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Zusammenfassung

Zusammenfassung

Kenk9/KCNKQ ist ein gepragtes maternal exprimiertes Gen in Maus und Mensch,
dessen Mutationen ursachlich fir das Birk-Barel Intellectual Disability-Syndrom
(BBIDS) sind. Es kodiert fir TASK3/KCNK®9, ein Mitglied der Superfamilie der K*-
Kanalproteine mit zwei Poren-bildenden Domanen und ist in die Modulation des

Ruhemembranpotenzials und der Erregbarkeit neuronaler Zellen involviert.

In den bisherigen Studien wurde ausschlieBlich der Phanotyp von homozygoten
Kcnk9-Knockout-Mausen (Kcnk9KO™™) untersucht, bei denen beide elterliche Allele
des Kcnk9-Gens inaktiviert vorliegen. Aufgrund der Literaturbefunde zur maternal-
spezifischen Expression des Kcnk9/KCNK9-Gens und der dazu passenden
maternalen Vererbung des BBIDS, ist es jedoch von hoher Relevanz, auch
heterozygote Kcnk9-Knockout-Mause mit maternal vererbtem Knockout-Allel
(Kenk9KO™2) phanotypisch zu charakterisieren. Es ist zu erwarten, dass diese
Mause ahnliche oder identische phanotypische Auffalligkeiten wie homozygote
Knockout-Mause aufweisen. In der Tat zeigten Kecnk9KOM™- und Kenk9KO™a-Mause
im Vergleich zu Wildtyp-Mausen ein deutlich beeintrachtigtes Arbeitsgedachtnis und
eine abnormale Prapulsinhibition auf. Uberraschenderweise wurde beziiglich der
akustischen Schreckreaktion und der nachtlichen Bewegungsaktivitat bei den
Kcnk9KO™Ma-Tieren ein zwischen denen der Kcnk9KOM™- und WT-Tiere liegender

Phanotyp beobachtet.

Die Allel-spezifische Expressionsanalyse von Kcnk9-mRNA in (C57BL / 6JxCast / Ei)
F1-Hybridtieren ergab eine unvollstandige paternale Stilllegung von Kcnk9 im Gehirn
mit einer signifikanten restlichen vaterlichen Expression insbesondere im Locus
coeruleus. Weiterhin wiesen Kcnk9KO™a-Tiere im Vergleich zu (C57BL/6xCast/Ei)
F1-Wildtyp-Tieren eine erhdhte vaterliche Kenk9-Expression im Gehirn auf, was eine
regulatorische Rickkopplungsschleife zwischen der mutterlichen und der vaterlichen
Kcnk9-Expression nahelegt.



Zusammenfassung

Die tagliche intraperitoneale Injektion des Histondeacetylase-Inhibitors CI-994
erhohte die Kcnk9-Expression vom inhibierten paternalen Kcnk9-Allel zusatzlich, was
zu einer vollstdndigen Rettung des Verhaltensphanotyps von Kcnk9KO™Mat-Tieren
fuhrte. Diese Rettung korrelierte mit einer Erhdéhung der Histon-3-Lysin-27-
Acetylierung (H3K27ac) am Promotor und der intronischen Region von Kcnk9 in

mehreren Gehirnregionen.

Zusammenfassend zeigen die Ergebnisse dieser Dissertation dass das vaterliche
Kcnk9-Allel im Gehirn unvollstandig stillgelegt ist, in Abwesenheit des mutterlichen
Allels zusatzlich dereprimiert wird und durch exogene epigenetische Modulation mit
Cl-994 substanziell aktiviert wird, was zu einer vollstdndigen Rettung des
neurokognitiven Phanotyps von Kcnk9KO™Ma-Mausen nach der Behandlung fihrt.
Meine Doktorarbeit verdeutlicht somit einen vielversprechenden therapeutischen
Effekt des Inhibitors CI-994 in einem Mausmodell fur BBIDS und stellt die erste
epigenetische Therapie zur Verbesserung kognitiver Funktionsstérungen in einem

Mausmodell mit einer genomischen Imprintingstorung dar.
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Abstract

Abstract

Kcnk9/KCNKQ9 is a paternally silenced and maternally expressed imprinted gene in
mouse and human, whose heterozygous pathogenic variants on the maternal allele
are causative for the maternally inherited Birk-Barel intellectual disability syndrome
(BBIDS). It encodes a two-pore domain potassium (K2P) channel (TASK3 or KCNK9)
and is involved in the modulation of the resting membrane potential and excitability of

neurons.

In the previous studies, only the phenotype of homozygous Kcnk9 knockout mice
(Kecnk9KOM°M) was investigated in which both parental alleles of the Kcnk9 gene are
inactivated. Based on the literature findings on the maternal-specific expression of
the Kcnk9 / KCNK9 gene and the matching maternal inheritance of BBIDS, it is highly
relevant to phenotypically characterize heterozygous Kcnk9 knockout mice with a
maternally inherited knockout allele (Kcnk9KO™3). It is expected that these mice
have similar or identical phenotypic abnormalities as homozygous knockout mice.
Indeed, in a study comparing Kcnk9KOM™ with Kecnk9KO™at and wildtype littermates
in a behavioral battery, a clearly impaired working memory and abnormal
sensorimotor gating of Kcnk9KO™at and Kecnk9KOM™ mice in comparison to WT mice
was observed. Surprisingly, however, the phenotype of Kcnk9KO™3 animals
regarding acoustic startle response and nocturnal locomotor activity was intermediate
between those of Kcnk9KOM™ and WT mice in. Allele-specific expression analysis of
Kenk9 mRNA in (C57BL/6JxCast/Ei)F1 hybrid animals revealed non-canonical
imprinting of Kcnk9 in the brain with significant residual paternal expression
particularly in the LC, suggesting that the paternal Kcnk9 imprint is leaky. In addition
Kcnk9KO™at animals displayed paternal Kcnk9 expression in the brain further
increased compared to that of (C57BL/6xCast/Ei)F1 wild-type animals, suggesting a

regulatory feedback-loop between maternal and paternal Kcnk9 expression.

Daily intraperitoneal injection of the second-generation histone deacetylase (HDAC)

inhibitor CI-994 further increased expression from the paternally repressed Kcnk9



Abstract

allele, which resulted in a full rescue of the behavioral phenotype of Kcnk9KOmat
animals. This rescue was accompanied by an increase of histone 3 lysine 27
(H3K27ac) acetylation at the promoter and intronic region of Kcnk9 in several brain
regions. Taken together, the findings of my thesis demonstrate that the paternal
allele of Kcnk9 is not fully silenced in the brain, further derepressed in the case of
loss of the maternal allele and substantially activated upon exogenous epigenetic
modulation with CI-994 leading to a full rescue of the behavioral phenotype of
Kcnk9KO™Mat animals after treatment. Thus, my thesis provides evidence for a
promising therapeutic effect of the inhibitor CI-994 in a mouse model for BBIDS and
introduces the first epigenetic therapy to improve cognitive dysfunctions in a mouse

model of an imprinting disorder.
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1. Introduction

1. Introduction

1.1. Epigenetics

The modern definition of epigenetics involves mitotic and meiotic inheritance and
reversibility of biochemical modifications of DNA and chromatin structures, without a
change in DNA sequence (Egger et al., 2004). The definition of the word
“epigenetics” originates from the terms “epi-" (upon, beyond) and genetic” (genome),
which represents a layer of information, that exists additionally to the DNA sequence.
Epigenetic regulatory mechanisms mediated by chromatin and DNA modifications
can promote distinctive expression patterns of individual cells and contribute to the
major diversity of different cell types, although their DNA is identical. These
epigenetic modifications allow cells that share the same genome to undergo separate
differentiation processes and influence various biological phenomena (Payer and
Lee, 2008). Each cell type has accordingly, different epigenomes, influenced by

environmental and age-related dynamics (Fraga et al., 2005).

Historically, the term was first used in 1942 by the embryologist Conrad Hal
Waddington. In his publication "The epigenotype" he postulated: "The phenotype of
an organism is created by a program that comes from the genome regulated and
influenced by the environment" (Waddington, 1942). Originally, Waddington defined
epigenetics as the branch of biology that studies causal interactions between genes
and their products, that eventually lead to a phenotype (Waddington, 1942). C. H.
Waddington's concept combines classical genetics and embryology and describes
the interaction between cell differentiation and genetic mutations during development,

presenting the relationship as a hillside with bifurcating canals (creodes).

Covalent modifications of histone proteins and methylation of DNA cytosine residues
are the two most studied non-sequence-dependent mechanisms of transmitting
information epigenetically. Both modification types are stable through cell division,

allowing long-term control over gene expression. There is complex cross-talk
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between histone modifications and DNA methylation, which cooperate to coordinate
complex transcriptional responses (Cedar and Bergman, 2009; Schultz et al., 2002).
Despite their longevity, the majority of epigenetic modifications are also reversible
and highly sensitive to environmental perturbation (Cedar and Bergman, 2009).
Epigenetic regulatory mechanisms can be divided into two functional groups, cis-and
frans-acting factors, according to their molecular approach of influencing gene
expression (Bonasio et al., 2010). Feedback mechanisms and other auto-regulatory
networks of gene transcription are very common epigenetic control mechanisms.
Among a large number of previously characterized trans-acting short non-coding
RNAs, miRNA, siRNAs and piRNAs have been described in association with RNA
interference (RNAIi) and RNAi-mediated chromatin silencing, which represent the
third common epigenetic regulatory system and are described elsewhere (Fire et al.,
1998; Taft et al., 2010). A comprehensive introduction to the cis-operating factors,
DNA methylation and histone modifications, is given in the following chapters 1.1.1

and 1.1.2, respectively.

1.1.1 DNA Modifications

The covalent attachment of a methyl group to the C5 atom of cytosine is one of the
most comprehensively studied epigenetic regulatory mechanisms and is catalyzed by
DNA methyltransferases (DNMTs) (Hotchkiss, 1948; Li et al., 1992). Cell-specific
methylation patterns are established during early embryonic development and play a
role in the regulation of gene expression after and during cell differentiation
(Robinson et al., 2010). In somatic cells, methylation of cytosine predominantly
occurs symmetrically at the palindromic CpG context (Mandel and Chambon, 1979;
McGhee and Ginder, 1979). These may be either non-coding regions including
repetitive elements such as satellite sequences, and transposons or CpG islands in
promoter regions of the genes. A distinction is made between CpG-poor regions,
which are predominantly methylated, and predominantly hypomethylated CpG
islands (Gruenbaum et al., 1981; Takai and Jones, 2002). Hypermethylated CpG-

poor regions are located in intergenic regions, while CpG islands are detectable in
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the regulatory regions, such as gene promoters of the majority of all mammalian
genes (Saxonov et al., 2006). Methylation in CpG context is mainly associated with
gene silencing (Lister et al., 2009; Stadler et al., 2011). In addition, so-called "CpG
island shores", where most of the tissue-specific DNA methylation occurs, have a
significant impact on the transcription of certain genes. These regions are up to 2 kb
away from the CpG island and are associated with transcriptional inactivation (Irizarry
et al., 2009; Zilberman and Henikoff, 2007).

Regulation of expression by DNA methylation of promoters can be accomplished by
two main mechanisms. Either the methylation alters the biophysical property of the
base, resulting in a reduction in the binding affinity of DNA binding proteins (for
detailed description see chapter 1.2.2. CTCF and the H19 / Igf2 locus, Figure 3) or
DNA methylation can serve as a signal for chromatin modification (Gibney and Nolan,
2010; Watt and Molloy, 1988). In the second case, the repression of transcription
takes place by recruitment of so-called methyl-CpG-binding proteins such as MECP2
(methyl-CpG-binding protein) to methylated DNA regions. This can initiate
heterochromatization, which can lead to chromatin compaction and thus, gene
inactivation (Bird and Wolffe, 1999; Meehan et al., 1989). In addition to the control of
specific gene activity, DNA methylation is involved in a number of other mechanisms,
such as X chromosome inactivation in female marsupial and eutherian mammals,
silencing of transposable elements, genomic imprinting (chapter 1.2), and
maintenance of genome stability, presumably by contributing to correct chromosome
segregation and preventing non-disjunction (Barr and Bertram, 1949; Bourc'his and
Bestor, 2004; Csankovszki et al., 2001; Kaneda et al., 2004; Portela and Esteller,
2010; Walsh et al., 1998; Wutz and Jaenisch, 2000).

1.1.2 Histone Modifications

The smallest unit of chromatin is the nucleosome, which is composed of a histone-
DNA complex. The complex consists of 147 bp double-stranded DNA wrapped in a

left-handed superhelix around an octameric protein complex, forming a so-called
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“nucleosomal core particle” (Oudet et al., 1975). Each histone-DNA complex is
formed from two copies each of the proteins H2A/H2B dimers, H3/H4 dimers and
with one H1 linker histone (Kornberg and Thomas, 1974; Luger et al., 1997).
Nucleosomes are found every = 60 bp genomic DNA (Olins and Olins, 1974). In
particular, the amino acid chains at the N-termini of H2A, H2B, H3, and H4 histones
can be post-translationally modified by acetylation, methylation, phosphorylation,
ubiquitinylation, sumoylation, ADP ribosylation, propionylation, butyrylation, 2-
hydroxyisobutyrylation, succinylation, malonylation, glutarylation, crotonylation, [3-
hydroxybutyrylation and deamination of amino acid residues (Kebede et al., 2015;
Kouzarides, 2007; Sabari et al., 2017). Histone modifications ultimately result in
changes in the superior chromatin structure and thus, contribute to the chromatin
compaction and accessibility as well as to regulation of gene transcription (Berger,
2002; Luger et al., 1997). Generally, butyrylation of lysine, the phosphorylation of
serine and threonine and acetylation of lysine residues (for detailed description, see
chapter 1.1.2.1) are associated with euchromatisation and subsequent gene
activation. In contrast histone methylations, ubiquitinations, and sumoylations lead
predominantly to heterochromatization and inactivation of gene transcription
(Goudarzi et al., 2016; Mahadevan et al., 1991; Schultz et al., 2002). In addition,
recent studies have shown that histone modifications can act indirectly and recruit
effector proteins to activate downstream signaling, block the access of remodeling
complexes, or influence the recruitment of chromatin modifiers and transcription
factors (Clements et al., 2003; Lawrence et al.,, 2016; Margueron et al., 2005;
Wysocka et al., 2006). More recent studies have shown, that central globular
domains of the histones also contain a high number of modification sites (Tropberger
and Schneider, 2013). For schematic representation of known post-translational

histone tail modifications and their role in gene regulation, see Figure 1 and Table 1.
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1.1.2.1 Histone Acetylation and Deacetylation

Acetylation of histones is one of the best-studied and most widespread histone
modifications, which takes place on different lysine residues. Acetylation is a key
modulator of chromatin structure and gene regulation and is generally associated
with the activation of transcription (Kouzarides, 2007). The dynamic balance between
acetylation and deacetylation in the cell is critically important and controlled by two
antagonistic enzymes, histone acetyltransferases (HATs) and histone deacetylases
(HDACSs) (Bannister and Kouzarides, 2011).

O Methylated
o Acetylated
O Phosphorylated
O Ubiquitinated

Figure 1: Post-Translational Modifications of the Histone Tails. Schematic showing post-
translational changes that include the N-terminal side chains of H2A, H2B, H3 and H4 histones. The
position of each amino acid modified is given by black numbers and the amino acid modified at the
respective position is also shown (K = lysine, R = arginine, S = serine, T = threonine). Colors depict
the respective modification (green = methylated, pink = acetylated, turquoise = phosphorylated, beige

= ubiquitinated) (Lawrence et al., 2016).
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In the non-acetylated state, lysine residues are protonated and strongly interact with
the negatively charged phosphate group of the DNA, resulting in a compact
chromatin structure (Borisenko et al., 2000). HATs transfer acetyl groups from acetyl-
CoA to the lysine residues of histones. By attaching the acetyl group, the positive
charge of the lysine is neutralized. This disturbs the electrostatic interactions between
the histones and the negatively charged phosphate groups of the DNA (Shahbazian
and Grunstein, 2007). This leads to a loosening of the densely packaged chromatin
and thus results in higher accessibility of chromatin and binding of transcription
factors to genomic DNA (Strahl and Allis, 2000). The histone acetyltransferases
(HATs) can be classified into several groups, based on sequence similarity, including
the GNAT family, the MYST family, the p300/cAMP response element binding protein
(CREB)-binding protein family, some nuclear receptor coactivators (like SRC-1,
ACTR, TIF2), and other general transcription factors (Bannister and Kouzarides,
2011; Roth et al., 2001).

