRNA levels were found in the CB, without
significant differences between CTRL and SCZ subjects (Figure 13C).
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Figure 13. DAO promoter methylation and mRNA expression in patients with schizophrenia
and non-psychiatric controls in different post-mortem tissues A) HIPP, DLPFC and CB average
methylation at DAO promoter is represented in CTRL and SCZ groups. White circle indicates
the patients and controls. B) DAO mRNA expression levels for each analyzed brain area in
CTRL and SCZ groups is reported and expressed as 2—ACt C) Average methylation at single
CpG resolution in HIPP, DLPFC, and CB in CTRL and SCZ groups. All data are shown as the
mean + standard error (SEM). (From Keller, Punzo, Cuomo et al., Scientific Report, 2018)
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4.3.3 DDO promoter methylation and mRNA expression in non-psychiatric
subjects and patients with schizophrenia.

I analyzed average methylation in HIPP, DLPFC and CB (Figure 14) at
DDO promoter gene. Overall, HIPP and DLPFC brain regions presented a higher
average methylation compared to CB area (Figure 14A) and in CB and in HIPP
no significant differences were found between schizophrenia and control groups
(Figure 14A). Conversely, I found a slight but significant DDO methylation
increase in the HIPP of patients with schizophrenia, compared to control group
(Figure 14A). However, these data did not correlate with mRNA expression
levels of DDO gene, low DDO mRNA expression in CB and DLPFC was
detected, with no significant differences between patients and controls, and
higher levels in HIPP without differences between diagnosis (Figure 14B). At
single CpG levels, I found a slight but not significant increase in methylation
levels in the HIPP of SCZ patients compared to CTRL subjects at all analyzed
CpG sites. Also in DLPFC and CB, I found no significant difference between
diagnoses (Figure 14C).

54



807 B
® I CTRL _
5 ¥4 scz %
3 -
> 1
E 7
2 &
& 3
@ <!
& zZ

E.

c HIPP DLPFC cB
§ 4 -+~ CTRL
- = SCZ
§E 3 ¥ . 2 3
é & a . ;;; ""i
4 [ » 2
£ g ¢ 37 it 2
o ¥
Eﬁ 1 1 1
% e e S &
z —T—T— T - T T
S AP SN & S FU P S R

Figure 14. Methylation and expression studies of the DDO gene. A) DDO promoter methylation
and mRNA expression in patients with schizophrenia and non-psychiatric controls in different
post-mortem tissues A) HIPP, DLPFC and CB average methylation at DDO promoter is
represented in CTRL and SCZ groups. White circle indicates the patients and controls. B) DDO
mRNA expression levels for each analyzed brain area in CTRL and SCZ groups is reported and
expressed as 2—ACt C) Average methylation at single CpG resolution in HIPP, DLPFC, and CB
in CTRL and SCZ groups. All data are shown as the mean + standard error (SEM). (From Keller,
Punzo, Cuomo et al., Scientific Report, 2018)
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4.4 Epiallele distribution analysis and epiallele classes analysis at
DAO and DDO promoters in mice during brain development and

in patients with schizophrenia

Recently, a new way (epialleles analysis) to study the DNA methylation
has been demonstrated (Florio et al., 2016). This method may reveal some fine
changes in methylation status of certain genes indicative of cell-to-cell
heterogeneity in terms of methylation. Moreover, epialleles allow one to detect
single molecule methylation profiles and may be considered a proxy of single
cell analysis. Thus, tracking epiallele profiles may help “to identify barcodes” to
get insight into mechanisms underlying DNA methylation establishment,
changes and, potentially, alterations of these processes in neurodevelopmental
diseases that may be not revealed by conventional, either gene specific or
genome-wide, average methylation analyses. For these reasons, I applied
epiallele distribution and epiallele classes analyses at DAO and DDO locus in

all experimental conditions of my PhD work.

