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Summary

Epigenetics is the study of distinct inheritable gene expression patterns which are
independent of the DNA base pair sequence. The key epigenetic factors, 5-methylcytosine
(5mC) and 5-hydroxymethylcytosine (5ShmC) are highly abundant in brain and retina
neurons and play a pivotal role in development and disease. In this context, the Ten
Eleven Translocation (TET) enzymes, which generate 5hmC by oxidation of 5mC,
recently gained attention in research. Three isoforms of TET enzymes exist, TET1, TET2
and TET3, with TET3 being the major isoform in neurons. TET enzymes act in
cooperation with other proteins, like transcription factors and chromatin remodelers, to
modify the DNA and thereby regulating transcription. However, the exact mechanisms
of how TET enzymes are regulated and guided to the DNA for catalytic activity remain

elusive.

In this study, the regulation of TET3 and its enzymatic products as well as their influence
on development and disease were addressed. To this end, interaction partners of TET3
were identified and characterized in the retina of the rdI mouse model for Retinitis

Pigmentosa and in human iPSC-derived neurons.

In the mouse retina, several novel Tet3 interaction partners were found, which are known
to play an important role in transcriptional regulation and developmental processes.
Comparing these candidates with TET3 interactors in human iPSC-derived neurons, one
intriguing common hit was Methyl-CpG Binding Protein 2 (MECP2). MECP2 is a known
5mC and 5hmC binding protein and highly abundant in the brain. In this study, MECP2
was shown to regulate Tet3 activity thereby influencing global 5hmC. Moreover, it bound
to different sites of the TET3 gene and modified TET3 expression in human iPSC-derived
neurons. MECP2 was also shown to bind two genomic locations of EIF4ENIF1, a protein
which is involved in translational repression of proteins that drive neurogenesis. This
binding was reduced in the absence of TET3 indicating that EIF4ENIF is a common target
of TET3 and MECP2. A depletion of either MECP2 or TET3 by CRISPR-Cas9 led to the
same transcriptional changes of neuronal markers pointing to the synergistic action of

the two proteins during neuronal development.

Overall, this project yielded in the identification of novel TET3 interactors and revealed
regulatory mechanisms of TET3 and their potential role in neuronal development and

disease.
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1 Introduction

1.1 Epigenetics

Epigenetics is “the branch of biology that studies the causal interactions between genes
and their products which bring the phenotype into being”. That’s how the term
epigenetics was originally defined in the 1940s by the embryologist Conrad Waddington
(Waddington C.H, 1942). Waddington described an “epigenetic landscape” in which a
pluripotent cell starts at the top of a hill and rolls down the landscape through a series of
ridges and valleys to acquire differentiated properties (Waddington C.H, 1957). A more
specific definition of epigenetics originated from a meeting in 2008 which was hosted by
the Banbury Conference Center and Cold Spring Harbor Laboratory and additionally
takes the heritability of a phenotype into account. According to this, “an epigenetic trait
is a stably heritable phenotype resulting from changes in a chromosome without

alterations in the deoxyribonucleic acid (DNA) sequence” (Berger et al., 2009).

Generally speaking, the field of epigenetics elucidates modifications of the DNA and its
associated proteins for better understanding how different organs and tissues serve
different functions (Surani, 2001). Moreover epigenetics is necessary to explain the inter-
individual differences as the Human Genome Project revealed that people are 99.9 %
identical at the DNA level (Lander et al., 2001). Furthermore, epigenetic dysregulation is
responsible for a variety of disease states like cancer (Feinberg and Vogelstein, 1983),
neurodegenerative diseases (Mastroeni et al, 2010) and psychiatric disorders

(Abdolmaleky et al., 2006).