HDACs remove the acetyl groups from lysine residues, thereby increasing the affinity
between protonated lysine residues and DNA again. This leads to the formation of a
tightly packed chromatin (transcriptionally inactive heterochromatin) structure that is
less accessible to the transcription machinery (Fischle et al., 2003). HDAC molecules
can be classified into four classes (class |, lla, llb and V), which differ in structure,
enzymatic function, subcellular localization and expression patterns. In addition to the
mentioned HDACs, mammalian genomes also encode the sirtuins, which represent
another group of deacetylases, referred to as class Il HDACs (Bordone and
Guarente, 2005). In this study, we focus on the class | HDAC family, which consists
of HDAC1, 2, 3 and 8. These enzymes are expressed ubiquitously in the cell, but
mainly localized to the nucleus where they display high affinity towards histones
(Yang and Seto, 2003).
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Table 1: Histone Tail Modifications (adapted from Lawrence et al., 2016)

Histone Modification Role
H2A H2AS1P Mitosis; chromatin assembly
H2AK4/5ac Transcriptional activation
H2A H2AK7ac Transcriptional activation
H2AK119P Spermatogenesis
H2AK119uq Transcriptional repression
H2BS14P Apoptosis
H2BS33P Transcriptional activation
H2BK5ac Transcriptional activation
H2BK11/12ac Transcriptional activation
H2B H2BK15/16ac Transcriptional activation
H2BK20ac Transcriptional activation
H2BK120uq Spermatogenesis/meiosis
H2BK123uq Transcriptional activation
H3K4me1 Transcriptional activation, enriched at active enhancers
H3K4me2 Permissive euchromatin
H3K4me3 Transcriptional elongation; active euchromatin
H3K9me3 Transcriptional repression; imprinting; DNA methylation
H3R17me Transcriptional activation
H3K27me3 Transcriptionagzirlleer;c;;r;gr;exl;i()rmizic;r‘:gation; bivalent
H3 H3K36me3 Transcriptional elongation
H3K4ac Transcriptional activation
H3K9ac Histone deposition; transcriptional activation
H3K14ac Transcriptional activation; DNA repair
H3K23ac Transcriptional activation; DNA repair
H3K27ac Transcriptional activation
H3T3P Mitosis
H3S10P Mitosis; meiosis; transcriptional activation
H3T11/S28P Mitosis
H4R3me Transcriptional activation
H4K20me1 Transcriptional silencing
H4K20me3 Heterochromatin
H4K5ac Histone deposition; transcriptional activation; DNA repair
Ha H4K8ac Transcriptional activagﬁ)r;];glz{\ilcﬁwrepair; transcriptional
H4K12ac Histone dep03|t|§cr:1t,i$2[[?orrr1]?lr:|)cr\lsAll(?gslani?, transcriptional
H4K16ac Transcriptional activation; DNA repair
H4S1P Mitosis
H4S1P Mitosis
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Both HATs and HDACs, which lack intrinsic DNA-binding activity, are recruited to the
respective gene regions in multi-protein complexes consisting of sequence-specific
transcription factors and their cofactors (Grunstein, 1997). The modifications induced
by HDACs and HATs are both reversible and play a significant role in the regulation
of transcription, as shown in Figure 2. The imbalance of HAT/HDAC activity can lead
to altered gene expression profiles, changes in certain signaling pathways,

proteasomal degradation and alterations in DNA methylation status (Hull et al., 2016).

Transcriptional activation

Histone

Condensed chromatin

Figure 2: The antagonistic actions of HDACs and HATs. HATs transfer acetyl groups onto histones,
which modulates the chromatin structure and accessibility of promoter regions to the transcriptional
machinery, resulting in transcriptional activation. In contrast, HDACs remove the acetyl groups, leading

to condensed chromatin and transcriptional repression (Chuang et al., 2009).
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1.1.2.2 Histone Deacetylase Inhibitors

Histone deacetylase inhibitors (HDACI) block the activity of histone deacetylases by
interacting with the catalytic domain of the enzymes. The prevention of deacetylation
of histones leads to an increase in acetylation and thus to decondensation of
chromatin. Subsequently, the relaxed chromatin structure is more accessible for
processes resulting in altered gene expression profiles (Li et al., 2010; Margueron et
al., 2005). Furthermore, HDACi can also inhibit the deacetylation of other proteins,
such as structural proteins, chromatin remodeling proteins, DNA-binding nuclear
receptors, signaling mediators, transcription co-regulators and DNA-binding
transcription factors (Eckschlager et al., 2017). Whole-transcriptome analyses using
microarrays, showed that only a fraction (2-5%) of the transcriptome is activated or
repressed by HDAC inhibitors (Emanuele et al., 2008). This indicates that gene
regulation modulated by HDACI is a specific process. Histone deacetylase inhibitors
can be divided into five distinct classes, based on their chemical structure:
hydroxamic acids (hydroxamates), short chain fatty acids (aliphatic), benzamides,
cyclic tetrapeptides and sirtuin inhibitors including nicotinamide, sirtinol and cambinol
(Eckschlager et al., 2017). In addition, the different HDACi differ in their spectrum of
activity. HDAC isoform-selective inhibitors only inhibit several types of HDACS,
whereas certain HDACIis, pan-inhibitors, act against all types of HDACs (Table 2).
Generally, treatment with HDAC inhibitors causes a higher abundance of
hyperacetylated histones, which is accompanied by derepression of inhibited genes
and increased expression of activated genes. Some HDACi have been approved by
the United States Food and Drug Administration (FDA) and have great potential in
the treatment of several diseases, such as cancer and neurodegenic diseases
(Bolden et al., 2006; Hahnen et al., 2008).
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1.1.2.3 Histone Methylation

Histone methylation can take place on both lysine (mono-, di- or trimethylation) and
arginine (mono-or dimethylation) residues. In this work, we focus on lysine
methylation. Depending on the position of the histone lysine residues and degree of
methylation, lysine methylation can have a different effect on the regulation of
transcription. Thus, modifications such as monomethylation on lysine 4 of histone H3
(H3K4me) and trimethylation on lysine 4 of histone H3 (H3K4me3) are associated
with transcriptionally active gene regions and enhancers, whereas trimethylation on
lysine 9 of histone H3 (H3K9me3) and lysine 27 of histone H3 (H3K27me3) induces
transcriptional inactivation (Kouzarides, 2007; Local et al., 2018). Lysine methylation
is performed by histone methyltransferases, which use the S-adenosylmethionine
cofactor to transfer the methyl group onto the lysine. In contrast to histone
acetylation, histone methylation does not alter the charge of the histone tails. In
contrast, it affects the basicity and hydrophobicity of histones and their affinity for
transcription factors. Altered methylation of the histones H3K9 and H3K27 are
associated with aberrant gene repression in many types of tumors (Leszinski et al.,
2012). Dysregulations of histone methyltransferase and demethylases can lead to
pathological alteration of the histone methylation pattern and thus to deregulation of

gene expression (Wong et al., 2011).
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Table 2: Overview of selected histone deacetylase (HDAC) inhibitors (Eckschlager et al., 2017)

Target
Class HDAC Inhibitor HDAC  Clinical Status
Class*
Trichostatin A pan preclinical
SAHA pan approved for cutaneous T-cell lymphoma
Belinostat pan approved for peripheral T-cell ymphoma
Panabiostat pan approved for multiple myeloma
Givinostat pan phase Il clinical trials—relapsed leukemia and multiple
myeloma
Hydroxamic , . . :
acids Resminostat pan phase | and Il clinical trials—hepatocellular carcinoma
Abexinostat pan phase Il clinical trial—B-cell lymphoma
Quisinostat pan phase | clinical trial—multiple myeloma
Rocilinostat ] phase | clinical trial—multiple myeloma
Practinostat |, Il and IV phase Il clinical trial—prostate cancer
CHR-3996 | phase | clinical trial—advanced/metastatic solid tumors
refractory to standard therapy
Valproic acid I lla approved fo_r epllgpsy, bipolar dlsorQers and migraine,
] phase Il clinical trials—several studies
Short chain ] ) o ) ]
fatty acids Butyric acid [, phase Il clinical trials—several studies
Pheng(l:?dutyrlc I, 1l phase | clinical trials—several studies
phase Il clinical trials—breast cancer, Hodgkin’s
Entinostat I lymphoma, non-small cell lung cancer, phase Il clinical
trial—hormone receptor positive breast cancer
Tacedinaline | phase Il clinical trial—non-small cell lung cancer and
Benzamides (C1-994) pancreatic cancer
4SC202 | pha_se I cI|_n|caI trial—advanced hematological
malignancies
Mocetinostat [, IV phase Il clinical trials—Hodgkin’s lymphoma
Cyclic Romidepsin I approved for cutaneous T-cell lymphoma
tetrapeptides
Nicotinamide all cl:lllass phase llI clinical trial—laryngeal cancer
- SIRT 1 -
-y Sirtinol and 2 preclinical
irtuin
LT . SIRT 1 -
inhibitors Cambinol and 2 preclinical
SIRT 1 cancer preclinical, phase | and Il clinical trials—
EX-527 ) .
and 2 Huntington disease, glaucoma

11

*pan-inhibitors= act against all types of HDACs
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1.2 Genomic Imprinting

Genomic imprinting is an epigenetically regulated process that causes approximately
1-2% of the genes in mammalian diploid cells to be expressed in a monoallelic
fashion, either from the maternal or paternal chromosome only (Barlow and
Bartolomei, 2014). Imprints are epigenetic modifications, which distinguish the
maternally and paternally inherited alleles. A number of epigenetic modifications play
a role in the regulation of allele-specific expression of imprinted genes. The two main
epigenetic DNA modifications known in mammals are 5-methylcytosine and 5-
hydroxymethylcytosine (Li and Zhang, 2014). The most frequently characterized
regulator in imprinting is the methylation of cytosine bases at CpG positions of DNA,
mostly found in the context of CpG islands (For further description see chapter 1.1.1,
DNA methylation).

Genomic imprinting in mammals was discovered in the 1980s. Particularly important
for the discovery were a series of pronucleus transplantation experiments in the
mouse showing that maternal and paternal autosomes are not functionally equivalent
in an individual (McGrath and Solter, 1984a, b; Surani et al., 1984), and that the
contribution of both parental genomes is crucial for the normal development of an
embryo (McGrath and Solter, 1984a, b; Surani et al., 1984). Thus, artificially
generated murine zygotes with a diploid maternal (gynogenetic) genome developed
to conceptuses with predominantly embryonic tissues and defective formation of
extraembryonic structures (Surani et al., 1984). In contrast, artificially generated
murine zygotes with a diploid paternal (androgenetic) genome developed to
conceptuses that predominantly consisted of extraembryonic structures, while
embryonic components were absent or severely retarded (Surani et al., 1986). In
both cases, embryos died around the middle of gestation (McGrath and Solter,
1984a, b; Surani et al., 1984). This led to the hypothesis that the two parental
genomes fulfilled complementary functions during early embryonic development via
so-called parentally imprinted genes and that the lack or overexpression of these
imprinted genes caused the observed developmental disorders (Ferguson-Smith,

2011). After complex crossbred experiments using mouse lines with different
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chromosomal translocations, these parent-specific effects could be assigned to
certain regions of the genome (Cattanach and Kirk, 1985). Several years later, in the
early 1990's the existence of genomic imprinting of both parental genomes as a
special type of epigenetic regulation was confirmed by the identification and
characterization of the first imprinted genes, Igf2r, Igf2, and H19, in the mouse
(Barlow et al., 1991; Bartolomei et al., 1991; DeChiara et al., 1991). This deviation
from the rules of Mendelian inheritance is possible through parental allele-specific
modification leading to the transcriptional inactivation of one allele and thus to the
exclusive or preferential expression of the other allele (Moore and Haig, 1991; Reik
and Walter, 2001). Many of the meanwhile identified imprinted genes show a
development- and / or tissue-specific regulation of genomic imprinting (Santoro and
Barlow, 2011).

In contrast to the findings of Surani et al. (1986), as well as McGrath and Solter
(1984), a more recent study demonstrated that injecting sperm or an oocyte with
cultured imprint-free hypomethylated androgenetic and parthenogenetic haploid
embryonic stem cells (haESCs) harbouring deletions of specific imprinted regions,
results in alive bipaternal and normally growing bimaternal mice. These innovative
experiments indicate the possibility of unisexual reproduction in mammals, using

specific gene manipulation tools (Li et al., 2018).

1.2.1 Evolutionary Theories of Genomic Imprinting in Mammals

To date numerous theories have attempted to elucidate the phenomenon of genomic
imprinting in mammals from an evolutionary point of view. In principle, genomic
imprinting in mammals should have a negative effect on the individual, since the
advantage of diploidy is given up by the monoallelic expression of imprinted genes
(Otto and Gerstein, 2008). However, this does not seem to be the case. Although
genomic imprinting has also been found in some insects and plants, it is most
prevalent among placental mammals (placentalia) including humans, mice and

marsupials (Renfree et al., 2009a). They differ from egg-laying vertebrates and in
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invertebrates (ovipar) in terms of their strategy of nourishing the growing embryo,
such as to which extent the embryo uses the maternal resources for developmental
purposes (Renfree et al., 2009b). Oviparity is often associated with parthenogenesis,
an asexual reproduction form in which a female gamete develops into an organism
without fertilization, resulting in an individual with two identical maternal genomes and
absence of imprinting (Kono, 2006). In mammals, the paternal genome is necessary
and sexual reproduction is inevitable, which gives an indication of the importance of
genomic imprinting in the evolution of mammals. Placentalia are known to have the
highest degree of complexity concerning genomic imprinting, compared to other

infraclasses of mammals (Suzuki et al., 2005).

Many evolutional theories attempt to interpret the purpose of genomic imprinting in
mammals, and try to explain why this phenomenon is absent in ovipar animals. The
most common model, the “parental conflict hypothesis” or “kinship theory” is based
on the conflict between the two parental genomes and antagonistic interactions in the
embryo (Moore and Haig, 1991). Moreover, Moore and Haig hypothesize, that the
paternally expressed genes allow the father a maximum exploitation of maternal
resources to increase fetal growth and optimize the fithess of his progeny, accepting
a compromisation of the mother’s health (Wilkins and Haig, 2003). This theory is
based on the promiscuous behavior of females, where the father is not necessarily
related to all the offspring of the female, and has the goal to ensure the survival of his
own progeny. Counteracting, the maternal genome is determined to preserve the
female organism and suppress these embryonic growth factors. The main objective
of the female genome is to balance equal nutrient distribution to all offspring in the
current pregnancy and to have sufficient resources for later pregnancies (Moore and
Haig, 1991; Renfree et al., 2009a).

The “trophoblast defense theory” describes the risk of spontaneous female internal
reproduction, which consequentially leads to the development of an embryo without
paternal contribution and possibly ovarian trophoblast disease (Varmuza and Mann,
1994). This is not the case for males, since they do not possess the appropriate

reproduction anatomy. Varmuza and Mann propose that the maternally silenced
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imprinted genes support placental development and maternally expressed genes
reduce placental growth. After fertilization, genes of the paternal genome then induce

placental development, ensuring an adequate environment for the fetus.

In contrast, the "coadaptation hypothesis" attempts to explain the development of
genomic imprinting as a coadaptive regulation between maternal behavior during
pregnancy and embryonic development (Keverne and Curley, 2008; Wolf and Hager,
2006). Keverne and Curley describe a transgenerational model, in which the placenta
plays a decisive role, as it not only promotes the embryonic prenatal nutrient supply,
but also influences the maternal metabolism and sexual behavior pre- and
postnatally. For example, multiple imprinted genes are paternally expressed and
maternally silenced in the hypothalamus and in the placenta. The imprints associated
with these genes are set in the germline of the mother and contribute significantly to
the development of the fetoplacental unit, which has a counter-productive effect for
the mother (exploitation of maternal resources) (Keverne and Curley, 2008; Ubeda
and Gardner, 2015).

A more recent hypothesis postulates, that imprinting in placentalia has also been
established, partly as a response to the significantly greater incidence of LTR (long
terminal repeat) retrotransposons in the mammalian genome (Pask et al., 2009).
These and other described theories cannot entirely explain the phenomenon of
genomic imprinting, but allow an insight of the role of imprinted genes in embryonic
and placental development (Wilkins and Haig, 2003). However it is conceivable that a
combination of these main theories reflects the reality (Renfree et al., 2009a; Ubeda
and Gardner, 2015).

1.2.2 Organization of Imprinting Clusters

The number of imprinted genes has now increased to over 150 in the mouse genome

and over 250 genes in humans (http://www.geneimprint.com). Reciprocal

crossbreeding between hybrid mouse strains and identification of single nucleotide
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polymorphisms (SNPs) between the two strains is a common method to investigate
novel imprinted genes in mice (DeVeale et al., 2012). The search for new imprinted
genes is ongoing, but only a few new genes have been identified in recent screens
(Bonaldi, 2017; Henckel and Arnaud, 2010).