4.4.1 Epiallele distribution analysis in different brain areas during brain
development at DAO gene

In order to investigate whether epiallele distribution at the DAO gene
locus is able to distinguish specific brain areas and/or developmental stages, I
performed epiallele distribution analysis in HIPP, CX and CB at all analyzed
time points (Figure 15). As said above, this method, that requires a large number
of sequences reads per sample, allowed me to quantitatively and qualitatively
track the arrangements of methyl-CpG combination, defined epialleles, at a
specific locus at single-molecule level. Sequences obtained by ultradeep
bisulfite sequencing were processed via the ampliMethProfiler pipeline

(https://sourceforge.net/projects/amplimethprofiler) (Scala et al., 2016). This

"ad-hoc" pipeline generated a BIOM format table containing the amount of DAO
epialleles in all samples. Different proportions of all the possible epialleles (16)
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were found in each brain area and developmental stage. In order to verify if the
epiallele distribution at DAO locus was able to discriminate among the different
brain region and developmental time points, I performed principal coordinate
analysis (PCoA) (Figure 15). Surprisingly, I found that the epiallele distribution
in HIPP and CX showed strong grouping of the diverse developmental points,
although the average methylation in HIPP and CX did not change during
ontogenesis. Interestingly, in CB each developmental stage clearly grouped and,
even though this phenomenon was quite expected from the average methylation
differences, also P30 and P60, that showed a very similar average methylation,
were distinctly separated in the PCoA plot. I then asked whether epiallele
distribution analysis is able to discriminate also the different analyzed brain
areas. I performed hierarchical clustering by combining HIPP, CX and CB and
all developmental stages. As expected by average methylation analysis, CB area
distinctly clustered away from HIPP and CX, denoting a different epiallele
distribution. Interestingly, the cerebellum area at early development (P1)
presented a shared epiallelic patterns with HIPP and CX, whereas at later stages,
the epiallelic profiles moved away in a distinct manner.

These results shed in light the high power of epiallele distribution analysis in
unravel information that average methylation or single CpG methylation might
hide. Moreover, epiallele distribution analysis showed a non-stochastic and well-
orchestrated DNA methylation remodeling that was influenced by the specific

brain areas and developmental time points.
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Figure 15. Epialleles distribution analysis of the mouse DAO gene during brain development in
HIPP, CX, and CB. Principal coordinate analysis (PCoA) plots show the distribution of the
different time points P1 (red), P15 (blue), P30 (yellow), and P60 (green) according to their
epiallele composition. The plots are derived from the qualitative and quantitative influence of
each of the 16 epialleles discriminating the different time points P1 (red), P15 (blue), P30
(yellow), and P60 (green) in each analyzed brain area. Adjacent samples share similar epiallelic
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Figure 16. Hierarchical cluster of brain region differences based on the epiallelic composition
at mouse DAO gene including all developmental stages.
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4.4.2 Spatio-temporal distribution of epialleles at DDO gene during mouse
brain development.

Then, I performed DDO epiallele analysis of specific areas over time
(Figure 17). As expected from average methylation (at P1, the average
methylation is significantly higher compared to P15, P30 and P60; Figure 11A),
epiallele distribution in HIPP showed a clear clustering of P1 away from the
other developmental stages that instead grouped together (Figure 17).
Moreover, in CX, DDO epiallele profiles were not able to distinguish the
developmental stages. Also for DDO, epiallele distribution analysis showed
greater results in CB, where all the time points differently clustered, with the
exception of P15 and P30. However, P1 and P60, although sharing a very similar
average methylation, grouped separately one which other and from P15 and P30,
likely indicating that during brain development a mechanism of methylation
dynamicity characterized DDO gene promoter (Figure 17). Finally, I performed
hierarchical cluster analysis (HCA) pooling together the epialleles of all
analyzed developmental stages and brain areas (Figure 18). By this analysis, I
found that especially CX brain area clearly clustered with respect to CB and
HIPP. Nevertheless, also HIPP and CB presented a selective epiallele profile that
made these tissues distinguishable, with the exception of P1 in HIPP (Figure 18).
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Figure 17. Epialleles distribution analysis of the mouse DDO gene during brain development in
HIPP, CX, and CB. Principal coordinate analysis (PCoA) plots show the distribution of the
different time points P1 (red), P15 (blue), P30 (yellow), and P60 (green) according to their
epiallele composition. The plots are derived from the qualitative and quantitative influence of
each of the 16 epialleles discriminating the different time points P1 (red), P15 (blue), P30
(yellow), and P60 (green) in each analyzed brain area. Adjacent samples share similar epiallelic
composition.
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Figure 18. Hierarchical cluster of brain region differences based on the mouse DDO epiallelic
composition is shown, including all developmental stages.
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4.4.3 Single molecules DAO methylation analyses in non-psychiatric subjects
and patients with schizophrenia.