Epigenetic information is manifested at different levels: at the genomic level by DNA
modifications such as covalent cytosine modifications, at the transcriptional level by RNA
modifications and non-coding RNAs as well as at the level of post-translational

modifications of proteins involved in chromatin structure.
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1.1.1 Chromatin Remodeling

There are two forms of chromatin, either euchromatin which is loosely packed and open
for transcription or in contrast, heterochromatin which shows greater nucleosome
density and thus is less open for transcription (Fedorova and Zink, 2008; Heitz, 1928).
The primary repeating unit of chromatin is the nucleosome, which is composed of about
145-147 base pairs (bp) of DNA wrapping 1.65 times around an octamer of core histones
in a left handed toroid (Luger et al., 1997). One histone octamer is assembled from two
copies of each of the four histone proteins H2A, H2B, H3 and H4. This formation leads
to a five to tenfold compaction of DNA (Kornberg, 1974). Adjacent nucleosomes are
connected to one another by short DNA segments, called linker DNA, to form a 10 nm
fiber, which is described as “beads on a string”. In this case, the nucleosome represents
the bead and the DNA the string (Olins and Olins, 1974). This string of nucleosomes is
further compacted by the linker histone H1 into the high-order 30 nm chromatin fiber,
which is further folded into higher order structures (Tremethick, 2007) (Figure 1). This
compact form of the chromatin is transcriptionally inactive as it is inaccessible for the
enzymes of the transcription machinery like the ribonucleic acid (RNA) polymerase
(Weintraub and Groudine, 1976). Moreover, the tightly packed chromatin is difficult to
reach by transcription factors that regulate gene expression by binding specific DNA
motifs which are often buried inside the nucleosome (Felsenfeld and Groudine, 2003). In
contrast, nucleosomes that are associated with active genes are more accessible to
transcription factors and the enzymes necessary for transcription (Felsenfeld and
Groudine, 2003; Weintraub and Groudine, 1976) Thus, regulatory signals which trigger
gene expression often target the chromatin formation to disrupt the densely folded

structure and make the DNA more accessible (Felsenfeld and Groudine, 2003).
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Figure 1 DNA packaging: Histones, Nucleosomes and Chromatin

DNA is wrapped around octamers of core histones to form the nucleosomes, which are
further compacted to the chromatin. The chromatin is further coiled to form the
chromosome. Increasing magnification from chromosomes to histones.

Chromatin remodeling complexes aid regulatory factors to gain access to the DNA by
moving the nucleosome position along the genomic DNA and thereby expose or occlude
specific binding sites (Narlikar et al., 2002). Key factors of this nucleosome positioning
are adenosine triphosphate (ATP) -dependent remodeling complexes such as the
SWI/SNF (swith/sucrose nonfermantable) family. They confer nucleosome sliding
activity by using energy to noncovalently modify the chromatin structure (Owen-Hughes
et al., 1996). Another well studied family of remodelers are the imitation switch proteins

(ISWI) causing an evenly spaced positioning of nucleosomes which plays a role in
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chromatin assembly and formation of higher-order structures (Vincent et al., 2008).
Another way to facilitate transcription is reversible removal of histones (H2A/H2B
dimers) by the “facilitates chromatin transcription” (FACT) complex. This histone
removal disrupts the nucleosome structure and allows the RNA Polymerase II to
transcribe the DNA (Belotserkovskaya et al., 2003; Orphanides et al., 1998). An additional
regulatory mechanism in humans is based on alternative use of core histone paralogs with
different functional properties. Incorporation of these histone variants leads to major

changes in transcriptional activity (Ahmad and Henikoff, 2002; Zhang et al., 2005)