The main feature of genomic imprinting is the cis-acting regulatory mechanism, which
is restricted to one chromosome. Therefore, a regulatory factor, such as a silencing
factor on one parental allele, cannot freely move within the nucleus and target the
active parental allele. Imprinting is not reduced to silencing mechanisms and can
regulate on all levels of gene regulation to ensure allele-specific gene expression. To
provide differential expression, certain marks or “imprints” on one of the parental
chromosomes are necessary, in order to direct transcription factors and mRNA

processing factors.

Most of all known imprinted genes (more than 80%) are localized in one of 16 known
genomic regions and organized in imprinted gene clusters, containing 3-12 imprinted
genes in a span from 100-3700 kb of genomic DNA (Barlow and Bartolomei, 2014;
Wan and Bartolomei, 2008). However, there are also cases of individual and co-
organized imprinted genes in the genome (Cowley and Oakey, 2010). The existence
of an imprinted long non-coding RNA (IncRNA) surrounded by several paternally and
maternally expressed protein-coding genes is very characteristic of an imprinting
cluster. . A further typical element of an imprinting cluster is a DNA sequence carrying
a gametic methylation imprint, also known as a differentially methylated region (DMR)
(Reik and Walter, 2001). In many cases the germline DMR regulates the expression
of several or all imprinted genes in the cluster and is therefore often classified as an
imprinting control element (ICE) or imprinting control region (ICR) (Wutz et al., 1997).
A deletion in an imprinted region including the ICE, leads to the loss of ICE-
dominated regulation throughout the cluster, only when the deletion occurs on the
parental allele expressing the IncRNA (Buiting, 2010; Horsthemke and Buiting, 2006;
Thorvaldsen et al., 1998).
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The mechanisms by which the ICEs perform their regulatory functions vary from
region to region. Two main cis-operating silencing mechanisms at imprinted gene
clusters have been extensively described. One mechanism is the insulator model,
that was postulated for the first time to explain imprinting control at the Igf2-H19 locus
(Fig. 3A). The CCCTC binding factor (CTCF) protein binds to the unmethylated ICE
on the maternal chromosome and serves as an insulator, which inhibits the common
enhancers from activating transcription of the distant /gf2 and Ins2 genes and instead
activates transcription at the nearby H79 IncRNA promoter (Bell and Felsenfeld,
2000; Leighton et al., 1995). These processes do not occur on the paternal allele,
where the ICEs methylated which prevents CTCF binding and further confers
methylation and transcriptional inactivation of the nearby H719 IncRNA promoter (Hark
et al., 2000). Another cis-operating silencing mechanism described thoroughly is the
IncRNA model, which was suggested for the first time to explain imprinting control at
the Igf2r cluster (Fig. 3B). The methylated ICE on the maternal allele harbors the Air
IncRNA promoter, which is silenced by DNA methylation and thus allows maternal
expression of the Igf2r, Slc22a2 and Sic22a3 genes (Sleutels et al., 2002). On the
other hand, expression of the Air IncRNA on the paternal inhibits the expression of
these three imprinted genes in cis by transcriptional interference (Mancini-Dinardo et
al., 2006; Martienssen and Moazed, 2015), (Fig. 3B.).
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Figure 3: Two cis-silencing mechanisms for imprinted genes. (A) Endodermal insulator model in
the Igf2 cluster (B) Placental IncRNA model in the Igf2r cluster. For description see chapter 1.2.2. ICE:
imprint control element; slashed circle, repressed allele of an imprinted gene; gray arrow, expressed
allele of an imprinted gene; thick gray arrows, long distance effect in cis; filled diamonds, not

expressed in placenta (adapted from Barlow and Bartolomei, 2014).

1.2.3 Epigenetic Reprogramming of Imprints

The imprints must be erasable in the germline during sex determination in order to
reset the imprint for the next generation and generate imprinted haploid parental-
specific gametes (Barlow and Bartolomei, 2014). In mammalian development, there
are two crucial phases in which extensive epigenetic reprogramming takes place,
gametogenesis and embryogenesis (Fig. 4). Genome-wide DNA demethylation also
including imprinted gene DMRs occurs in developing mouse primordial germ cells
(PGCs) between E8.5 and E11.5 and is accompanied by dynamic changes in
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chromatin structure (Hayashi and Surani, 2009; Seki et al., 2005) (Guibert et al.,
2012; Hajkova et al., 2008; Reik and Walter, 2001). Sex-specific remethylation
processes follow during gametogenesis which also involve the establishment of new
methylation imprints at DMRs/ICEs (Ferguson-Smith, 2011; Reik and Walter, 2001).
The second phase of genome-wide DNA demethylation starts directly after
fertilization in the zygote, to remove the vast majority of sex-specific methylation
marks of gametes with only a few regions, such as the majority of imprinted gene
DMRs being excluded (Rougier et al., 1998; Smith et al.,, 2012; Tomizawa et al.,
2011) De novo methylation processes leading to the establishment of somatic
methylation patterns follow around the time of implantation. Parental allele-specific
DNA methylation during gametogenesis occurs in the majority of imprinting clusters
(Bartolomei et al., 1993). DNA methylation imprints are introduced prenatally in
prospermatogonia and postnatally during oocyte development, mediated by the de
novo DNA methyltransferase DNMT3A and DNMT3L (Bourc'his and Bestor, 2004;
Kelsey and Feil, 2013; Lucifero et al., 2002). Thus, two types of recognition system
are required, one sperm-specific and one oocyte-specific, allowing imprint
establishment and maintenance, throughout fertilization and mitosis in
embryogenesis and adulthood (Reik and Walter, 2001). It is not fully elucidated, how
exactly DNA methylation marks at imprinted genes escape the genome-wide
reprogramming that occurs after fertilization. However, it is possible that cis-acting
factors and frans-operating elements are responsible for the preservation of imprints
(Li and Zhang, 2014). Allele-specifically unmethylated CpGs of imprinted genes must
be shielded against de novo DNA methylation in the morula stage to ensure parental
allele-specific gene expression (Li and Zhang, 2014; Nakamura et al., 2012). Specific
maintenance mechanisms including molecules such as Arid4a-b, MBD3, ZFP57 and
PGC7/STELLA (through interactions with H3K9me2), ensure imprint manifestation
throughout active demethylation processes of the paternal genome in the zygote and
passive demethylation of the maternal genome in the two-cell embryo (Nakamura et
al., 2012; Reik and Walter, 2001; Santos and Dean, 2004). The erasure of imprints in
PGCs is accomplished by a combination of DNA-replication-dependent passive

processes and active demethylation through enzymatic oxidation of 5-methylcytosine
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(5mC) to 5-hydroxymethylcytosine (5hmC) by ten-eleven translocation family of
enzymes (TET1-3 enzymes) together with the excision of 5mC by base excision
repair (BER) mechanisms throughout the cell cycle (Li and Zhang, 2014; Tahiliani et
al., 2009; Tan and Shi, 2012).

In addition to DNA methylation, post-translational modifications of histone proteins,
such as histone methylation, acetylation, phosphorylation, sumoylation, and
ubiquitylation are involved in the regulation of genomic imprinting (Sadakierska-
Chudy et al.,, 2015). For instance, H3K9me and H3K20me were found at the
promoter region on the methylated maternal allele of the imprinted human SNRPN
gene, while the active paternal allele is characterized by monomethylation of H3
(H3K4me) and acetylation of histones 3 and 4 (Fournier et al., 2002; Horsthemke and
Buiting, 2008).

Mechani of imprint 2 somatic and extraembryonic tissue
Changes in histone PTMs

DNA demethylation likely mediated
by TET1/2 and passive demeathylation

Mechanisms of imprinting:
DNMT3A + DNMT3L
Histone PTMs

Optimal CpG spacing
Transcription across ICE

Imprints erased in germline|
between E8.5 and 11.5

Blastocyst
Imprints maintained Gentfmic imprinting
during passive demethyiation during the mouse
of m genome life cycle

Two-cell embryo K
d pnsmll genome / AT i %
Zeper s AP | T g d

PGC7/Stella + H3Kome2
DNMT1

Figure 4: Establishment, maintenance, and erasure of genomic imprints in mouse

development. See chapter 1.2.3 for further description (Barlow and Bartolomei, 2014).
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1.2.4 Neurological Imprinting Disorders

The study of genes regulated in a parental-specific manner has contributed to the
understanding of various so-called imprinting disorders. Current evolutionary theories
attempting to explain the purpose of imprinted genes focus mainly on the influence of
the parental alleles in embryonic nourishment and maternal resource distribution
during pregnancy (see chapter 1.2.1). However, following the discovery of two
neurological disorders associated with imprinting dysregulation in the human
chromosomal region 15q11-13, Prader-Willi syndrome and Angelman syndrome, the
role of imprinted genes in brain-specific processes gained strong significance
(Nicholls et al., 1989). The relevance of imprinting in the brain has been further
strengthened by several studies showing that the majority of imprinted genes are
expressed most abundantly in the brain (Gregg et al., 2010). Brain function and
behavioral phenotype can be affected by numerous genetic abnormalities involving
imprinted genes, including duplications, deletions, null mutations, uniparental
disomies and epimutations (Eggermann et al., 2015). Imprinting dysregulation has
been further associated with a number of other diseases with neurological
manifestations, e.g. Alzheimer's disease, asthma, autism, diabetes (type 1 and 2)

schizophrenia and numerous imprinting disorders (Morison et al., 2005).

The human chromosomal region 15911-q13, includes certain paternally expressed
protein-coding genes and noncoding RNAs, together with the brain-specific
maternally expressed UBE3A (Angulo et al., 2015; Sahoo et al., 2008). Angelman
syndrome (AS) is a neurogenic disorder characterized by intellectual disability,
developmental delay, hypermotoric behavior, seizures, happy demeanor and frequent
laughter, also known as the "Happy Puppet Syndrome" (Bird, 2014; Williams and
Frias, 1982). It is caused by deficient expression or function of the UBE3A gene
through a maternal deletion of the 15911-913 region (65%-75% of cases), paternal
uniparental disomy 15 (3%-7% of cases), an imprinting defect (3% of cases) or a
pathogenic UBE3A variant (5-11% of cases)(Buiting, 2010).
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Prader-Willi syndrome (PWS) is characterized by intellectual disability,
hypogenitalism, low birth weight, hypotonia and adiposity. It is due to deficiency of
paternally expressed genes in 15q11-13. Several molecular causes for this deficiency
are known. In the majority of PWS patients (~ 70%), a paternal deletion of 15911-13
is causative. Approximately 25% and 1% of cases have maternal uniparental disomy

15 and an imprinting defect, respectively, as molecular causes (Buiting, 2010).

The Silver-Russell syndrome (SRS) is a further well studied imprinting disorder and
characterized by a small, triangular face with distinctive facial features including a
prominent forehead, narrow chin, small jaw, and downturned corners of the mouth as
well as pre- and postnatal growth abnormalities and childhood dwarfism. In about
44% of all SRS cases, aberrant hypomethylation of the ICR1 regulating imprinting of
the H19 and IGF2 genes on human chromosome 11p15.5 can be diagnosed as
molecular genetic cause (Binder et al., 2011; Russell, 1954). Maternal uniparental
disomy 7 may cause disease in 5-10% of patients (Kotzot et al., 1995). In almost half
of all SRS cases, the molecular causes cannot yet be determined using standard

laboratory techniques (Binder et al., 2011).

Furthermore, Beckwith-Wiedemann syndrome (BWS) is a well described imprinting
disorder associated with the imprinted region on human chromosome 11p15.5. The
clinical features of BWS patients are inconsistent and include characteristics such as
macroglossia, microcephaly, macrosomia, hemihyperplasia and omphalocele,
(Beckwith, 1963; Wiedemann, 1964). Patients are likely to develop embryonal tumors
(particularly Wilms tumor (nephroblastoma)), facial dysmorphia and hypoglycaemia
(Weksberg et al., 2010). Known molecular causes of BWS are paternal uniparental
disomy 11, mutations in the maternally expressed CDKN1C gene as well as
imprinting defects in 11p15, i.e. gain of methylation at the ICR1 resulting in biallelic
expression of IGF2 or loss of methylation at the ICR2 leading to reduced expression
of CDKN1C (Bliek et al., 2001; Cooper et al., 2005; Soejima and Higashimoto, 2013).

In addition, genomic imprinting is an important model system for the molecular

analysis of epigenetic regulatory mechanisms during ontogenesis (Barlow, 2011).
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Further recent studies have linked imprinted genes to additional neurological
disorders. The 7q21-31 region is reported to be associated with autism spectrum
disorder (Schanen, 2006). Allele-specific mutations in SGCE lead to myoclonus-
dystonia syndrome accompanied by anxiety, agoraphobia and depression (Peall et
al., 2013; Zimprich et al., 2001). The 8924 region harbours the imprinted KCNK9 and
TRAPPC9 genes, whose pathogenic variants have been associated with intellectual
disability in mice and humans (Barel et al., 2008; Mochida et al., 2009).
TRAPPCY/Trappc9, a gene that is linked to non-syndromic, autosomal-recessive
intellectual disability and postnatal microcephaly, undergoes isoform-specific
imprinting, with one truncated isoform being paternally expressed, however, all other
transcripts being maternally expressed (Gregg et al.,, 2010; Mochida et al., 2009).
See following chapter 1.2.5 for detailed description of KCNK9 and its role in the Birk-

Barel intellectual disability dysmorphism syndrome.

1.2.5 Birk-Barel Intellectual Disability Dysmorphism Syndrome and the KCNK9

gene

The Birk-Barel intellectual disability dysmorphism syndrome (BBIDS or KCNK9
imprinting syndrome; OMIM 612292; outdated: Birk Barel mental retardation
dysmorphism syndrome) is typically associated with congenital central hypotonia,
developmental delay of speech and motor skills such as sitting and walking, reduced
facial movements, decreased subcutaneous fat, intellectual disability and dysphagia
(severe feeding problems). Dysmorphic features of BBIDS include dolichocephaly
with a narrow forehead, short and broad philtrum, abnormally shaped eyebrows,
tented upperlip, cleft palate as well as mild micro/retrognathia (Fig. 5) (Barel et al.,
2008; Graham et al., 2016). BBIDS is inherited autosomal dominantly with maternal-
only transmission, and caused by heterozygous pathogenic variants on the maternal
allele of the paternally silenced (imprinted) KCNK9 gene on chromosome 8qg24.3 (Ruf
et al., 2007; Barel et al., 2008). The most common pathogenic variant is the

missense variant 770G>A in exon 2, replacing glycine at amino acid position 236 by
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arginine (p.G236R) (Barel et al., 2008).

Using a high-resolution approach to analyze novel imprinting cluster regions, RNA-
Seq technology was performed to characterize the transcriptome of brain tissues
from F1 mouse hybrids (Gregg et al., 2010). This approach identified a 700 kb
imprinting domain on mouse chromosome 15, containing the maternally expressed
Kcnk9 gene together with further imprinted genes, including Eif2c2 (also known as
Ago?2), Chrac1 and Trappc9 and paternally expressed ncRNA Peg13, which lies
within intron 17 of Trappc9. In addition, numerous expressed sequence tags (ESTs)

were detected surrounding Peg13 (Gregg et al., 2010).

A comprehensive allele-specific expression analysis of the human orthologous region
on chromosome 8q24 revealed a reciprocally imprinted expression of the KCNK9 and
PEG13 genes, with brain-specific maternal expression of KCNK9 and paternal
expression of PEG13 (Court et al., 2014). In the mouse, the promoter of non-coding
Peg13 overlaps with a CpG island and is associated with a maternally methylated
region (DMR), which is assumed to be involved in imprinted gene regulation in the
Kcnk9 cluster on mouse chromosome 15 (Singh et al., 2011; Xie et al., 2012).
Studies of the human 824 region further showed that CTCF-mediated allele-specific
chromatin looping connects the brain-specific enhancer and the KCNK9/PEG13
promoter regions (Fig. 6) (Court et al., 2014). Genome-wide ChIA-PET and CTCF
ChIP-seq datasets revealed a strong CTCF enrichment at the KCNK9 and PEG13
promoter, suggesting an enhancer chromatin signature with the co-enrichment of
histone H3 lysine 4 monomethylation (H3K4me1), H3 lysine 27 acetylation
(H3K27ac) chromatin marks and p300 in brain tissue (Heintzman et al., 2009).
Utilizing a combination of whole-genome bisulphite sequencing (WGBS) and ChlIP-
seq for meDIP and H3K4me3, the methylation status of the associated CpG islands
in the imprinting locus was analyzed. The analysis revealed that promoter CpG-
islands associated with KCNK9, AGO2, CHRAC1 and TRAPPC9 are unmethylated in
the brain and are associated with abundant H3K4me3 enrichment. These findings
suggest that the imprinting of KCNK9 is dependent on other cis-acting regulatory

mechanisms and elements. A DMR was detected only at the PEG13 locus, with
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methylation of the maternal allele and enrichment for CTCF colocalized with cohesin

on the unmethylated paternal allele (Court et al., 2014).