I then applied epialleles distribution analysis to evaluate single molecule
differences at DAO promoter methylation in CTRL and SCZ samples. The DAO
analyzed region contains 10 CpG sites (Figure 12) and the number of possible
epiallele combinations is 1024. For this reason, I decided to perform first
epiallele classes analysis, taking into account all the epialleles bearing the same
number of methylated CpG sites regardless their position (Figure 19A). I found
no significant differences between CTRL and SCZ groups. Nevertheless, the
different analyzed brain areas showed remarkable differences in the epiallele
classes distribution, despite HIPP, DLPFC and CB did not present significant
differences in average methylation. Especially in CB, a peculiar profile in term
of methylation classes distinguished this brain area from the others. In addition,
a statistically significant difference between HIPP and DLPFC (p = 0.01) was
identified. This area-specific epiallele classes distribution may likely mirror the
dissimilar cell type composition of the analyzed brain areas and/or the functional
state of the gene in individual cells composing the different tissues. Even though
no great differences were found comparing diagnosis, 57.1% of SCZ patients in
CB displayed a percentage of the 0-methylated class >10%, while only 10% of
non-psychiatric controls presented the percentage >10% (Figure 19A).
Considering that the 0-Meth class correspond to the molecules with no CpG in
methylated status, these molecules should correspond to the ones expressing
DAO gene. Thus, this may possibly indicate a greater number of cells expressing
DAO gene in CB of SCZ compared to CTRL groups. Next, I performed
epialleles distribution analysis including all brain areas and SCZ and CTRL
groups. The Principal coordinate analysis (PcoA) plot (Fig. 2C), based on the
epiallelic composition similarities among all individual samples, displayed a
significant and striking clustering of HIPP and DLPFC against CB areas (Figure
19B).
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Figure 19. Epiallele classes and distribution analyses at human DAO gene. (A) Heatmaps show
the abundance of all the different epiallele classes (from 0 to 10 methyl-cytosine per molecule)
in each sample and in all analyzed brain regions (hippocampus = HIPP; dorsolateral prefrontal
cortex = DLPFC; cerebellum = CB). The color gradient from yellow to white indicates the
percentage of each epiallelic class. B) Epialleles distribution analysis of the human DAO gene,
taking in consideration all brain region and both groups, is shown in the principal coordinate
analysis (PCoA) plot.
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4.4.4 Single molecules DDO methylation analyses in non-psychiatric subjects
and patients with schizophrenia.

I then provided information about DDO epiallele classes distribution and
epiallele distribution analyses. As for DAO, no significant differences were
detected comparing SCZ and CTRL groups in all analyzed brain areas. However,
I found that HIPP and CX displayed an epiallele classes distribution clearly
different from CB area (Cramer test, p < 0.001), as expected by the lower DDO
average methylation in CB. However, it was possible appreciate some peculiar
differences in epiallele classes distribution from the comparison between HIPP
and CX, especially for the 2-Meth class and 7-Meth class, both more abundant
in DLPFC with respect to HIPP. Finally, I performed PCoA analysis pulling
together the epiallele composition of all brain areas and SCZ and CTRL groups.
Also in this case, epiallele distribution confirmed the cluster of CB away from
HIPP and DLPFC, indicating a strong typing of CB cells compared to the other
two brain areas. In conclusion, despite the inability in the detection of differences
between CTRL and SCZ groups, also for DDO locus I identified specific
methylation profiles distinguishing the different cell type composition in HIPP,
DLPFC and CB.
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Figure 20. Epiallele classes and distribution analyses at human DDO gene. (A) Heatmaps show
the abundance of all the different epiallele classes (from 0 to 10 methyl-cytosine per molecule)
in each sample and in all analyzed brain regions (hippocampus = HIPP; dorsolateral prefrontal
cortex = DLPFC; cerebellum = CB). The color gradient from yellow to white indicates the
percentage of each epiallelic class. B) Epialleles distribution analysis of the human DDO gene,
taking in consideration all brain region and both groups, is shown in the principal coordinate
analysis (PCoA) plot.