Besides these non-covalent modifications, covalent post-translational histone
modifications can occur which are associated with distinct gene expression pattern. This
was first reported by Allfrey et al. who proposed that hyper-acetylation of lysines in the
N-terminal tails of the core histones correlates with transcriptional activation (Allfrey et
al., 1964). The N-terminal tail region of the histones projects from the nucleosome and is
therefore well accessible on its surface (Luger et al., 1997). Nowadays, it is known that
histones can carry multiple types of post-translational modifications which can have
direct impact on chromatin packaging and accessibility. The modifications, that are
studied most, take place at the tail region, but they can also occur in the body of the
octamer (Felsenfeld and Groudine, 2003). In general, there are numerous ways how
histones can be modified and these modifications can have various functional outcomes
regarding chromatin packaging and transcription. To explain this phenomenon,
Jenuwein and Allis postulated the existence of a histone code including different
modifications, their dynamic interplay and function (Jenuwein and Allis, 2001). The most
common post-translational modifications comprise acetylation, methylation,
phosphorylation, ubiquitinylation, sumoylation, ADP ribosylation, and deamination
(Kouzarides, 2007) but also propionylation, butyrylation (Kebede et al., 2015) and
O-Glucose-N-Acylation (O-GlcNAc) (Sakabe et al., 2010). A very well studied functional
interplay in this context is between histone acetyltransferases (HATs) and histone
deacetylases (HDACs). These enzymes regulate transcription by balancing the levels of
acetylation and deacetylation of histones. HAT's transfer a negatively charged acetyl group
from acetyl-CoA to lysines in the N-terminal tails and thereby neutralize the positive
charge of the histones. With this mechanism they reduce chromatin condensation and
promote transcription (Carrozza et al., 2003). HDACs recover the positive charge by

removing the acetyl group, facilitating the interaction between the histone and the


https://www-sciencedirect-com.emedien.ub.uni-muenchen.de/topics/biochemistry-genetics-and-molecular-biology/acetylation
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negatively charged DNA. This leads to condensation of the chromatin structure and

consequently transcriptional silencing (Kouzarides, 2007; Min et al., 2012) (Figure 2).

HAT

HDAC

Figure 2 Histone Acetylation

Histone acetyltransferases (HATSs) transfer an acetyl group (A) to histones, thereby
reducing chromatin density and facilitating transcription. Histone deacetylases (HDAC:s)
remove the acetyl group which leads to chromatin condensation and transcriptional
silencing.

Another extensively studied modification is histone methylation which is found at all
basic residues: arginines (Byvoet et al., 1972), lysines (Murray, 1964) and histidines
(Fischle et al., 2008). Moreover, multiple methylation of particular sites can occur, e.g.
lysines can be mono (Murray, 1964)-, di (Paik W.K., 1967)- or tri-methylated (Hempel et
al., 1968)-whereas arginines can be mono (Byvoet et al., 1972)- or di-methylated (Borun
et al., 1972). Histone methylation is catalyzed by histone methyltransferases, whereas
histone demethylation is mediated by histone demethylases. Depending on the degree
and position of the methylation it leads to transcriptional activation or repression. (Shi et

al., 2004; Zhang and Reinberg, 2001).

In conclusion, the interplay of the different histone modifications, which are reversible
and have different biological functions results in a complex coding machinery for

different transcriptional states.

1.1.2 DNA Methylation

Not only histones but also DNA itself can be methylated. DNA methylation in this context
almost exclusively refers to the addition of a methyl group to the 5" position of the base
cytosine resulting in 5-methylcytosine (5mC), although also other — much less frequent -
forms of DNA methylation like the recently discovered N6-adenine methylation (6mA)
exist (Wu et al., 2016). In 1975, it was first suggested that methylation of cytosines serves
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as an epigenetic mark which could directly silence genes (Holliday and Pugh, 1975; Riggs,
1975). DNA methylation is essential for normal development and plays a key role in
various cellular processes such as X chromosome inactivation, genomic imprinting and
embryonic development (Smith and Meissner, 2013). In principle, methylated cytosines
can be found in any context of the mammalian genome. However, in somatic cells about
98 % of DNA methylation is found in a CG dinucleotides (so-called CpG) context while
in embryonic stem cells (ESCs) about 25 % occur in a non-CpG context (Lister et al.,
2009). Of all nearly 28 million CpGs in the human genome, about 60-80 % of the cytosines
exist as 5mC (Smith and Meissner, 2013). The DNA methyltransferases DNMT1,
DNMT3A and DNMT3B are responsible for the establishment and maintenance of
cytosine methylation and are essential for normal development (Li et al., 1992; Okano et
al., 1999). DNMTs methylate DNA by transferring an extra methyl group (CHs), which is
donated from the universal methyl donor S adenosylmethionine (SAM), to cytosine
residues (Cantoni, 1952; Lu and Mato, 2012) (Figure 3). DNMT1 predominantly
methylates hemimethylated DNA and thereby serves as the maintenance
methyltransferase during replication (Hermann et al., 2004). Whereas DNMT3A and
DNMT3B have a preference for unmethylated DNA and thus function as de -novo
methyltransferases during development (Okano et al., 1999). However, this model is
thought to be oversimplified as it was shown that DNMT1 may also be important for
de -novo methylation of genomic DNA (Egger et al., 2006) and that DNMT3A and
DNMTS3B play a role in maintaining the methylation during replication (Riggs and Xiong,
2004).