Figure 5: Patients with Birk-Barel Intellectual Disability Syndrome. (A) Young affected patient at
11 months showing mild dysmorphic features include bitemporal narrowing, tented upper lip, high
arched palate, and retrognathia. (B) 13 month old patient with downturned open mouth, thin upper lip,
broad alveolar ridges, cleft soft palate, and retognathia/micrognathia (C) Female patient after birth and
3 years of age displays micrognathia, high and broad nasal bridge, and a generous mouth with

downturned corners. (Graham et al., 2016).
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KCNK9

Figure 6: Schematic representation of CTCF-mediated chromatin interactions of the KCNK9
promoter and the PEG713-DMR. A model of the allele-specific chromatin looping within the 8q24
domain, illustrating the organization of the PEG13 enhancer-blocker, gene promoters, CTCF binding
sites and H3K4me1/H3K27ac enhancer region. Description: (0) unmethylated cytosines, (e)
methylated cytosine, (green block) histone modification site (H3K4me1/H3K27ac) associated with a

brain-specific enhancer (E) (Court et al., 2014).

1.3. Potassium Channels

In animal cells potassium channels (K+ channels) are transmembrane proteins,
which form a potassium ion (K+) selective pore to facilitate the specific gateway of

potassium ions through the phospholipid bilayer.

The first potassium channel gene was isolated from Drosophila in 1987 and was
named Shaker after a motion disorder caused by a mutation in this gene encoding for
a presynaptic potassium channel in fruit flies (Papazian et al., 1987; Tempel et al.,
1987). K+ channels are widely distributed throughout different cell types and
comprise the most diverse family of ion channels, with 118 genes cloned or predicted
from the human genome and 124 genes cloned or predicted from the mouse genome
(http://www.ncbi.nlm.nih.gov). All K+ channel subunits contain common features,
such as a conserved P domain, constituted by pore-forming subunits called alpha-

subunits. Based on their function and structure, K+ channel subunits can be grouped
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into three structural protein families, made of two, four or six transmembrane
domains (TM). In order to form a functional pore region, two or four alpha-subunits
have to assemble a selectivity filter consisting of four pore-lining P-loops and at least
two transmembrane proteins (Patel and Honore, 2001b). Physiologically, K+
channels bring the membrane potential closer to the potassium equilibrium potential
and play an essential role in the maintenance and stability of the neuronal resting
membrane potential. Other fundamental ions, such as sodium and chloride, also play
a key role in membrane potential, with many channel types and subtypes reported
(Goldstein et al., 2001).

1.3.1 Two-Pore-Domain Potassium Channels (K2P)

The two-pore domain potassium (K2P) channels, also known as ,background
leakage channels®, modulate cellular excitability voltage- and time-independently and
stabilize the resting membrane potential (Lesage and Lazdunski, 2000). The resting
membrane potential is characterized by the equilibrium potential of intra- and
extracellular ions and their conductances, in particular the predominating background
conductance of K+ ions. K2P background or “leak” channels follow the Goldman-
Hodgkin-Katz principal, where a high intracellular K+ concentration leads to an
outflux of permeable K+ ions (Duprat et al., 1997). The K2P channel family consists
of 15 members in the human genome, and are divided into six subfamilies termed as
TREK, TALK, TASK, TWIK, THIK, and TRESK (Goldstein et al., 2001). The typical
mammalian K2P channel consists of four transmembrane domains, M1-M4, with two
pore loops, P1 and P2. Two subunits form a selective functional K2P channel (Fig. 7).
However, in addition to providing passive leakage of K+ currents, the K2P channels
can also be activity-modulated by physiological factors such as temperature change,
pH, oxygen and binding of neurotransmitters or anesthetics (Lesage and Lazdunski,
2000; Patel and Honore, 2001b).
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2 COOH

Figure 7: Schematic structure of a two-pore-domain potassium (K2P) channel subunit. The
subunits of K2P channels consist of four transmembrane domains numbered M1-M4 and pore regions
P1 and P2 with a short amino-terminal and a longer carboxy-terminal cytoplasmatic sequence. Two

subunits form a selective functional K2P channel.

1.3.2 Characterization of KCNK9/ TASK-3 Potassium Channels

In this study, KCNK9/ TASK-3 potassium channels are the main focus of
investigation. TASK-3, acronym for TWIK-related acid-sensitive K+ channel 3, is a
member of the TASK family of K2P channels. The first TASK-3 channel was cloned
from a rat cerebellum cDNA library and shares 54% sequence identity with TASK-1,
the first TASK family member discovered (Duprat et al., 1997; Kim et al., 2000).
Subsequently, the work group of Rajan introduced the human K2P channel, TASK-3,
after isolating cDNA of TASK-3 from guinea pig brain and finding an orthologous
sequence in a human genomic library (Rajan et al., 2000). In the nomenclature of the
Human Genome Organization, TASK-3 was named KCNK9 (K2P 9.1). To date, three
common nomenclatures are used for defining the protein, K2P 9.1 (International
Union of Pharmacology), TASK-3 (based on physical and chemical features, TWIK-
related and acid-sensitive) and KCNK9 (Human Genome Organization). Due to the
commonly used KCNK9/Kcnk9 gene nomenclature, we used KCNK9 as protein

nomenclature in this work.
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KCNKO9 shares the typical channel structure of K2P channels. The subunits consist of
four transmembrane domains (M1-M4) and two pore loops (P1 and P2). The state
and conformation of KCNK9 can be altered by numerous intra- and extracellular
modulators, including interacting proteins, physical and chemical stimuli, such as
changes in temperature, membrane stretching, pH changes, GPCRs, kinases, 14-3-3
proteins and calcineurin (Rajan et al., 2000). The intracellular C-terminus includes a
cAMP-dependent protein kinase phosphorylation site, two protein kinase C
phosphorylation sites and two casein kinase phosphorylation sites (Rajan et al.,
2000). In addition, KCNK®9 is inhibited after activation of specific G-alpha-q-coupled
receptors (Meuth et al., 2003). Moreover, KCNK9 is sensitive to extracellular
acidification. The histidine residue at position 98 of KCNK9 enables the detection of
slight changes in extracellular pH, resulting in a decrease of outwardly rectifying K+
current of 96% after shifting the pH from 7.2 to 6.0 (Kim et al., 2000; Rajan et al.,
2000). Extracellular channel activation can be mediated by specific activators, such
as halogenated ether, alcohol, alkane anesthetics, TNFa, flufenamic acid and
Terbinafine (El Hachmane et al., 2014; Luethy et al., 2017; Veale et al., 2014; Wright
et al., 2017). On the contrary numerous inhibitors including ruthenium red,
endocannabinoids (anandamide, methanandamide), local anesthetics (lidocaine,
bupiviacine), alphaxolone and Muscarinic acetylcholine agonists have been
described (Czirjak and Enyedi, 2003; Maingret et al., 2001; Meadows and Randall,
2001; Patel and Honore, 2001a; Veale et al., 2014).

1.3.3 Distribution and Physiological Function of KCNK9

KCNKO9 is widely distributed throughout the body and was detected in numerous
tissues including brain, kidney, lung, colon, stomach, spleen, testis and skeletal
muscle with RT-PCR analyses (Kim et al., 2000). High levels of Kcnk9 mRNA were
found in brain tissue (Kim et al., 2000; Rajan et al., 2000). Three major investigations
indicate a wide distribution of KCNK9 throughout the rat brain. Karschian and Tally
independently performed in situ hybridization analyses and detected Kcnk9 mRNA

expression in the majority of brain regions (Karschin et al., 2001; Talley et al., 2001).
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A third study investigated the localization of KCNK9 channel proteins with specific
antibodies in adult rat brains and demonstrated widespread representation of KCNK9
in the central nervous system with notably high levels in somatic motoneurons,
cerebellar granule neurons, the dorsal raphe nuclei, hippocampal CA1 and CA3
pyramidal neurons and several hypothalamic nuclei (Marinc et al., 2014; Marinc et
al., 2011). Furthermore, a strong immunoreactivity of neurons of the locus coeruleus
has been described (Berg et al., 2004; Marinc et al., 2011). Moreover, KCNK3 and
KCNK9 are also known to form heterodimers, which are co-expressed in numerous
neuronal subgroups, such as motoneurons, in cerebellar granule cells, in
thalamocortical relay neurons and in hippocampal CA1 neurons (Berg et al., 2004;
Kang et al., 2004; Meuth et al., 2003; Torborg et al., 2006). TASK3 interacts with the
adaptor protein 14-3-3, which facilitates protein-protein interaction and promotes the
trafficking of TASK-1 and TASK-3 channels to specific compartments of the cell, for

example to the membrane (Rajan et al., 2002).

KCNKO9 channels are implicated in various pathological mechanisms associated with
cancer, epilepsy and intellectual disability. Recent studies showed a role of the
KCNK9 protein in the development and maturation of neurons in the cerebellum
(Zanzouri et al., 2006). Amplification and overexpression of the KCNK9 gene was
found in various human carcinoma tissues, such as breast, lung, colon and prostate
(Mu et al., 2003). A study in rodents, analyzing mice with a homozygous deletion of
Kcnk9, revealed a reduction of the resting potassium conduction and revoked
sustained high-frequency firing of action potentials in adult cerebellar granule
neurons (Brickley et al., 2007). Further studies of homozygous Kcnk9KO animals
revealed cognitive deficits, increased nocturnal activity, as well as a reduced
sensitivity to inhalation anaesthetics, such as halothane and isoflurane, and the
cannabinoid receptor agonist WIN55212-2 mesylate in Kcnk9KO mice (Gotter et al.,
2011; Linden et al., 2007; Pang et al., 2009). In addition, RNAi-based knockdown of
Kcnk9 was demonstrated to deteriorate neuronal migration during mouse cortical

development (Bando et al., 2014).
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1.4. Purpose of the Thesis

Several studies have described the neuronal and behavioral phenotype of
homozygous Kcnk9 knockout mice with a deletion of both Kcnk9 alleles
(Kenk9KOMM). However, the phenotype of mice with heterozygous deletion of the
expressed maternal Kcnk9 allele (Kcnk9KO™), which mimics the genetical
circumstances of patients suffering from Birk-Barel intellectual disability syndrome
(BBIDS) best, has not yet been described to date.

The first objective of this thesis was to characterize Kcnk9KO™a mice genetically and
phenotypically compared to Kcnk9KO"™™ mice and WT mice. Therefore, several
behavioral tasks were performed to investigate working memory, acoustic startle
response, pre-pulse inhibition and circadian rhythm in these mice. Furthermore, the
allele-specific expression pattern of Kcnk9 was determined in different brain regions

using various molecular techniques.

The second main goal was to identify extrinsic epigenetic modifiers, which stimulate
paternal Kcnk9 expression sufficiently in vitro. Subsequently, it should be tested
whether intraperitoneal injections of a selected epigenetic modifier in Kecnk9KO™at
mice can influence symptoms and eliminate any behavioral deficits and cognitive

dysfunctions similar to those of BBIDS patients.
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2. Material und Methods

2.1 Material

2.1.1 Equipment

Table 3: Devices and manufacturer

Device

Manufacturer

ABI StepOnePlusTM Real-Time PCR
System

Electrophoresis Power Supply

Qubit 2.0

Thermocycler MJ Research PTC-200
UV Transilluminator Intas Gel iX
Imager

Cell incubator CO2 Incubators CB 210
Centrifuge

Work bench

PyroMark Q96 instrument

Brain Punch Tissue Set

Bioruptor Pico

Rotarod

Sound-attenuating isolation cabinets

Life technologies

Peqglab

Invitrogen

Biorad
Intas-Science-Imaging Instruments
GmbH

Binder

Thermo Fisher Scientific
Kendro Laboratory Products
Qiagen

Leica

Diagnode

Ugo Basile

Med Associates
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2.1.2 Chemicals/Reagents

Table 4: Chemicals/Reagents and manufacturer

Reagents Manufacturer

Acetic Acid, 100% Roth

B27 plus vitamin A Gibco Life Technologies

Cl-994 ApexBio

DMEM Sigma-Aldrich

Ethanol, Absolute AppliChem

Fastgreen Sigma-Aldrich

Formamide Roth

GeneRuler 1kb Thermo Scientific

Glutamax Gibco Life Technologies

Laminin Sigma-Aldrich

Neurobasal medium Gibco Life Technologies

Paraformaldehyde Roth

Poly-L-Orhnithine Sigma-Aldrich
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RNAlater® Sigma-Aldrich

Sepharose beads GE Healthcare

TRIS Roth

TRizol Thermo Scientific

Trypton Roth

Water Ampuwa

2.1.3 Buffers und Solutions

Table 5: Buffers und Solutions

Buffer Composition

2 PBS tablets, 1 ml Tween, ad 1 | H20

TAE buffer (50x) 242 g TRIS, 18,6 g EDTA, 57,1 ml Essigsaure (100%),
add 11 H20
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2.1.4 Kits

Table 6: Kits

Kit

Manufacturer

PrimeScript TM Master Mix (Perfect Real Time) TAKARA
SYBR® Premix Ex Taq (Tli RNaseH Plus (2x)) TAKARA

High Pure RNA Tissue Kit

High Pure RNA Isolation Kit
PyroGold SQA reagents
EZ DNA Methylation Direct ™ Kit

Roche
Roche
Qiagen

Zymo Research

2.1.5 Primers

Table 7: Primer sequences

Primer Application Sequence (5° - 3)
TASK3-P3 F Genotyping TGCGAGCTTCAGAGAGGATG
TASK3-P4 R Genotyping ATGCTCTAATCTCCAGTCTG
Kcnk9 Exon 2 F Genotyping CACCACGCCATGTACTTCCT
Kcnk9 Exon 2 R Genotyping GGACCGGAAGTAGGTGTTCC
Kcnk9-SNP F Allele-specific CACAACTATCGGATATGGACATGC
RT-gPCR
Kcnk9-SNP R Allele-specific TGCCGCGGTGTTCGAT
RT-gPCR
Kcenk9-477 F QUASEP GCCTGTACCTTCACCTAC
Kcnk9-477 R QUASEP CACAACTATCGGATATGGACATGC
Kcenk9-477 Seq QUASEP TGCCGCGGTGTTC
kcnk9-283/284 F RT-gPCR ACTATCGGATATGGACATGCTGC
kcnk9-283/284 R RT-gPCR GCCCAGGCTCTGGAACATAA
Bdnf F RT-gPCR ATCCACTGAGCAAAGCCGAA
Badnf R RT-gPCR CCTGGTGGAACATTGTGGCT
Impa2 F RT-gPCR CGTGCGGGACAAATCATCAG
Impa2 R RT-gPCR AAGGAAACCGCTTTCGCAAC
Tyrosine F RT-gPCR AGCCCAAGGGCTTCAGAAGAG
hydroxylase
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Tyrosine R RT-gPCR CAATGAACCTTGGGGACGTGA
hydroxylase

Kcnk9 F ChIP-gPCR CGTGTGCGCTACATCTCCTA

promoter

Kcnk9 R ChIP-gPCR ATTCGCCGGTTCCTTCTACT

promoter

Kcnk9 intron F ChIP-gPCR AGGGCAGATGCTTAAGAGGA

Kcnk9 intron R ChIP-gPCR CATCTGTTCTGTACCCCATCC
mPeg13-CpG F Methylation TTGGATGAGTTATTATATAAGGTTTAAAA
1-9 analysis

mPeg13-CpG R Methylation ACAACTACCTACATTCCAAATCT

1-9 analysis

mPeg13-CpG Seq Methylation AAATTTTAATAAGATGGGTTAAT

1-9 analysis

mPeg13-CpG R Methylation AGATTTGGAATGTAGGTAGTTGTGA
17-22 analysis

mPeg13-CpG F Methylation CCTCAATAAAACCATTCTAATCAACTAT
17-22 analysis

mPeg13-CpG Seq Methylation GGTAATTTGTTAGGTGGAGATATA
17-22 analysis

2.1.6 Software and Tools

Table 8: Software and manufacturer

Software/Tool Manufacturer

EthoVision XT

GraphPad Prism 6

Pyro Q CpG software
PyroMark Q96 ID Software 2.5

Noldus
GraphPad Software Inc.
Qiagen
Qiagen
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2.2. Methods

2.2.1 Standard Methods for Molecular Biology

Conventional standard techniques of molecular biology such as DNA extraction,
polymerase chain reaction (PCR), gel electrophoresis or the preparation of standard
solutions will not be discussed in detail here. Standard protocols were used unless
otherwise stated (Sambrook et al., 2006).