64



S. DISCUSSION

Several studies have successfully identified DNA methylation patterns
and differentially methylated regions in health and disease (28-30, 48, 68, 69,
71, 87). The great majority of these studies, even when performed at high
resolution, could measure the average methylation at each locus. However, the
exact methylation profiling that establish during development and/or disease
process remains still poor understood. In this study, I have applied different
methods to study DNA methylation at high resolution at DAO and DDO gene
loci both in physiological brain development and in post-mortem tissues from
patients with schizophrenia. These two genes are responsible for the degradation
of two D-amino acid that interact with NMDAR, D-Ser and D-Asp, respectively.
Since D-Ser and D-Asp may be considered important brain neuromodulators,
their levels in mammalian brain must be strictly controlled. Indeed, D-Asp levels
are high during fetal life and drastically reduced in early post-natal period
whereas D-Ser levels are more constant during life. Moreover, the levels of these
two D-amino acids follow a specific brain regionality, being D-Ser more
expressed in cerebellum and D-Asp more abundant in prefrontal cortex. Thus,
considering the so fine spatio-temporal distribution of D-Ser and D-Asp, an
alteration in the correct amount of these two D-amino acids has been linked to
several neuropsychiatric conditions. In accordance, several SNPs identified at
genes regulating D-amino acid metabolism have been linked to schizophrenia
20,51-53. A deficiency of D-Ser levels includes several symptoms such as
epilepsy, spasticity, and neurocognitive disorders (Szilagyi B et al., 2018).
Moreover, some symptoms of schizophrenia are due to a D-serine deregulation
(Ma T et al.,, 2019) and the inhibition of DAO enzyme appears to have
therapeutic potential (Kolker S, 2018). All these data suggest that an epigenetic
mechanism may indirectly control the levels of D-Ser and D-Asp by regulating
the enzymes involved in their degradation and synthesis. Based on the basic and
translational interest of free D-amino acids in brain physiology and pathology,

in my PhD thesis I have analyzed the spatio-temporal DNA methylation
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dynamics at DAO and DDO genes via a single-molecule approach (epiallele
distribution and epiallele classes analyses), in three different brain regions
(HIPP, CX, and CB) at postnatal days P1, P15, P30, and P60. Moreover, I
extended the same analysis to 3 different post-mortem tissues (HIPP, DLPFC
and CB) from patients with schizophrenia. I found a physiological and selective
demethylation event at DAO promoter during brain development specifically at
two CpG sites and in cerebellum area. Moreover, this demethylation appeared
to be much more effective in cerebellar astrocyte from P1 to P15. This dynamic
demethylation phenomena resulted in progressive activation of DAO gene with
a dramatic area-specific modulation of D-Ser. Some previous studies
demonstrated that postnatal programmed demethylation at few CpG site plays a
fundamental role in the regulation of glucocorticoid receptor gene expression
and the absence of this event leads to persistent alteration of the HPA axis
(Weaver ICG et al., 2004). Moreover, I demonstrated that the posthumous
demethylation of few CpG sites is likely marked by 5-hmC, since I found that
this intermediate compound of TET-mediated demethylation was enriched at the
CpG sites undergoing demethylation at later developmental stages. Regarding
D-Asp levels, in a recent study conducted on whole brain, the promoter of DDO
gene is activated by DNA methylation decrease during development, with a
concomitant decrease of D-Asp level (Florio et al., 2017). In my PhD studies I
extended this analysis to the different brain regions and developmental stages. I
found that this demethylation event occurs in HIPP and CB but not in CX,
although the mRNA levels of this gene increase in all brain areas, including CX.
Of particular interest, the strongest DDO gene activation appears in CB, where
only two CpG sites (— 125 and — 175) remained demethylated over time,
suggesting, also in this case, a critical role of few CpG sites in regulating genes.
Altogether, the data obtained in mice brain areas at different developmental
stages highlight the importance of post-natal changes of DNA methylation at
few CpG sites in the proper control of D- Ser and D-Asp levels with potential