NH, NH,

f: /lo DNMTs \ﬁlo

SAM - CH;  SAH

Figure 3 Cytosine Methylation

DNA methyltransferases (DNMTs) transfer a methyl group (-CHs) to cytosine resulting
in 5-methylcytosine. The -CH; is transferred from the methyl donor S-
adenosylmethionine (SAM) to the cytosine leading to S-adenosylhomocysteine (SAH)
and 5-methylcytosine.
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As already mentioned, cytosine methylation is associated with gene repression which is
in general explainable by two main mechanisms. Attachment of the methyl group to the
cytosine alters the DNA structure and was shown to interfere with the binding of some
DNA binding factors e.g. transcription factors, which activate transcription of a certain
gene (Watt and Molloy, 1988). The second is the recruitment of Methyl-CpG Binding
Proteins (MBPs) which recognize methylated CpGs and occupy methylated DNA,
thereby inducing repression of the corresponding gene (Boyes and Bird, 1991). It was
shown that MBPs associate with different co-repressor complexes, e.g. HDACs, to modify
chromatin and inactivate transcription, thus providing a link between DNA methylation,

chromatin remodeling and transcription (Jones et al., 1998; Nan et al., 1998).

CpG methylation is more stably maintained than the more dynamic chromatin
modifications and is involved in long term silencing processes such as X chromosome
inactivation, genomic imprinting and silencing of repetitive elements (Smith and
Meissner, 2013). Still, 5mC can be reversed to its unmodified state. Changes in the DNA
methylation pattern have been observed during differentiation, embryonic development
and was shown to be affected by environmental changes (Dolinoy et al., 2006; Wu and
Zhang, 2010). Regarding the importance of 5mC in these essential biological processes it
is not surprising that altered DNA methylation patterns have also been implemented in
various diseases (Hamidi et al., 2015). Therefore, it is important to understand the

mechanisms of DNA methylation, demethylation and their effect on transcription.

1.1.3 TET Oxidation and DNA Demethylation

There are two established demethylation models. In the passive demethylation model,
lack of maintenance methylation during DNA replication is observed due to inhibition
or absence of DNMT1 (Law and Jacobsen, 2010). In active demethylation, 5mC is
enzymatically removed independently of replication. The study of the active
demethylation pathway had its major breakthrough in 2009 with the identification of a
novel group of enzymes, called Ten Eleven Translocation (TET), which oxidize 5mC to
5-hydroxymethylcytosine (5hmC) (Tahiliani et al., 2009). At the same time an
independent group discovered 5hmC in mouse Purkinje neurons and granule cells
(Kriaucionis and Heintz, 2009). TET enzymes catalyze the conversion of 5mC to 5hmC
in an a-ketoglutarate (a-KG)- and Iron (Fe(II))- dependent manner (Tahiliani et al.,

2009). It was further demonstrated that all three isoforms of TET (TET1, TET2, TET3)
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are able to catalyze this reaction (Ito et al., 2010). TET enzymes can further oxidize 5hmC
to 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) (Ito et al., 2011). Furthermore,
5fC and 5caC can both be removed by thymine DNA glycosylase (TDG) and subsequent
base excision repair (BER) of the abasic site to restore an unmodified cytosine (He et al.,
2011; Ito et al,, 2011; Maiti and Drohat, 2011). In addition to the TDG-BER pathway,
there is another mechanism to restore unmodified cytosine which is called the “active
modification - passive dilution”. In this case a 5hmC-, 5fC- or 5caC-modified CpG site
can become demethylated through replication dependent dilution (Ji et al., 2014) (Figure
4).