2.2.2 Mice and Breeding

All experimental procedures were performed in accordance with institutional animal
welfare guidelines and were approved by the ethical committee of the state
government of Rhineland-Palatinate, Germany. Kcnk9KO"™ mice, were provided by
Florian Lesage, Institut de Pharmacologie Moléculaire et Cellulaire, Valbonne,
France. The gene targeting strategy of Kcnk9KO"™ mice was based on a cre-
mediated deletion of exon 2 encoding pore domains P1 and P2, transmembrane
domains M2 to M4 as well as the cytoplasmic C-terminus (Guyon et al., 2009). WT
C57BL/6J and heterozygous Kcnk9KO mice with inactivation of the maternal Kcnk9
allele (Kcnk9KO™a!) were obtained by crossing male WT (C57BL/6J) mice with
female Kcnk9KO™a mice. The mice were kept under specific-pathogen-free (SPF)
conditions on a 12 h light / 12 h darkness cycle in standard polystyrene cages with
free access to water and food. Using tail tip DNA, mice were genotyped by assessing
exon 2 excision using the primers flanking this region (F, 5
TGCGAGCTTCAGAGAGAGGATG-3' and R, 5-ATGCTCTAATCTCCAGTCTG-3')
producing fragments for WT and mutant alleles. Additional primers within exon 2
were applied to generate a control product for the WT allele (5
CACCACGCCATGTACTTCCT-3’ and 5- GGACCGGAAGTAGGTGTTCC -3°). 8-10
weeks old male mice were used for expression analysis and to investigate the

behavioral phenotype with and without drug treatment. Allele-specific expression
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analyses were carried out with total RNA from F1 offspring derived from crosses
between female WT C57BL/6J or Kcnk9KOM™ mice and male Mus musculus

castaneus (Cast/Ei) mice.

2.2.3 Drug Administration in vivo

9 weeks old male Kcnk9KO™Mat and WT mice were injected intraperitoneally once daily
with CIl-994 (ApexBio) or dimethyl sulfoxide (DMSQO) (control vehicle) for 7
consecutive days before behavior experiments were initiated (Fig. 5a). On days of
testing, mice were injected 2 hours before behavior experiments. A single injection
contained either 20 yl DMSO or 20 ul CI-994 (35 mg/kg) dissolved in 100 % DMSO.

2.2.4 Tissue Collection

Whole mouse brains were removed and incubated in RNAlater® (Sigma) and stored
for 2 days at 4°C. After the dehydration process, several brain regions were
dissected and further processed or stored at -80°C. For locus coeruleus samples,
coronal brain sections (80 um) between bregma -5.40 and -5.52 (Franklin, 1997)
were generated, and 0.51 um punches bilaterally of each brain region were collected.
Accuracy of the LC tissue collection was validated by performing tyrosine
hydroxylase expression analyses and comparing the expression levels to those of
WT cerebellum and hippocampus samples. Tyrosine hydroxylase served as a

norepinephrine marker.

2.2.5 Isolation of Primary Cortical Neurons

Female pregnant mice were anesthetized with isoflurane at embryonic day 14 (E14)
and opened to obtain 5-9 embryos per mouse. Murine primary cortical neurons
(mPCNSs) were prepared from embryonic (E14) mouse pups. Kcnk9KO™at mPCNs
were isolated from E14 embryos derived from matings between female Kcnk9KQnom

mice and WT males. After collection of emybronic brains, cortices were dissected out
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and incubated in Dulbecco's Modified Eagle Medium (DMEM, Gibco) at 37 °C and
mechanically separated into single cortical cells through resuspendation. After
dissecting the cortices and removing their meninges, cortices were transferred to 50
ml Falcon tubes containing ice cold DMEM. The tissue was dissociated using Trypsin
solution (0,5 ml/Embryo, Gibco) and incubated for 6 minutes at 37°C. The reaction
was stopped using a DMEM-FBS solution. Cells were centrifuged (2 min, 200g),
washed 2x with DMEM and resuspended with culture medium, containing neurobasal
medium (Gibco), supplemented with 2% B27 plus vitamin A (Gibco) and 1%
Glutamax (Gibco), until no cell pellet was visible. After staining 10 pl of cell lysate
with trypan blue, living cells were counted manually on a Neubauer chamber. Around
0,7 x 106 mPCNs were plated on 100 ug/ml poly-L-ornithine (Sigma) and 10 pg/ml
laminin (Sigma) precoated 6- or 12-well plates and maintained in culture medium in a
humidified incubator at 37 °C and 5% CO..

2.2.6 In vitro Drug Treatment

mPCNs were cultured in culture medium for a 4 days cell differentiation period in 6-or
12 well-plates and treated with epigenetic compounds or vehicle controls, DMSO or

H20, diluted in culture medium for 24 or 72 hours.

2.2.7 Total RNA Isolation

Total RNA extraction from brain tissue was performed with TRIzol reagent as
recommended by Invitrogen Life Technologies. Brain tissue was stored at -80° C and
in RNAlater, respectively, and the isolation was carried out using TRIzol, chloroform,
isopropanol and 70% ethanol. The isolated RNA was eluted in elution buffer of the
Agilent RNA nanoprep kit. All RNA isolation steps were performed under a hood and
only sterile pipettes, tips, tubes, pedestals, etc. were used. First, 1 ml of TRIzol was
added to the frozen tissue, followed by homogenous suspension using a mortarand
incubation for 5 min at RT. After the addition of 200 ul of chloroform, the solution was

vigorously shaken until it turned pink to milky and then incubated at RT for 2 min. The
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suspension was centrifuged at 12,000 rpm and 4° C for 15 min to effect phase
separation. The upper, colorless aqueous phase of the centrifuged sample was
transferred into initially charged ice-cold isopropanol in fresh reaction tubes. The
mixture was gently mixed and incubated at RT for 10 min. This was followed by
another centrifugation at 12,000 rpm and 4 ° C. for 15 min. The supernatant was
discarded, the precipitate washed with 1 ml of 70% ethanol and then centrifuged at
12,000 rpm and 4° C. for 5 min. This washing was repeated and subsequently the
precipitate was air-dried until it appeared glassy. The precipitate was then dissolved
in 50-100 pl elution buffer (Agilent RNA nanoprep kit) and the RNA samples
immediately stored on ice. The long-term storage of the RNA samples was carried
out at -80 ° C. The High Pure RNA Tissue Kit (Roche) and High Pure RNA Isolation
Kit (Roche) were used to extract total RNA from small tissue and cell samples using
spin columns. The purity, quantity and integrity of the RNA were measured with a

NanoDrop 1000 spectrophotometer and an Agilent 2100 Bioanalyzer.

2.2.8 Reverse Transcription and cDNA-Synthesis

The cDNA samples were synthesized from 200-1000 ng total RNA using the
PrimeScript™ RT Master Mix cDNA (Takara) as recommended by the manufacturer.
Each cDNA sample was stored with a final volume of 10 ul or 20 ul at -20°C. The

working concentration for RT-qPCR amplification experiments was 5-10 ng/ ul.

2.2.9 Real-Time Quantitative PCR (RT-qPCR)

The principle of gPCR is based on that of conventional standard PCR. Furthermore,
quantification is done during amplification with very high sensitivity and high linearity.
A fluorescence reporter molecule is used, here SYBR Green |, which intercalates into
the small groove of the DNA with each cycle, leading to an increase in fluorescence,
which can be detected via a CCD (Charge-Coupled Device) sensor. The
fluorescence increases in proportion to the amplified amount of DNA. When the

amplification reaches the exponential phase, the amplicon-specific Ct (threshold
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cycle) is determined. After completion of the PCR, a melting curve analysis is
performed to check for possible non-specific PCR products and contaminations

based on the specific melting temperature of each amplicon.

Quantitative real-time PCR (gqRT-PCR) was carried out using SYBR® Premix Ex
Tag™ Il (Tli RNaseH Plus) and 10 uM primers (final concentration), according to the
manufacturer’s instructions. The final reaction solution per well contained of 5 pl
SYBR® Premix Ex Taq (Tli RNaseH Plus (2x)), 0,4 ul of a primer mix (10 uM forward
& 10 pM reverse primers), 2,6 yl of HPLC grade water and 2 pl of diluted template
cDNA. RT-gPCR reactions were performed on an ABI StepOnePlus™ Real-Time
PCR System using exon-exon junction primers with the following conditions: 95
°C/30 sec, 40 cycles of 95 °C/5 s, 60 °C/30 s, 72 °C/30 s. All reactions were
measured in triplicates, and median cycles to threshold (Ct) values were used for
analysis. The primers used in this study were exon-exon junctioned and are listed in
the table 2.1.5. The housekeeping genes Impa2 and Gapdh was used to normalize
against experimental genes, and relative gene expression was determined using the
2-AACT method (Livak and Schmittgen, 2001).

2.2.10 Allele-specific RT-qPCR

To quantify the relative expression of the maternally and paternally inherited allele in
(C57BL/6JxCast/Ei)F1 hybrid mice, genes were amplified in a specific manner. Two
different allele-specific forward primers were designed to bind either to the C57BL/6J
C allele or the Cast/Ei T allele of the single-nucleotide polymorphism (SNP) and used
for PCR together with a reverse primer under stringent conditions (Fig. 8). This
method enriches amplicons, whose alleic ratio is proportional to the ratio in the
starting material, regardless of the number of cycles of amplification. The analyses of
expression levels of the gene of interest were normalized with a reference gene,

resulting in relative gene quantification.
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Figure 8: Assay design and melt curve analysis for the allele-specific RT-qPCR. Allele-specific

primers bind to the strain-specific SNP at the 3"-prime end, allowing only the complementary primer to

elongate.

2.2.11 Quantification of Allele-Specific Expression by Pyrosequencing
(QUASEP)

For allele-specific expression analysis using QUASEP, the synthesized cDNA of
(C57BL/6JxCast/Ei)F1 hybrid mice was amplified in a PCR applying one non-
biotinylated forward primer: 5'-GCCTGTACCTTCACCTAC-3" and one biotinylated
reverse primer: 5-CACAACTATCGGATATGGACATGC-3". To distinguish the parental
origin of the alleles the RT-PCR products using the C/T-SNP rs225149059 (ensembl;
GRCm38.p5) the QUASEP method was used as previously described (Ruf et al.,
2007). A Kcnk9-specific pyrosequencing primer: 5-TGCCGCGGTGTTC-3" flanking
the allele-specific SNP was designed with the PyroMark Q96 ID Software 2.5.
Pyrosequencing was carried out on a PyroMark Q96 instrument (Qiagen) and results

were displayed as percentage (%) allelic expression.
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2.2.12 Pyrosequencing

Pyrosequencing is a "sequencing by synthesis" method, that allows real-time
detection of nucleotides, newly synthesized by DNA polymerase, and was initially
described in 1993 (Nyren et al., 1993). The method is routinely used in a variety of
fields, for example in genotyping, identification of microorganisms (Marsh 2007) and
analysis of DNA methylation patterns. In this work, pyrosequencing was used for
SNP analysis and is based on the detection of measurable light emission by released
pyrophosphate (PPi) during nucleotide synthesis. In a defined order of dispensation,
the four deoxynucleotide triphosphates (dNTP) are added to the DNA template primer
hybrid. If a nucleotide is successfully incorporated into the DNA strand, which is
complementary to the primer template, an equimolar amount of PPi is released. The
pyrophosphate is enzymatically converted to ATP by the ATP sulfurylase. The
presence of ATP causes the conversion of luciferin to oxyluciferin, which is processed
by the luciferase. This results in the release of a quantum of light detected by the
device's internal light-sensitive CCD (Charge-Coupled Device) sensor. The light
signal is displayed as a peak in the pyrogram. The more frequently a base occurs
consecutively in the sequence, the higher is the peak. Excess dNTPs and
unincorporated nucleotides are degraded by the apyrase. However, since dATP is a
natural substrate of luciferase, dATPalphaS is used for pyrosequencing. This is also

recognized by the DNA polymerase and incorporated into the DNA (Fig. 9).

Preparation of single-stranded PCR products with the Vacuum Prep Tool and
preparation of the pyrosequencing plate were performed using the standard protocol

recommended by Qiagen as follows:

1. The following volumes were pipetted per sample into a 96-well PCR plate:

4 ul Streptavidin-Sepharose beads (GE Healthcare, Uppsala, Sweden)
20 pl binding buffer (Qiagen)

22 ul of PCR product
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The PCR plate was sealed with an adhesive seal (ThermoScientific) and vortexed for
5 min at 1400 min-".

2. 1.6 pl sequencing primer (10 uM) and 38.4 pl annealing buffer (Qiagen) were

pipetted into a pyrosequencing plate.

3. The sample mixture was aspirated with the PyroMark Vacuum Prep Table (Qiagen)
by applying a negative pressure on the PCR plate. The Streptavidin-Sepharose
beads bound to the biotin modification of the above-mentioned reverse PCR primers

were fixed by the filter tips of the aspirator.

4. The aspirator was then successively incubated for 5 each seconds first in 70%
ethanol and then in denaturation buffer (0.2 M NaOH) and finally transferred in
washing buffer (10 mM Tris-acetate, 7,4 pH). The whole process was used for the

preparation and purification of a single-stranded PCR product.

5. The negative pressure was then switched off above the pyrosequencing plate and
the Sepharose beads with the single-stranded PCR product were released in the mix

of annealing buffer and sequencing primer.

6. The pyrosequencing plate was heated to 80 ° C for 2 min. This served to avoid
secondary structures of the DNA. The plate was then cooled to room temperature,

allowing binding of the sequencing primer.

7. A sequencing cartridge was filled with all four nucleotides (Qiagen) as well as
substrate and enzyme mix (Qiagen). The volumes of the components were
calculated according to the sequence to be analyzed by the Pyro Q CpG software

(Qiagen).

8. Pyrosequencing plate and cartridge were placed in the sequencer and the run
started. The evaluation was carried out by the Pyro Q CpG software (Qiagen). The
DNA samples were previously prepared for sequencing using the PyroGold SQA
reagents (Qiagen, Hilden, Germany). The quality of a sequence is also influenced by
analysis parameters such as sufficient signal amplitude and peak width and indicated
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by the software using color-coded quality levels.
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Figure 9: The principle of pyrosequencing. The biochemical reactions and enzyme cascades
necessary for the generation of a flash of light. When incorporating a nucleotide into the single-
stranded DNA, pyrophosphate is released. The free PPi is converted to ATP by the sulfurylase. The
ATP is used by the luciferase as a substrate to generate a flash of light, which is detected by a
camera. dNTP: deoxynucleoside triphosphate; dNDP: deoxynucleoside diphosphate; dNMP:
deoxynucleoside monophosphate, PPi: pyrophosphate; APS: adenosine 5-phosphosulphate (Source:

http://www.clinchem.org).

2.2.13 DNA Extraction

The NucleoSpin® Mini Tissue Kit (Macherey-Nagel) was used to extract DNA from
brain tissue and ear biopsies for genotyping. The extraction was carried out
according to the manufacturer's instructions (standard protocol for human or animal

tissue and cultured cells). The DNA was then eluted in 30 pl elution buffer.
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2.2.14 Bisulfite Treatment of Genomic DNA

The principle of bisulfite treatment is based on the fact that unmethylated cytosines
are converted to uracil during deamination with sodium bisulfite (NaHSO3) (Frommer
et al., 1992). The method consists of four basic chemical steps: denaturation,

hydrolytic deamination, sulfonation and alkali desulfonation.

The 5,6-double bond of cytosine binds the bisulfite ion, creating an intermediate that
is converted by deamination into sulfonated uracil. Under basic reaction conditions,
the sulfone group is split off and uracil is formed (Fig. 10). In the following PCR uracil
is amplified as thymidine. Unlike cytosine, 5'-methylcytosine is insensitive to the
above processes. This process enables the differentiation between methylated and

unmethylated cytosines.

Approximately 500 ng DNA was subjected to sodium bisulphite treatment and purified
using the EZ DNA Methylation Direct™ kit (Zymo Research, Irvine CA, USA), which
provides a 99.5% cytosine conversion rate, with a recovery rate of more than 80% of
the original DNA, according to the manufacturer. All steps were carried out according

to the manufacturer's instructions.
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Figure 10: Bisulfite conversion of cytosine to uracil.
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2.2.15 DNA-Methylation Analysis

PCR amplification of bisulfite-treated DNA was performed with 1 pg bisulphite-
converted DNA and specific primers in 42 cycles. Two CpG-rich regions, Peg13-
DMR1 and Peg13-DMR2, known to be involved in transcriptional regulation of the
mouse Kcnk9 gene were amplified. The pyrosequencing was carried out on the

PyroMark Q96 instrument (Qiagen).

The generated pyrosequencing data was analyzed and evaluated with the Pyro Q-
CpG 1.0.9 Software. See 2.2.12 for further details on pyrosequencing. The percent
methylation status, (ratio mC / (mC + C)), is calculated and reported for each CpG
dinucleotide by the Pyro Q-CpG software (Qiagen, Hilden, Germany). For quality
control, a bisulfite control (unmethylated cytosine not followed by a guanine) is

incorporated to verify complete conversion of the DNA.