clinical implications. For this reason, I decided to investigated DNA methylation
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along with mRNA expression of DAO and DDO genes in post-mortem brain
tissues in patients with schizophrenia. Despite the absence of core alterations
between diagnosis groups, strong differences among the HIPP, DLPFC and CB
brain areas were identified with clearly detectable methylation signatures. Also
in this study, I performed epiallele analyses and especially at DAO gene, I
identified cell to cell methylation differences. I found specific epiallelic profiles
that, regardless of diagnosis, render the CB tissue clearly distinct from DLPFC
and HIPP, likely suggesting a specific CpG combinatorial code that characterize
cellular composition of different brain areas. Since the DNA methylation levels
at DDO gene has been previously measured in patients with schizophrenia and
non-psychiatric subjects (Keller et al., 2017), I extended the methylation analysis
at DDO gene promoter in CB, and performed epiallele analyses on HIPP,
DLPFC and CB. I observed a lower DNA methylation and expression at DDO
locus in the CB compared to the HIPP and DLPFC. As expected by lower
average methylation, epialleles classes analysis clearly and significantly
distinguished from HIPP and DLPFC, as confirmed by the Cramer test (p <
0.001). Moreover, although sharing a similar average methylation, DLPFC and
hippocampus displayed significant differences in epialleles classes distribution,
especially in some intermediate classes. Considering the high power of this
approach confirmed both in mouse and in human, epiallele analyses may
represents a novel tool to detect fine differences in gene methylation distribution,
otherwise not appreciated with classical targeted or genome-wide methods.
Overall, the epigenetic diversity that I found at DAO and DDO gene may
supports the possible existence of mechanisms oriented to maintain the
epigenetic system in a dynamic stability, where the methylation state of each

CpG in single cells is not stable but it is subject to periodic fluctuations.
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6. CONCLUSION

My data strongly highlight the importance to investigate in detail the appropriate
programmed DNA methylation events that indirectly control the levels of two
important brain neurotransmitters, D-Ser and D-Asp. Particularly, the
identification of an active demethylation process at DAO and DDO genes is
fundamental for the maintenance of physiological D-Ser and D-Asp levels and
thus, for correct brain development (Errico F et al., 2012; Katane M et al., 2011;
Katane M et al., 2010; Wolosker H et al., 1999; Hashimoto A et al., 1993; Sakai
Ketal., 1998; Balu DT et al., 2012; Ivanov AD et al., 2018). Moreover, epiallele
distribution analysis at these two genes allowed me to better characterize the
methylation status of DAO and DDO promoter during the mouse brain
development and to identify cell-to-cell methylation signatures able to recognize
the different examined brain tissues. Very importantly, altered levels of D-Ser
and D-Asp have been found in different neuropsychiatric conditions (Errico F et
al., 2015; Hashimoto K et al., 2013; Sacchi S et al., 2013; Chang HJ et al., 2014;
Coyle JT et al., 2017) and to contribute to these alterations, environmental
factors may play a fundamental role. Thus, I hypothesized that non proper
establishment in DNA methylation may have clinical impact in the
etiopathogenesis and treatment of neurodevelopmental disorders. For this
reason, | analyze DNA methylation at DAO and DDO genes in post-mortem
tissues from patients with schizophrenia. The lack of significant methylation and
expression changes in DAO and DDO genes between patients with
schizophrenia and non-psychiatric controls could be due to the fact that
schizophrenia has a multifactorial etiology. Moreover, given the small number
of samples analyzed here, it is possible that an increased sample size is necessary
to detect more subtle changes in gene expression. Another critical point to
consider is the effect of potential confounding variables, such as post-mortem
interval, age, and pH of the brain samples, even though statistical analyses
showed that confounders did not affect the RNA expression and DNA

methylation results (see Materials and Methods).
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Interestingly, also in human, distinct area-specific patterns suggested the
occurrence of an organized distribution of epialleles in different cell populations
represented in each brain area. Since it is possible that the methylation state of
the genes interrogated here varies between different cell types (i.e. excitatory
and inhibitory neurons, astrocytes), there could be differences in SCZ if these
diverse cell populations could be sorted prior to sequencing. Overall, we believe
that at selected genes, epiallele-based analyses may be more informative than
traditional methylation analyses and can be successfully utilized in a broad range
of applications, including in depth determination of epigenetic origin of brain
diseases. In addition, provided that these analyses are successfully transferable

to peripheral cells, they may be applied for diagnostic and clinical purposes.
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