NH,

passive demethylation
O NH, C NH,
=N

| N/&O

replication

TET TET

o SfC 5hmC —

LONON SOUON

Figure 4 DNA Demethylation

Genomic cytosine (C) can be methylated by DNA methyltransferases (DNMTs). The
methyl residue can be either removed by passive demethylation or oxidized by TET
enzymes to 5-hydroxymethylcytosine (5hmC). 5hmC can be further oxidized to 5-
formylcytosine (5fC) and 5-carboxylcytosine (5caC). 5hmC-, 5fC- or 5caC-modified CpG
sites can become demethylated through replication dependent dilution. Furthermore, 5fC
and 5caC can be removed by thymine DNA glycosylase (TDG) and base excision repair
(BER) to restore the unmodified C.
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TET enzymes belong to the family of iron Fe(II)/a-KG-dependent dioxygenases. The
catalytic domain, located at the carboxyl terminus, is composed of a double-stranded -
helix (DSBH) domain and a cysteine-rich domain (Tahiliani et al., 2009). For the catalytic
reaction, Fe(II), a-KG and 5mC are brought together by the DSHB domain, whereas the
cysteine-rich domain stabilizes the TET-DNA interaction by wrapping around the DSBH
core (Iyer et al., 2009; Tahiliani et al., 2009). TET1 and TET3 share a distinct CXXC
domain at their amino terminus, which recognizes clustered unmethylated CpGs (Allen
et al., 2006; Iyer et al., 2009). The putative CXXC domain of TET2, IDAX (also known as
CXXC4), has been separated from the protein by chromosomal inversion during
evolution (Ko et al.,, 2013). Differential promoter usage and alternative splicing lead to
different variants of TET1 and TET3 enzymes. They differ in their N-terminal regions
and in some cases result in proteins lacking the CXXC domain (Liu et al., 2013; Zhang et

al., 2016).

Although all TET proteins harbor the same catalytic activity, they play distinct roles in
various biological processes, which is most likely based on their developmental and cell
type specific expression (Ito et al., 2010; Koh et al., 2011). TETIFL is dominantly
expressed in ESCs and in primordial germ cells, whereas TET1 short (TET1S) which lacks
the CXXC domain, shows higher expression in somatic tissue. In general, TET1 levels are
down-regulated during differentiation (Zhang et al., 2016). TET2 is also expressed in
ESCs and required for cell lineage specification (Koh et al., 2011). TET3 is the major
isoform in neurons (Colquitt et al., 2013; Hahn et al., 2013) and in the retina (Perera et
al., 2015). As this study is about epigenetic mechanisms in neuronal cell types, in the

following the focus is on TET3.

TET3 has different variants due to alternative splicing. Three of these variants were
identified by Liu and colleagues as the TET3“**¢S, TET3 “*“L and TET3. The two long
variants TET3*¢S and TET3 “*L contain the CXXC domain. They differ in the splicing
of exon 2 which leads to a variation in 19 amino acids (aa). In this study, these two splice
variants are further commonly referred to as TET3 full-length (TET3FL). The expression
of a third variant is initiated from an alternative promoter, resulting in TET3 lacking the
CXXC domain. (Liu et al., 2013). From here on this is referred to as TET3ACXXC (Figure
5). TET3ACXXC is the major variant in neuronal tissue (Liu et al., 2013) and in the retina
(Perera et al., 2015). Another variant containing the CXXC domain was identified as

highly abundant in mouse oocytes, called Tet3o (Jin et al., 2016).
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Figure 5 Human TET3 Variants

Transcription of these main variants is initiated from two alternative promoters in the
TET3 gene locus. TET3FL protein contains a N-terminal CXXC domain, TET3ACXXC
is shorter and lacks the CXXC domain.