2.2.16 Chromatin Immunoprecipitation (ChiP)

Chromatin immunoprecipitation (ChlP) is a technique to investigate protein-DNA
interactions and understand transcriptional regulation. ChIP experiments were
performed as described in Akhtar et al. (2018) with minor modifications for brain
tissue processing (Akhtar et al., 2018). Briefly, brain tissues were dissected in cold
PBS and homogenized with a pestle. Following dissection, tissues were fixed with
1% formaldehyde in PBS for 10 minutes at room temperature, followed by quenching
of the fix with 125 mM glycine for 5 minutes. Fixed cells were resuspended in 140
mM RIPA (10 mM Tris-Cl pH 8.0, 140 mM NacCl, 0.1 mM EDTA pH8.0, 1% Triton X-
100, and 0.1% SDS) and subjected to 18 cycles of sonication on Bioruptor Pico
(Diagnode), with 30 Secs “ON”/ “OFF” at high settings. After sonication, samples
were centrifuged at 14,000 g for 10 minutes at 4°C and supernatant was transferred
to a fresh tube. The extracts were incubated overnight with 1.5 pg of a specific
H3K27ac (Abcam) or IgG control (Diagnode) antibody at 4°C with head-over tail

rotations. After overnight incubations, 20 pl of blocked Protein A and G Dynabeads
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(Diagnode) were added to the tubes and further incubated for 3 hours to capture the
antibodies. Bead separation was carried out using a magnetic rack and was washed
as following; once with 140 mM RIPA (10 mM Tris-Cl pH 8.0, 140 mM NacCl, 0.1 mM
EDTA pH8.0, 1% Triton X-100, and 0.1% SDS), four times with 250 mM RIPA (10mM
Tris-Cl pH 8.0, 250 mM NacCl, 0.1 mM EDTA pH8.0, 1% Triton X-100, and 0.1% SDS)
and twice with TE buffer pH8.0 (10 mM Tris-Cl pH 8.0 and 0.1 mM EDTA pH8.0). For
reversal of cross-linking, samples were RNase-treated (NEB) and subjected to
Proteinase K treatment for 12 hours at 37°C and at least 6 hours at 65°C after
immunoprecipitation. After proteinase K treatment, the DNA was extracted using the
phenol chloroform method. After precipitating and pelleting, DNA was dissolved in 30
Ml of TE buffer pH 8. The real-time PCR was performed using SYBR Green chemistry
(ABI) on the ABI StepOnePlus™ Real-Time PCR System. The input and chromatin-
immunoprecipitated material were processed identically across the samples. The low
amount chromatin immunoprecipitation was performed according to the pre-print of

Akhtar et al. (2018) and will be described in details elsewhere.

2.2.17 Primer- and Assay Design

The primers used for QUASEP were generated using Biotage's "PyroMark Assay
Design" software (Version 2.0.1.15). For bisulphite pyrosequencing PCR primers for
the Peg13-DMR1 and Peg13-DMR2 (located from +195 to + 833 bp relative to the 5°
end of the Peg13 transcript) and the sequencing primer were designed using the
Pyrosequencing Assay Design Software (Qiagen). All additional primers were
designed using the online tool “Primer-BLAST” (National Center for Biotechnology
Information). In order to check the specificity of primer binding, electronic PCR
(genome-wide primer BLAST search) with the generated primers was performed
using the online PCR program "BiSearch". The primer stocks (100 mM, Sigma) were
dissolved in HPLC water and the working solution adjusted to a final concentration of
10 mM with HPLC water.
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2.2.18 Behavioral Analysis of Kcnk9 Knockout and WT Mice

Littermate WT and conditional Kcnk9 KO mice were tested in 4-8 cohorts of mice,
with testing beginning at 8-10 weeks of age. All experimenters were blinded to
genotype of the mice throughout the studies and the analysis of their behaviors.
Immediately after the behavioral tests, animals were sacrificed and whole brains
were rapidly removed and incubated in RNAlater for subsequent expression analysis.
Male mice were used to minimize variability in behavior, as females can be more

variated by the oestrus cycle.

2.2.18.1 Acoustic Startle Response

The test was performed in sound-attenuating isolation cabinets (Med Associates, St.
Albans, VT, USA) as described previously (Radyushkin et al, 2010). Mice were
placed in small metal cages (90 x 40 x 40 mm) to restrict exploratory behavior. The
cages were equipped with a movable platform floor connected to a sensor to detect

vertical movements.

The mice were subjected to broadband acoustic startle tones from a high-frequency
speaker mounted in a light- and sound-attenuating experimental chamber. Animals
were habituated in the startle chamber with a 60dB background white noise for
5 min. A startling reaction is triggered by a randomized acoustic stimulus ranging
from 60 to 120 dB from a loudspeaker. Over the duration of the experimental period
(30 min), 60 acoustic stimuli of varying intensity are used. Immediately after each
startle tone presentation, the startle amplitude was measured and recorded. Based
on the data obtained the startle reaction is calculated and scaled in arbitrary units.

2.2.18.2 Pre-Pulse Inhibition

The arrangement of the experimental equipment is identical to the acoustic startle
response setup (Fig. 11), as described previously (Radyushkin et al, 2010). Mice

were exposed to an acoustic stimulus delivered from a loudspeaker which was

49



2. Material und Methods

connected to an acoustic generator. The startle reaction to an acoustic stimulus,
which evokes a movement of the platform and a transient force resulting from this
movement of the platform, was recorded with a computer during a recording window
of 260 milliseconds (beginning with the onset of pre-pulse) and stored for further
evaluation. An experimental session consisted of a 3-min habituation to 65 dB
background white noise (continuous throughout the session), followed by a baseline
recording for 1 min at background noise. In the first trial, mice were exposed to 10
presentations of a 120 dB pulse intensity and 40 milliseconds duration in order to
decrease the influence of within-session habituation. For tests of pre-pulse inhibition,
the 120 dB/40 milliseconds startle pulse was applied either alone or applied by a pre-
pulse stimulus of 70, 75 or 80 dB intensity and 20 milliseconds duration.10 trials of
each kind were applied in a pseudorandom order with variable inter-trial interval
ranging from 10 to 19 seconds. Amplitudes of the startle response (expressed in
arbitrary units) were averaged for each individual animal, separately for each type of
trials. Pre-pulse inhibition was calculated as the percentage of the startle response
using the following formula: PPI (%) = 100 — [(startle amplitude after pre-pulse and

pulse / startle amplitude after pulse only) x 100] (Radyushkin et al, 2010).

Startle stimulus trial Pre-pulse inhibition trial
Pulse Pulse
120 db, 40 ms 120 db, 40 ms
22
3 '@ | Acoustic 100
€ o [Stimulation ot
= = Pre-pulse
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T
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rE Startle a
8 21 Reaction A
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—~ _\/ v
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Figure 11: Pre-pulse Inhibition. Stimulus intensity and startle amplitude in the corresponding timeline
of the PPI reaction. PPI (%) =100- (b (startle amplitude after pre-pulse & pulse) / a (startle amplitude
after pulse only) x100) (left). Sound-attenuating isolation cabinets (Med Associates, St. Albans, VT,

USA) in which recordings took place (right). 4
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2.2.18.3 Circadian Rhythm

Mice were individually placed in transparent polypropylene cages (38 x 22 x 15 cm)
with standard beddings. Food and water were available and accessible at all times.
The cages were placed in a sound-prove room under dimed light during the light
phase and under infrared LED lights during the dark cycle. The horizontal locomotor
activity of the mice was recorded in the light and in the dark phase using a video
tracking software (EthovisionXT, Noldus software). The circadian rhythm activity was
measured after 48 hours acclimatization for 24 hours and analysed with
EthovisionXT, Noldus software. The results show the distance travelled (in cm) in the

light and in the dark phase.

2.2.18.4 Spontaneous Alternation

Spatial working memory was assessed in a Y-maze test as described previously
(Radyushkin et al., 2005). During a 10-min session in a Y-maze the spontaneous
alternation behavior was recorded. The spontaneous alternation test is based on
willingness of rodents to explore new environments, therefore to enter the arm of a Y-
maze that had not been recently explored, i.e. the arm that was not entered in the
previous choice. Mice were placed in a grey plexiglass Y-maze in a sound prove
room. Each maze consisted of three arms. Each arm was 40 cm long, 20 cm high
and 10 cm wide, and the arms converged to an equilateral triangular central area.
Each mouse was placed at the end of the start arm, in which the mouse starts to
explore and move freely through the maze during the 10-min session. The series and
order of arm entries was observed manually and considered to be completed when
the hind paws of the mouse had completely entered into the arm. Transitions
between arms were scored as either correct or incorrect alternations by the observer.
Healthy animals (controls) show a high change rate. This shows that the animal can
remember which arm was last entered. The percentage of alternation was calculated
as the ratio of actual to possible alternations multiplied by 100%. Each of the arms of

the Y maze was cleaned with 70% ethanol solution between trials.
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2.2.18.5 Rotarod

The rotarod test examines motor function, balance and coordination and was
developed specifically for the automated measurement of neurological deficits in
rodents. The Rotarod (Ugo Basile, Comerio, Varese, ltaly) consists of a rotating
horizontal drum, with partitions to separate several mice that are being tested
simultaneously, which was accelerated from 4 to 40 r.p.m. over 5 min. Mice were
placed individually on the drum and the latency of falling off the drum was recorded
using a stop-watch. Mice were habituated on day 1 to the Rotarod apparatus,

followed by 1 day of testing.

2.2.19 Statistical Analysis

All analyses were performed using Prism 7 (Graphpad Software, San Diego, CA).
Assumptions concerning normal distribution were applied (Kolmogorov-Smirnov test)
before statistical analyses were implemented. For animal studies and RT-gPCR
expression analysis, data were compared using a one-way ANOVA and 2-way
ANOVA with and without repeated measures by multiple comparisons followed by
Tukey’s or Bonferroni’s multiple comparison post hoc test. The numbers of
biologically independent experiments, sample size, statistical results and ages of the
animals are all indicated in the main text or figure legends. Values were only
excluded if they were identified as outliers based on a Grubbs’ test. Unless stated
otherwise, the data given in figures and text are expressed as mean £+ SEM. P < 0.05

was considered to be statistically significant.
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3. Results

3.1 Deletion of Kcnk9 leads to Impaired Behavior

To assess behavioral deficits along the BBIDS phenotype in Kcnk9KO mice, we
performed in vivo experiments in adult wild-type (WT) as well as mice with a deletion
of Kcnk9 exon 2 on both alleles (Kcnk9KO™™) or only the maternal allele
(Kenk9KO™a), encoding pore domains P1 and P2, transmembrane domains M2 to
M4 and the cytoplasmic C-terminus, as previously described (Guyon et al., 2009).
Following the strictly monoallelic expression pattern of Kcnk9 in mouse brain (<1%
paternal expression) (Ruf et al., 2007), we expected largely concordant phenotypes
in Kenk9KO"™ and Kenk9KO™2at mice, respectively.

3.1.1 Y-maze Test

Based on the description of intellectual disability in BBIDS patients, we first examined
whether working memory was affected in Kecnk9KO mice. Spontaneous alternation
relies on the natural tendency of rodents to explore a novel environment and can be
measured in a Y-maze test. The ability to remember the immediately preceding
choice is considered an indicator for active working memory. In the Y-maze,
spontaneous alternation was defined as consecutive entries into all three arms
without revisiting an arm. The average percentage of spontaneous alternation made
by Kcnk9KOMM, Kcnk9KO™at and WT mice across a 10-minute trial was analyzed
and revealed a significant reduction of spontaneous alternation by about 10% in
Kcnk9KOM™ and Kcnk9KO™a mice compared to WT littermates (Table 9, Fig. 12).
There was no significant difference between Kcnk9KOM™ and Kenk9KO™3at mice (Fig.
12, Table 9). Our findings indicate an impaired working memory in Kcnk9KO"™ and
Kcnk9KO™a mice, which is consistent with previously reported observations in
Kcnk9KO™ mice (Linden et al., 2007).
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Figure 12: Y-maze results. Y-maze percentage alternation analysis of WT (n=23), Kcnk9KOmat

(n=27) and Kcnk9KOMm (n=45) mice. A spontaneous alternation was defined as consecutive entries

into all three arms without revisiting an arm. Kcnk9KO mice display a significant decrease in
percentage alteration compared to WT mice. One-way ANOVA: F (2, 91) = 7.261, P=0.0012; followed
by Bonferroni's multiple comparison post hoc test, *P<0.05, **P<0.01.

Table 9: Y-Maze

F P
Mean * SEM | Genotype | N | Statistics Post hoc | Adjusted p-values
value | value
64.31 £ 1.619 WT 23
Bonferroni's
F (2, ) **P<(0.01
56.62 + 1.438 Kcenk9KO™t | 27 |  One way multiple
91)= | P=0.0012 ] (WT vs. Kcnk9KO™!)
ANOVA comparisons
7.261 *P<0.05
59.02 £ 1.020 Kcnk9KOM™ | 44 test
(WT vs. Kenk9KQOM™ )
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3.1.2 Rotarod

In the second behavioral motor coordination of WT, Kcnk9KO™at and

Kcnk9KOM™ mice was analyzed in the light of congenital central hypotonia described

test,

in BBIDS patients. No differences in the latency to fall on the rotarod were seen
between all genotypes indicating that knockout of Kcnk9 in the mouse does not affect

motor coordination (Fig. 13, Table 10).
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Figure 13: Latency to fall in Rotarod test. WT (n=15), Kcnk9KO™at (n=12) and Kcnk9KQrm (n=31)
mice show no significant differences in latency to fall. Values are means + SEM.

Table 10: Rotarod test

Mean * SEM | Genotype N |Statistics| F value | P value
240.5 +14.59 WT 15
One way F (2, 55) =
mat =
237.6 £15.72 | Kcnk9KO 12 ANOVA 001168 | P =0-9884
2404 £10.49 | Kcnk9KO™™ | 31
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3.1.3 Pre-Pulse Inhibition

Sensory filtering was evaluated using the well-established paradigm of pre-pulse
inhibition (PPI), which is the reduction of the startle reflex by implementation of a
weak intensity pre-pulse immediately before the startle stimulus. PPI is reduced in a
number of neuropsychiatric disorders including schizophrenia, obsessive-compulsive
disorder, Tourette's syndrome and autism (Kohl et al., 2013). The test was performed
in sound-attenuating isolation cabinets (Med Associates, St. Albans, VT, USA) as
described previously (Radyushkin et al., 2010). Kcnk9 mutant mice exhibited a
significant decrease of PPI ranging from 15-22% for 70 dB, 16-18% for 75 dB to 11-
17% for 80 dB compared to age- and sex-matched control mice. There was no
significant difference between Kcnk9KO"™ and Kcnk9KO™2 mice (Fig. 14, Table 11).
Taken together the data indicates a disturbed sensorimotor gating of Kcnk9KO™at and

Kenk9KOM™ mice at 8 weeks of age.
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Figure 14: Pre-pulse inhibition (PPl). Graph depicts pre-pulse inhibition (PPI) percentage for WT
(n=20), Kcnk9KO™at (n=27) and Kcnk9KO"m (n=44) mice at three different pre-pulse intensities (70,
75, and 80dB). Kcnk9KO mice exhibit a significantly decreased PPI compared to WT littermates.
Repeated measures 2-way ANOVA: Interaction: F (4, 176) = 0.3321, P = 0.8561; Pre-pulse intensity: F
(2, 176) = 102.0, P < 0.0001; Genotype: F (2, 88) = 7.757, P = 0.0008; followed by Bonferroni's

multiple comparison post hoc test, *P<0.05, ***P<0.001. Values are means + SEM.
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Table 11: Pre-pulse inhibition (PPI)

Adjusted p-
Mean * SEM Genotype N | Statistics Interaction F value | P value Post hoc |
values
70
45132
dB
2.908 F @4,
75 P=
52.900 WT 20 Interaction 176) =
dB 0.8561
2.272 0.3321
80
60.404
dB
1.996
38.231
Bonferroni's
1.913 RM 2-
70dB F (2, multiple *P<0.05
44.364 £ way- Pre-pulse P <
75dB Kcnk9kKO™a | 27 ) . 176) = comparisons (WT vs.
2.014 ANOVA intensity 0.0001
80dB 102.0 test Kcnk9KO™at )
53.913 =
1.811
35.460 + o t F (2, 88) p=
1676 enotype _
70dB =7.757 | 0.0008 P20, 001
43.285 +
75dB 1807 KenkoKoP 44 F (88 (WT vs.
. ch om . s
80dB Subjects 176) = P < Kenkakorom )
50.213 £ (matching) 0.0001
1623 5.524

3.1.4 Acoustic Startle Response

Subsequently, mice were analyzed in an acoustic startle response (ASR) test.
Acoustic startle response (ASR) is affected in a diverse spectrum of neuropsychiatric
phenotypes including ADHD, a key feature in BBIDS. Analysis of the ASR showed
that the startle response amplitude across all pulse-intensities (dBs) was significantly
decreased in both Kcnk9KOM™ and Kcnk9KO™at animals compared to WT littermates
(Fig. 15, Table 12). Surprisingly, however, the post hoc test for multiple comparisons
revealed a significant difference of ASR not only between both Kcnk9KO genotypes
and WT animals, but also between Kcnk9KO™a and WT animals on one hand and
Kenk9KO™at and Kcnk9KOM™ animals on the other. This finding suggests an
intermediate phenotype in the Kcnk9KO™a mice with the Kecnk9KOM™ animals being

significantly more severely affected than the Kcnk9KO™at animals.
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Figure 15: Acoustic startle response (ASR). ASR of WT (n=42), Kcnk9KO™a (n=48) and
Kcnk9KOMm (n=42) mice. The repeated measure two-way ANOVA showed a significant effect of
genotype (F (2, 129) = 12.94, P < 0.0001), interaction (F (36, 2322) = 9.24, P < 0.0001) and dB (F (18,
2322) = 584.9, P < 0.0001). The genotype effect was corrected with the Bonferroni's multiple
comparison post hoc test, *P<0.05, ****P<0.0001. Values are means + SEM.

Table 12: Acoustic Startle Response

Mean % L Adjusted p-
Genotype | N | Statistics | F value | F value | P value | Post hoc
SEM values
*P<0.05
563,22 + _ F (36, 2322) P<
WT 42 Interaction (WT vs.
25,41 =9.24 0.0001
Kcnk9KO™at )
o *P<0.05
483,11 % . F (18, 2322) P< Bonferroni's L
’ ) . hom
ANOVA comparisons | Kcnk9KO™™)
Genotype F (@ 129)= P< test
****P<0.0001
402,07 + 12.94 0.0001
Kcnk9KQM™ | 42 (WT vs.
25,39 Subjects | F (129, 2322) P <
Kcnk9KO™™)
(matching) =16.48 0.0001

58



3. Results

3.1.5 Circadian Rhythm

Circadian rhythms in mammals are endogenously coordinated rhythms that have a
period length of about 24 hours (Reppert and Weaver, 2002). KCNK9 channels
contribute to the activity of neurons in brain regions associated with the regulation of
the circadian rhythm and arousal (Gotter et al., 2011; Linden et al., 2007; Meuth et
al., 2003; Pang et al., 2009). Activity pattern analysis during light and dark phase
resembling day and night was performed. A significantly increased locomotor activity
during the dark phase was found in Kcnk9KOM™ and Kcnk9KO™2t mice compared to
WT controls, describing an exaggerated nocturnal activity in Kecnk9KO animals (Fig.
16, Table 13), which is in consensus with previous observations (Linden et al., 2007).
Surprisingly, an intermediate phenotype in the dark phase activity pattern was seen in
the Kcnk9KO™at animals with statistically significant differences to both, WT and
Kcnk9KOM™ animals. No significant differences between genotypes were observed in

the total locomotor activity during the light phase.
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Figure 16: Total locomotor activity. Distance travelled in the home cage in light (12h)/ dark (12h)
phase. The left section shows the distance travelled in the light phase of WT (n=13), Kcnk9KO™at (n=8)
and Kcnk9KOMm (n=6) mice. One-way ANOVA: F (2, 24) = 0.6183, P = 0.5472. The right section
depicts the nocturnal activity of WT (n=17), Kcnk9KO™at (n=11) and Kcnk9KOMm (n=12) mice.

Kenk9KO™at and Kenk9KOMm mice display significantly increased nocturnal hyperactivity compared to

WT littermates with activity scores of Kcnk9KO™at mice intermediate between Kcnk9KOM™ and WT

mice. One-way ANOVA: F (2, 37) = 19.23, P < 0.0001; followed by Bonferroni's multiple comparison
post hoc test, “P<0.05, **P<0.01, ****P<0.0001. Values are means + SEM.

Table 13: Circadian Rhythm

Adjusted p-
Phase Mean * SEM Genotype N | Statistics | F value | P value Post hoc
values
26601,97 +
WT 13
4029.135
31630.828 + Kenkoko™ | 8
cn m =
Light 4255.746 one way | F (2, 24) P N,
ANOVA | =0.6183 | 0.5472
33267.280 £
Kcnk9KO™™ | 6
5559.225
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*P<0.05
39619.945 +
WT 17 (WT vs.
2350.092
Kcnk9KO™at)
Bonferroni's ****P<0.0001
49223.234 +
9223.23 Kenk9KO™ | 11 | one way | F (2, 37) P< multiple (WTvs.
Dark 2790.957 i
ANOVA | =19.23 0.0001 | comparisons Kcnk9KQMom)
test
**P<0.01
62616.870 +
Kenk9KOM™ | 12 (Kcnk9KO™t vs.
3039.967
Kcnk9KQMom)

Together, these data demonstrate that the loss of Kcnk9 in mice results in the
impairment of several behavioral parameters that resembles parts of the BBIDS
phenotype. Interestingly, intermediate phenotypes for acoustic startle response and
nocturnal locomotor activity was found in animals with a loss of only the actively
expressed maternal allele (Kcnk9KO™a!) suggesting the involvement of the silenced

paternal allele.

3.2 Non-canonical Imprinting of Kcnk9 in the Mouse Brain

In human and mouse brain, KCNK9/Kcnk9 was reported to be monoallelically
expressed from the maternal allele while the paternal allele is silenced (Court et al.,
2014; Ruf et al., 2007). To elucidate if the intermediate phenotype of Kcnk9KOmat
animals is due to residual expression from the paternal allele, we thoroughly
analyzed the parent-of-origin allele-specific expression pattern of Kcnk9 in different
brain regions using the previously described QUASEP method (Ruf et al., 2007).
QUASEP allows pyrosequencing-based parental allele-specific detection of Kcnk9
transcripts through heterozygous, transcribed single nucleotide polymorphisms
(SNPs) in brain regions of F1 hybrid animals from crosses between C57BL/6 (B6)
and Mus musculus castaneus (Cast/Ei) mouse strains [(C57BL/6xCast/Ei)F1]. As

expected, we observed predominant expression of the maternal Kcnk9 allele in all
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analyzed brain regions (Fig. 17, Table 14). However, we also detected significant
expression from the repressed paternal allele, which represented 1-14% of all
transcripts depending on the brain region analyzed. Highest paternal expression was
observed in the locus coeruleus (LC) (Fig. 17, Table 14). The high paternal
expression of Kcnk9 in the LC could also be confirmed by the analysis of WT and
Kcnk9KO™at mice with a C57BL/6J background using RT-gPCR expression analysis
of the LC (Fig. 18c).
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Figure 17: Non-canonical Kcnk9 imprinting in (C57BL/6xCast/Ei)F1 hybrid mice Quantification of
Allele-Specific Expression by Pyrosequencing (QUASEP) of several brain regions from
(C57BL/6xCast/Ei)F1 hybrid mice; maternal allele (pink) and paternal allele (violet). Cerebellum n=14,
pons n=10, olfactory bulb n=12, cortex n=14, hippocampus n=14, hypothalamus n=9, striatum n=5,
midbrain n=5, medulla n=5 and locus coeruleus n=4. Lower left graph depicts the assay design and
position of primers (turquoise) flanking the C/T-SNP in exon 1 for the maternal (pink) and paternal

(violet) Kcnk9 allele.
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Table 14: QUASEP of several brain regions from (C57BL/6xCast/Ei)F1 hybrid mice

Maternal transcripts | Paternal transcripts

in % in % Region N
96,1 * 0,2 3,9 + 0,2 Cerebellum 14
99,2 + 0,3 0,9 + 0,3 Pons 10
96,2 t 1,5 3,8 + 1,5 Olfactory bulb 12
93,2 + 0,3 6,8 + 0,3 Cortex 14
99,5 * 0,2 0,5 + 0,2 Hippocampus 14
98,4 + 0,4 1,6 + 0,4 Hypothalamus 9
95,3 * 0,4 4,7 t 0,4 Striatum 5
99,1 * 0,4 0,9 t 0,4 Midbrain 5
98,4 + 0,4 1,6 + 04 Medulla 5
86,5 t 1,8 13,5 + 1,8 | Locus coeruleus| 4

Accuracy of the LC tissue collection was validated, by performing tyrosine
hydroxylase expression analyses and comparing the expression levels to those of
WT cerebellum and hippocampus samples. Tyrosine hydroxylase, which serves as a
norepinephrine marker, was expressed ~400 fold higher compared to hippocampus

samples, indicating a precise tissue dissection of the LC (Fig. 18a).
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Figure 18: Locus coeruleus expression analysis. (a) Tyrosine hydroxylase (TH) RT-gPCR
expression analysis. The TH expression was highly increased in Locus coeruleus (LC) compared to
hippocampus and cerebellum samples of WT mice. TH serves as a norepinephrine marker. (b)
Coronal brain slice of an adult mouse; red arrows indicate tissue excision position of LC (top)
Schematic coronal brain slice of adult mouse, bregma -5.34mm, interaural -1.54 mm (Franklin, 1997),
LC is depicted in red (bottom) (c) Kcnk9 RT-gPCR expression analysis in LC samples of WT and

Kcenk9KO™at mice in comparison.

In addition, the relative expression levels of Kcnk9 between different brain regions
were compared. A high paternal expression was detected in the cortex and
cerebellum followed by midbrain, hypothalamus, olfactory bulb, hippocampus, pons,
striatum and medulla oblongata, respectively (Fig. 19a). Furthermore,
(Kenk9KQOMmxCast/Ei)F1 animals carrying only a maternal Kcnk9 deletion
(Kenk9KO™2) displayed paternal Kcnk9 expression further increased compared to
that of (C57BL/6xCast/Ei)F1 WT animals in several brain areas suggesting a
regulatory feedback-loop between maternal and paternal Kcnk9 expression (Fig. 19b,
Table 15).
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Figure 19: Paternal Kcnk9 expression in several brain regions of (C57BL/6xCast/Ei)F1 hybrid

mice and up-regulation of paternal Kcnk9 expression in Kcnk9KO™{(C57BL/6xCast/Ei)F1

hybrid mice (a) Relative mRNA expression of the paternal Kcnk9 allele in cerebellum (n=6), pons

(n=3), olfactory bulb (n=4), cortex (n=6), hippocampus (n=6), hypothalamus (n=6), striatum (n=2),

midbrain (n=4) and medulla (n=3) (b) Allele-specific RT-qPCR results. Relative mRNA expression of

the paternal Kcnk9 allele in cerebellum, cortex, pons, olfactory bulb and hypothalamus of WT
(C57BL/6xCast/Ei)F1 (n=5-6) and Kcnk9KOMa{(C57BL/6xCast/Ei)F1 (n=4-7) mice. Paternal Kcnk9
expression is increased in Kcnk9KO™at compared to WT mice. A significant increase was observed in
the cerebellum (P=0,0173, Mann-Whitney U test). OB = olfactory bulb. Values are means + SEM.

Table 15: Paternal expression of Kcnk9 in several brain regions

Mean * SEM Genotype Region N Statistics P value

1,00 + 0,34 (C57BL/6xCast/Ei)F1 5

Kcnk9KOmat Cerebellum P=0,0173
462+ 128 (C57BL/6xCast/Ei)F1 6
1,00 + 0,19 (C57BL/6xCast/Ei)F1 5

Kcnk9KOmat Cortex P=0.1596
202 £ 054 o57p| iexCast/Ei)F1 4
1,00 + 0,28 (C57BL/6xCast/Ei)F1 6 Mann-

Kcnk9KOmat Pons Whitney | P=0,2308
274+ 096 (C57BL/6xCast/Ei)F1 / u
1,00 + 0,26 (C57BL/6xCast/Ei)F1 5

Kcnk9KOmat Olfactory bulb P=0.5000
093 + 018 (C57BL/6xCast/Ei)F1 3
1,00 + 0,76 (C57BL/6xCast/Ei)F1 4

Kcnk9KOmat Hypothalamus P=0.2286
149+ 100 (57| gxCast/EiF1 3
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These data demonstrate a brain region-specific relaxation of the imprint on the
paternal Kcnk9 allele with a peak in the LC, which represents a possible modifying

mechanism of the phenotype in Kcnk9KO™2 animals.

3.3 Identification of Epigenetic Modulators Activating the Paternally Repressed
Kcnk9 Allele

The paternally inherited Kcnk9/KCNKJ allele is epigenetically silenced yet structurally
unimpaired. Our behavioral and gene expression experiments suggest a contribution
of paternally expressed Kcnk9 to the intermediate phenotype of the Kcnk9KO™2 mice
and the possibility of up-regulation of the paternal allele in the case of loss of the
maternal allele. We therefore speculated that exogenous application of epigenetic
modulators may alter the structure at the Kcnk9 promoter region and result in further
derepression of the paternal Kcnk9 allele. We hypothesized that this could possibly
fully compensate the loss of the maternal allele and rescue the BBIDS-like phenotype
of Kenk9KO™at mice.

To investigate the paternally derived Kcnk9 transcript levels after epigenetic drug
treatment, we isolated E14 mouse primary cortical neurons (mPCNs) of WT and
Kcnk9KO™at animals from crosses between WT males and Kecnk9KOM™ females (Fig.
20). We then chose six different compounds representing diverse classes of
epigenetic modulators for treatment: the histone methyltransferase EZH2 inhibitor 3-
deazaneplanocin A (DZNep), the DNA methyltransferase inhibitor Zebularine, the
histone acetyltransferase p300/CBP inhibitor C646, and the histone deacetylase
inhibitors (HDACI) Vorinostat (SAHA), Valproic acid (VPA) and Tacedinaline (CI-994)
(Table 16).
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Table 16: Epigenetic modulators used for treatment of mPCNs with enzymatic activities
inhibited by them

Drug Inhibition
C646 histone acetyltransferase p300/CBP inhibitor
Tacedinaline Cl-994 histone deacetylase
3-deazaneplanocin A (Dznep) histone methyltransferase EZH2 inhibitor
Vorinostat (SAHA) histone deacetylase
Valproic acid (VPA) histone deacetylase
Zebularine DNA methyltransferase
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Figure 20: Identification of epigenetic modulators that up-regulate paternal Kcnk9 expression
in murine primary cortical neurons (mPCNs). Workflow of mPCN isolation, drug treatment and RT-
gPCR analysis (left). Significant up-regulation of paternal allele-derived Kcnk9 mRNA in DZnep-,
SAHA-, VPA- and CI-994-treated E14 Kcnk9KO™at mPCNs compared to DMSO-treated Kcnk9KQmat
mPCNs detected by RT-qPCR (3 day treatment, normalization to Impa2, DMSO n=7 cultures/group,
DZnep (20 yM) SAHA (30 uM), VPA (5 mM) and CI-994 (40 uM) n=3 cultures/group) (right). One-way
ANOVA: F (5, 22) = 75.51, P < 0.0001; followed by Bonferroni's multiple comparison post hoc test to
Kenk9KO™at DMSO control, ****P<0.0001. Values are means + SEM.
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Murine PCNs were treated for three days with the epigenetic modifiers and Kcnk9

expression was analyzed by quantitative reverse transcription PCR (RT-qPCR).
Murine PCNs treated with DZNep (20 uM), SAHA (30 uM), VPA (5 mM) and CI-994
(40 pM) exhibited a significantly increased paternal Kcnk9 expression (RT—qPCR)
compared to Kcnk9KO™a mPCNs treated with dimethyl sulfoxide (DMSO) (control
vehicle) (Fig. 20, Table 17). By contrast, treatment with the compounds Zebularine
and C646 did not show any altered Kcnk9 expression in Kcnk9KO™a mPCNs

compared to control conditions (Fig. 21, Table 18).

Table 17: Treatment of cortical neurons with epigenetic drugs

Mean * SEM Drug N Statistics | F value | P value | Post hoc | Adjusted p-values
Kcnk9KO™ | Cultures
vs. DMSO
1.000 + 0.0417 DMSO 7 Bonferroni's
3.853 £ 0.3724 VPA 3 one way F (4, 14) P < multiple ****P < 0.0001
5.307 + 0.6183 DZnep 3 ANOVA =92.00 | 0.0001 |comparisons *++P < 0.0001
5.963 + 0.1874 SAHA 3 test #5p < 0.0001
6.738 + 0.2760 C1-994 3 #+P < 0.0001
1.
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Figure 21: Epigenetic drug treatments in murine primary cortical neurons (MPCNs). The
compounds Zebularine and C646 had no effect on the Kcnk9 expression in Kcnk9KO™mat mPCNs
(Zebularine P=0.0667, C646 P=0.4727, Mann-Whitney-U test. Values are means + SEM.
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Table 18: Treatment of cortical neurons with epigenetic drugs without effect

Mean = SEM Drug N Statistics P value
Kcnk9KOmat Cultures
1.000 + 0.0417 DMSO 7 vs. DMSO
one way ANOVA
0.901 £0.013 Zebularine 3 P=0.0667
0.548 £ 0.338 C646 4 P =0.4727

For further investigations, we focused on the second-generation histone deacetylase
inhibitor (HDACI) CI-994, a selective inhibitor of class | HDACs, which inhibits HDAC
isoenzymes 1, 3, 9 and 8 (Beckers et al., 2007). CI-994 showed the most efficient up-
regulation of paternal Kcnk9 expression in Kcnk9KO™at mPCNs (Fig. 20).