The question, of how TET expression and hydroxylase activity are regulated remains
challenging. There are various factors controlling TET function, like substrate and
cofactor availability as well as dynamic transcriptional control and recruitment of TET to

specific genomic locations (Lu et al., 2015).

The CXXC domain which is part of TET1FL and TET3FL has been assigned a key role in
targeting TET to the genomic loci as it binds DNA (Xu et al,, 2011; Xu et al,, 2012).
Notably, the CXXC domains of TET1 and TET3 are type-3 ZF-CxxC domains which were
shown to associate with non-methylated cytosines independent of the sequence context
with a slight preference for CpGs (Xu et al., 2012). More recently it was even shown that
the CXXC domain of TET3FL more preferably binds 5caC than non-methylated CpGs
(Jin et al., 2016). TET recruitment to these regions by the CXXC domain could protect
the DNA from abnormal methylation (Jin et al., 2016). However, these binding properties

do not explain how TETSs are recruited to their actual substrates, 5mC, 5ShmC and 5fC.

Furthermore, the short splice variant of TET1, completely lacking the CXXC domain, still
binds DNA, even though its affinity is reduced compared to the full-length version
(Zhang et al., 2016). For the TET3ACXXGC, it is also known that it oxidizes 5mC, but it is
not clear which splice variant of TET3 has a higher enzymatic activity (Jin et al., 2016; Liu
etal., 2013).

Together, this leads to the presumption that TET's are additionally targeted to the cytosine

modifications by other DNA binding interaction partners.

This was for example already shown for the pluripotency factor Nanog interacting with
Tetl and Tet2 in mouse ESCs and thereby influencing their binding to the DNA (Costa
et al., 2013). Another study revealed the interaction of the repressor REl-silencing
transcription factor (REST) with TET3ACXXC as well as the REST-mediated recruitment
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of TET3 to the DNA for direct 5hmC generation and transcriptional activation (Perera et
al., 2015).

In summary, TETs do not function alone but in cooperation with other proteins to

modulate the DNA.

1.1.3 5-Hydroxymethylcytosine - an Independent Epigenetic Mark

5hmC is the most abundant form of oxidized 5mC and was found to be recognized by
proteins which are involved in chromatin remodeling and the transcription machinery
(Iurlaro et al., 2013; Spruijt et al., 2013). Today it is known that 5hmC is not only an
intermediate of the demethylation pathway but also serves as an epigenetic mark which
regulates gene expression (Hahn et al., 2013; Mellen et al., 2012). Thus, while 5mC is
called the 5" base of the DNA, 5hmC is referred to as the 6™ base of the DNA (Munzel et
al., 2010).

5hmC is present in most tissues and cell types with its highest levels (0.4-0.7 % of all dC
bases) in neuronal cells of the central nervous system (Globisch et al., 2010; Kriaucionis
and Heintz, 2009; Munzel et al., 2010). While the amounts of 5ShmC are tissue specific,
5mC levels are relatively stable between the different tissue types (Globisch et al., 2010).
Furthermore it was shown that 5hmC accumulates in neurogenesis (Hahn et al., 2013;
Szulwach et al., 2011b). The almost tenfold increase of 5hmC during development
underlines the particular importance of this cytosine modification in neuronal
maturation and function (Lister et al,, 2013). 5hmC was accumulated around the
transcription start site (500-2,000 bases upstream or downstream) at many CpG rich
promotors and in the gene body of genes related to neuronal differentiation where
increased 5hmC was linked to transcriptional activation (Hahn et al., 2013; Szulwach et
al., 2011a). In summary, this suggests that 5hmC is a stable epigenetic base with

consequences on many biological processes.

Several studies showed that changes in 5hmC are associated with neurological and
psychiatric disorders e.g. Rett Syndrome (RTT) (Szulwach et al., 2011b), Alzheimer’s

disease (Chouliaras et al., 2013), and schizophrenia (Matrisciano et al., 2013).
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1.1.4 Methyl-CpG Binding Protein 2 as a Reader of 5mC and 5hmC

Proteins which bind modified DNA, like 5mC and 5hmC, are called “readers”. They play
an important role in mediating the biological effects of the cytosine modifications
(Jaenisch and Bird, 2003). One well known protein family which binds methylated CpGs
are the methyl-CpG binding domain (MBD) proteins, comprising methyl-CpG binding
protein 2 (MECP2), MBD1, MBD2, MBD3 and MBD4. All protein family members share
the MBD as a common motif which facilitates the methyl-CpG binding with varying
degrees of binding selectivity (Hendrich et al., 1999; Hendrich and Bird, 1998; Nan et al.,
1993). Besides binding in the classical methyl-CpG context, MECP2 was also found to
bind methylated CA sites (Kinde et al., 2015) and CAC tri-nucleotides (Lagger et al., 2017)
as well as 5hmC (Mellen et al., 2012). As a reader, MECP2 can guide other proteins like
transcription factors and chromatin remodelers to distinct genomic locations and thereby

influence transcription in a repressive or promoting way (Chahrour et al., 2008).

MECP2 is expressed in the nucleus of various tissues in mammals (Meehan et al., 1989;
Shahbazian et al., 2002). MECP2 is highly abundant in the brain (Skene et al., 2010).
Moreover, MECP2 abundance in the brain increases with postnatal development,
proposing an impact of MECP2 on synapse maturation (Balmer et al., 2003; Shahbazian
et al., 2002). MECP2 exists in two isoforms, which differ in their N-terminus but share all
essential functional protein domains like the MBD and the transcriptional repression

domain (Kriaucionis and Bird, 2004).

Loss-of-function mutations in the X-linked MECP2 gene are the reason for RTT in the
majority of affected individuals. RTT is a neurological disorder that is characterized by
impaired brain development and function (Amir et al., 1999). As MECP2 is an X-linked
gene, RTT almost only affects females. In males, MECP2 mutations result in fatal neonatal
encephalopathy and death within two years (Schule et al., 2008). The incidence of this
severe disease is 1 in 10,000 live female births, thereby representing the most common
cause of severe intellectual disability in females (Amir et al., 1999; Chahrour and Zoghbi,

2007).
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1.2 Retinitis Pigmentosa — a Neurodegenerative Disease of the Retina

Retinitis Pigmentosa (RP) is a neurodegenerative disease of the retina and the leading
cause of early-onset blindness in the developed countries (Chizzolini et al., 2011). The

worldwide prevalence of this heritable disease is approximately 1 in 4000.

The retina is a light-sensitive, highly specialized neuronal tissue. The vertebrate retina
comprises several layers of nerve cell bodies, interconnected by synapses. The outer
nuclear layer (ONL) harbors the rod (located in the peripheral retina) and cone
photoreceptors (located in the central retina), which are the only cells directly sensitive to
light. Rods are responsible for vision under low light conditions, whereas cones are
responsible for color vision and high visual acuity in daylight. The function of the inner
nuclear layer (INL) is signal transmission to the ganglion cell layer (GCL). Visual
information is finally transferred to the brain via the optic nerve which comprises the

axons of the ganglion cells (Kolb, 1995).

In RP the photoreceptors progressively degenerate in two steps: at first the rod
photoreceptors die and at a later stage also the cones degenerate and die. This cell loss
leads to symptoms like night blindness, constriction of the visual field (tunnel vision) and
eventual loss of central vision at a more advanced disease stage (Hartong et al., 2006)

(Figure 6).

With the vast genomic heterogeneity of 3000 genomic mutations that have been reported
to cause RP (Daiger et al, 2013), treatment is extremely challenging. One of the
approximately 70 genes that have been associated with RP is PDE6B
(https://sph.uth.edu/retnet/sum-dis.htm) which encodes the B subunit the cyclic
guanosine monophosphate (cGMP)-phosphodiesterase-6 (PDE6), a key enzyme involved

in phototransduction.

In brief, the phototransduction is initiated by light, leading to a conformational change of
the opsin-bound 11-cis-retinal chromophore to all-trans-retinal. This isomerization leads
to conformational change of opsin and thereby subsequent activation of transducin. The
transducin in turn activates the cGMP-PDES6 to hydrolyze cGMP. The resulting decrease
in intracellular cGMP levels leads to the closure of cyclic nucleotide-gated (CNG) cation
channels. CNG channels directly gated by cGMP to enable sodium (Na*) calcium (Ca?*)

influx. Lowering of cGMP levels result in closure of the channels, provokes
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hyperpolarization of the membrane potential and thereby converting light into an

electrical signal for further transduction (Sung and Chuang, 2010).

One of the best described mouse models for RP is the rd1 mouse model. The rd1 mouse
has a point mutation in Pde6b, which results in lack of a functional Pde6 and
accumulation of cGMP. The elevated cGMP triggers increased CNG-mediated Ca?** influx
into the cell, which leads to retinal degeneration (Bowes et al., 1990). However, the exact
mechanism how cell death occurs in retinal degeneration remains elusive (Kalloniatis et
al., 2016). Mutations in PDE6B were identified in humans suffering from autosomal
recessive RP confirming the rd1 mouse as a relevant disease model (Bayes et al., 1995).
The rd1 mouse model shows a very fast retinal degeneration with a peak of photoreceptor
degeneration at postnatal day (p) 12-14 (Punzo and Cepko, 2007). In this study the rd1

mouse model is referred to as rd1 mutant (rd1mt).

Figure 6 Vision of a Retinitis Pigmentosa Patient Compared to Normal Vision

A scene as it might be seen by someone with normal vision and by a patient with an
advanced Retinitis Pigmentosa.

Little is known about epigenetic changes in the retina of RP patients which could be
involved in photoreceptor cell death. However, it was shown that 5mC and 5hmC is
linked to the programmed cell death in retinal degeneration. The levels of 5hmC in the
ONL of the rd1 murine retina are highest at the peak of degeneration. This suggests that
active demethylation plays an important role in photoreceptor death but the exact

mechanisms remain elusive (Wahlin et al., 2013).
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1.3 iINGN Cells as Model to Study Human Neurons

To better understand the human brain in development and disease, studies in human
neurons are essential for elucidation of cell differentiation, functional properties and
development of neurons. For these studies, the availability of a suitable model for human
neurons is required. As healthy and good quality human brain tissue is hardly available,
cellular reprogramming and stem cell differentiation are facilitated for ex-vivo studies in
human neurons. Busskamp and colleagues developed a cell line which enables rapid and
robust differentiation of induced pluripotent stem cells (iPSCs) into highly homogeneous
neurons. For this purpose, they used PGP1 cells which are iPSCs derived from healthy
adult male skin fibroblasts (GM23248, Coriell Institute for Medical Research) and are
modified through transduction with the pluripotency reprogramming factors (OCT4,
SOX2, KLF4, and MYC) (Lee et al., 2009). The so-called iNGN stem cells were generated
by lentiviral gene delivery to introduce a doxycycline-inducible Neurogenin expression
cassette into human PGP1 cells (Busskamp et al., 2014). Doxycycline (dox) application to
iNGN stem cells induces Neurogenin-1 and Neurogenin-2 expression which triggers
differentiation of stem cells into neurons with bipolar morphology within 4 days. These
resulting cells, referred to as “INGNs”, displayed signatures of differentiated neurons in

terms of transcription, morphology and function (Busskamp et al., 2014).

Neuronal differentiation (4 days) \/
+dox .
@ Neurogenin1+2indu2tion
human iPSC iNGN

Figure 7 Induced Neuronal Differentiation

Doxycycline (dox) induced expression of Neurogenin 1+2 in human induced pluripotent
stem cells (iPSC) yields neurons with bipolar morphology within 4 days, called iNGN.
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2 Aim of the Study

DNA hydroxymethylation of cytosine generates 5ShmC, a very abundant epigenetic
modification in postmitotic neurons, which is usually associated with positive regulation
of gene expression. The generation of 5hmC is catalyzed by TET enzymes, with TET3

being the major isoform in the central nervous system and the retina. TET enzymes act

of C-




































































































































































































