The effect of CI-994 in Kcnk9KO™M® mPCNs was further tested in a dose-response
experiment. Kcnk9KO™a mPCNs were treated with increasing concentrations of ClI-
994 for 24 hours and Kcnk9 expression was analyzed using RT-gPCR in comparison
to DMSO-treated Kcnk9KO™at and WT control cells (Fig. 22, Table 19). As expected,
the paternal Kcnk9 expression in DMSO-treated Kcnk9KO™® mPCNs was
significantly reduced compared to that of WT mPCNs. After CI-994 treatment of
Kcnk9KO™Mat mPCNSs, we observed a strong correlation between increase of paternal
Kcnk9 expression and CI-994 dosage suggesting a specific, dose-dependent effect
of CI-994. Notably, Kcnk9 expression in 80 uM CI-994-treated Kcnk9KO™at mPCNs
exceeded that of DMSO-treated WT mPCNs in vitro (Fig. 22, Table 19).

In addition, we investigated the effect of CI-994 on the expression of other nearby
imprinted genes within the imprinted cluster on mouse chromosome 15. Intriguingly,
treatment with 20 uM or 80 uM CI-994 did not affect the expression of Eif2c2,
Chrac1, Peg13 and Trappc9 in Kenk9KO™a mPCNs. (Fig. 23, Table 20).
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Figure 22: Treatment of mPCNs with CI-994 (dosage response). Up-regulation of paternal allele-
derived Kcnk9 mRNA after treatment of Kcnk9KO™at mPCNs with different CI-994 concentrations
compared to paternal allele-derived Kcnk9 mRNA of DMSO-treated Kcnk9KO™at mPCNs and Kcnk9
MRNA of DMSO-treated WT mPCNs detected by RT-gPCR (1 day treatment, normalization to /Impa2,
Kcnk9KO™at DMSO n=9; 4uM n=2; 20-80uM n=4 and WT DMSO n=5 cultures/group). One-way
ANOVA: F (5, 22) = 75.51, P < 0.0001; corrected with Bonferroni's multiple comparison post hoc test
to Kenk9KO™mat DMSO mPCNs, ***P<0.001, ****P<0.0001. Values are means + SEM.

Table 19: Treatment of mMPCNs with CI1-994 (dosage response)

Mean * SEM | Genotype N Statistics | F value | P value | Post hoc | Adjusted p-values
Kcnk9KO™a | Cultures Kenk9KO™mat
1.000 % 0.0656 DMSO 9 vs. DMSO
2586 + 0.3351 4 M 2 Bonferroni's **P < 0.001
one way F (5, 22) = P< multiple
3.642 + 0.2920 20 uM 4 “**P < 0.0001
ANOVA 75.51 0.0001 comparisons
4.349 £ 0.1035 40 M 4 test =P < 0.0001
5.216 + 0.2264 80 uM 4 “**P < 0.0001
3.636 £0.2824 | WT DMSO 5 =P < 0.0001
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Figure 23: RT-qPCR expression analysis of Kcnk9 and other nearby imprinted genes in the
imprinting cluster on mouse chromosome 15. CI-994 treatment (20 yM and 80 uM CI-994) did not
affect expression of Trappc9, Peg13, Chrac1 and Eif2c2 in mPCNs (n=2-3 cultures/group).

Table 20: RT-qPCR expression analysis of other nearby imprinted genes in the imprinting

cluster on mouse chromosome 15

Gene Mean + SEM Drug Cultures
Eif2c2 1,050 + 0,014 2
Chrac1 0,646 + 0,014 3
Peg13 0,442 + 0,018 CI-994 20 uM 3
Trappc9 0,337 + 0,678 3
Kcnk9 6,448 + 0,016 2
Eif2c2 2,718 + 0,024 3
Chrac1 1,084 + 0,024 2
Peg13 1,060 + 0,024 CI-994 80 uM 3
Trappc9 0,965 + 0,608 3
Kcnk9 20,870 + 0,042 2
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3.4 The HDAC inhibitor CI-994 Rescues the Behavioral Phenotype of
Kcnk9KO™3t Animals

3.4.1 CI-994 Derepresses the Paternal Kcnk9 Allele in the Brain

The expression of the paternal Kcnk9 allele detected in several brain regions and the
observation of intermediate phenotypes in Kcnk9KO™at animals led us hypothesize
that epigenetic manipulation could further stimulate paternal gene expression and

thereby enhance the phenotypical rescue.

For testing, either DMSO (100 %) or CI-994 (30 mg/kg) were injected daily over 14
days in the peritoneum of Kcnk9KO™M2 and WT animals (Fig. 24a). After injections,
paternal expression was induced up to ~3 fold in several brain regions of CI-994-
treated Kcnk9KO™2 mice compared to those of DMSO-treated Kcnk9KO™at mice
including the cerebellum, hippocampus, pons, hypothalamus, olfactory bulb, and
locus coeruleus (Fig. 24b, Table 21). Importantly, this drug-induced rescue also
included brain regions like the hippocampus, where only a small degree (< 1%) of
spontaneous expression from paternal alleles was observed in the maternal KO. No
up-regulation of Kcnk9 expression was seen in WT animals after CI-994 treatment
(Fig. 24c, Table 22).
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Figure 24: Effects of CI-994 histone deacetylase inhibitor treatment in vivo. (a) Experimental
design of the mouse study. CI-994 was intraperitoneally injected every day starting 7 days before
behavioral tests. DMSO was used as a vehicle control. (b) Significant up-regulation of Kcnk9 after CI-
994 treatment in several brain regions normalized to DMSO treatment, Mann-Whitney test. (c) Up-
regulation of Kcnk9 in the cerebellum of Cl-994-treated Kcnk9KO™at mice, but not in the cerebellum of
CI-994-treated WT mice, each compared to DMSO-treated Kcnk9KO™at and WT mice. 2-way ANOVA,
interaction: F (1, 42) = 26.16, P < 0.0001; treatment: F (1, 42) = 34.92, P < 0.0001; genotype: F (1, 42)
=719.1, P < 0.0001; followed by Bonferroni's multiple comparison post hoc test, ****P<0.0001. Values

are means + SEM.
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Table 21: Kcnk9 expression in all brain regions after CI-994 treatment

Mean = SEM Region N Statistics P value
DMSO vs CI-994 DMSO vs CI-994
DMSO: 12
2.89 0,20 Cerebellum P < 0.0001
Cl-994: 13
DMSO: 6
1,18 £ 0,21 Cortex P=0,3251
Cl-994: 9
DMSO: 7
2,94 +1,52 Hippocampus P=0,0164
Cl-994: 9
DMSO: 7
2,22 +0,55 Pons P=0,0002
Cl-994: 8
DMSO: 9
2,77 £0,41 Hypothalamus P=0,0003
Cl-994: 12 Mann-Whitney U
DMSO: 6 DMSO vs CI-994
2,01 £1,07 Medulla P=0,3961
Cl-994: 6
DMSO: 9
0,96 +0,19 Prefrontal cortex P=0,7319
Cl-994: 9
DMSO: 6
2,08 £0,28 Olfactory bulb P=0,0022
Cl-994: 6
DMSO: 7
2,90 +0,92 Locus coeruleus P=0,0401
Cl-994: 8
Caudal Pontine Reticular DMSO: 7
2,25 £0,69 . P=0,1409
Formation Cl-994: 4
Table 22: Kcnk9 expression in cerebellum after Cl-994 treatment
Mean t L . P Adjusted
Genotype | N | Statistics | Interaction | F value Post hoc
SEM value p-values
, F(1,42) | P<
5.337£0.165 | WTDMSO | 9 Interaction _
=26.16 | 0.0001 ***%P<0. 0001
F(,42) | P< "
5445+0.123 | WT CI-994 | 12 Treatment _( ) Bonferroni's (all
2-way- =34.92 | 0.0001 multiple comparisons
Kenk9KOmat ANOVA comparisons except
1.000 £ 0.125 12
DMSO F (1, 42) P< test DMSO: WT vs
Genotype )
Kcnk9KOmat =719.1 | 0.0001 CI1994: WT)
2.497 £ 0.133 13
Cl-994
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3.4.2 C1-994 Promotes Behavioral Recovery

A previous study reported that intraperitoneal administration of CI-994 in wildtype
mice resulted in long-lasting CI-994 levels in the brain without affecting the overall
behavioral phenotype of mice (Graff et al., 2014). Thus, to assess whether CI|-994
treatment also promotes behavioral recovery, WT and Kcnk9KO™a mice were
subjected to behavioral testing after treatment (Fig. 24a) with either DMSO (100%) or
Cl1-994 (30 mg/kg).

3.4.2.1 Pre-Pulse Inhibition after CI-994 Treatment

In the initial pre-pulse inhibition (PPI) experiments (chapter 3.1.3) Kcnk9KO™at and
Kcnk9KOM™ mice displayed decreased PPl compared to WT mice. After daily
injections with DMSO, WT and Kcnk9KO™2 did not show a significant difference in
PPl as described in previous experiments. Injections with CI-994 showed a slight
decrease in PPl in WT and Kcnk9KO™3 mice compared to DMSO-treated littermates
within the same genotype. Bonferroni's multiple comparisons test did not determine a

significant difference between genotypes and treatment (Fig. 25, Table 23).
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Figure 25: Pre-pulse inhibition (PPI) after C1994 treatment. Graph depicts PPI values for DMSO-
treated WT mice (n=29), ClI994-treated WT mice (n=27), DMSO-treated Kcnk9KO™at mice (n=29) and
Cl994-treated Kcnk9KO™Mat mice (n=27) mice at three different pre-pulse intensities (70, 75, and 80 dB).
Cl1994 treated WT mice display decreased PPl compared to DMSO injected WT mice (p=0.0219) and
Kcnk9KO™at mice (p=0.0052). Data are expressed as means = SEM.
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Table 23: PPI after C1-994 treatment

L. . Adjusted
Mean * SEM Genotype | N | Statistics | Interaction | F value | P value | Post hoc
p-values
43.377 £
70dB
2.639
50.792 + _ F (6, 216)
75dB DMSO: WT | 31 Interaction P =0.2623
2477 =1.291
54.826 +
80dB
2.530
37.625 +
70dB
2.002
40.228 + Pre-pulse F (2,216 “
75dB Cl-994: WT | 29 _ P _ _( ) P <0.0001 | Bonferroni's
3.057 intensity =75.23 multiple
80dB 48.758 + — comparisons
.wa -
2.390 ANOVAy test (within n.s.
20dB 43.755 £ each row,
2.230 compare
50.262 + DMSO: F (3, 108
7548 28 Genotype | 198 b5 2 g 38| columns)
2.078 Kcnk9KOmat =3.025
57.620 +
80dB
1.886
43.085 £
70dB
2.331
F (108,
45.241 + Cl-994: Subjects
75dB 29 . 216)= | P <0.0001
2.909 Kenk9KO™mat (matching)
6.812
55.500 +
80dB
2.493
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3.4.2.2 Y-Maze after Cl-994 Treatment

In the Y-maze task, CI-994 treatment led to a significant increase of spontaneous
alternation in the Kcnk9KO™a mice compared to DMSO-treated Kcnk9KO™at control
mice (Fig. 26, Table 24). Post hoc testing for multiple comparisons showed no
difference between Cl-994-treated Kcnk9KO™at animals and either DMSO- or CI-994-
treated WT animals (Table 24). Thus, Cl-994-treated Kcnk9KO™a mice just as WT
mice treated with either DMSO or CI-994 did not exhibit deficits in working memory
and significant differences in the Y-maze.
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Figure 26: Y-Maze after CI-994 treatment. Y-maze percentage alteration was examined for DMSO-
treated WT mice (n=27), CI-994-treated WT mice (n=28), DMSO-treated Kcnk9KO™at mice (n=21) and
Cl-994 treated Kcnk9KO™Mat mice (n=24). CIl-994- or DMSO-treated WT mice and CI-994-treated
Kenk9KO™at mice did not exhibit deficits in working memory and showed no significant differences in
the Y-maze. Cl-994-treated Kcnk9KO™at mice showed a significant increase in percent spontaneous
alteration and thus a rescue of working memory compared to DMSO-treated Kcnk9KO™at mice. 2-way
ANOVA, interaction: F (1, 96) = 3.700, P = 0.0574; treatment: F (1, 96) = 4.096, P = 0.0458; genotype:

F (1, 96) = 8.992, P = 0.0035; followed by Tukey multiple comparison post hoc test, *P<0.05,
**P<0.01. Values are means = SEM.
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Table 24: Y-Maze after C1-994 treatment

Mean o . Adjusted p-
Genotype | N | Statistics | Interaction | F value | P value | Post hoc
SEM values
**P<0.01
64.62772 + F (1, 96) =
DMSO: WT | 27 Interaction (WT:DMSO vs.
1.290 =3.700 0.0574
Kcnk9KOMa :DMSO)
Tukey **P<0.01
64.77955 F (1, 96) =
Cl-994: WT | 28 2-way- Treatment multiple (WT:CI994 vs.
+1.614 =4.096 0.0458
ANOVA comparison | Kcnk9KO™#:DMSO)
57.179977 + DMSO: o1 s test *P<0.05
1.584 Kenk9Komat F (1, 96) P= (Kcnk9KO™: C1994
Genotype
63.15288 + Cl-994: 04 =8.992 | 0.0035 vs. Kcnk9KO™t
1.493 Kcnk9KOmat :DMSO)

3.4.2.3 Acoustic Startle Response after Cl-994 treatment

Next, acoustic startle response (ASR) was assessed after drug treatment. CI-994-

injected Kecnk9KO™2 mice showed a significant increase in ASR compared to DMSO-
treated Kcnk9KO™at controls (Fig. 27, Table 25). A repeated measures 2 way-ANOVA
showed no difference between DMSO-treated WT mice and CI-994-treated
Kcnk9KO™Mat animals suggesting full rescue of the ASR phenotype in the CI-994-
treated Kecnk9KO™2!' mice.
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Figure 27: Acoustic startle response (ASR) after CI-994 treatment. ASR of DMSO-treated WT
mice (n=31), CI-994-treated WT mice (n=28), DMSO-treated Kcnk9KO™at mice (n=27) and Cl-994-
treated Kcnk9KO™at mice (n=27). Cl-994-injected Kcnk9KO™at mice showed a significant increase in
ASR compared to DMSO-treated Kcnk9KO™at controls. The repeated measure two-way ANOVA
showed a significant effect of genotype for Kcnk9KO™at: Cl-994 vs. Kcnk9KO™3t: DMSO = *P = 0.0439;
WT.DMSO vs. Kcnk9KO™Mat :DMSO= **P = 0.0025 and WT: CI-994 vs. Kcnk9KO™a :DMSO= ***P =

0.0004. Values are means = SEM.
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Table 25: ASR after CI-994 treatment

Mean % L
GT N | Statistics | F value
SEM
Kenk9K
WT:
Omat..
WT:DMS WT: WT: CI1994 WT:
Cl1994
O vs. Cl994 vs. | CI994 vs. Vs DMSO vs.
vs.
Kcenk9KO | Kenk9KO | Kenk9KO | WT | Kenk9KO
Kenk9K
ot mat:DMSO | ma:DMSO | M :DMSO | :DMS | ™*:CI994
(0]
:DMSO)
F (18,
F (18, F (18, F (18, F (18, F (18,
550,11 Interact 1026)
DMSO: WT 31 ) 936) = 1008) = 954) = 954) = 1008) =
25,39 ion =
6.320 9.048 22.53 2.285 0.3092
2.646
F (18,
F (18, F (18, F (18, F (18, F (18,
570,61 1026)
29,66 Cl994: WT 28 dB 936) = 1008) = 954) = 954) = _ 1008) =
' 197.8 263.0 349.5 336.0 273.4
RM 2- way 443.0
ANOVA F (1,
436,56 + | DMSO: 07 Genoty | F(1,52) | F(1,56) | F(1,53) | F(1,53) | 57)= | F (1, 56)
31,27 Kenk9KO™mat pe =4.265 | =10.01 =14.23 =1.117 | 0.340 | =0.3328
9
Subject F (57,
F (52, F (56, F (53, F (53, F (56,
525,87 + | Cl994: s 1026)
27 | 936)= 1008) = 954) = 954) = 1008) =
39,13 Kenk9KO™mat (matchi =
15.99 14.15 15.77 16.12 14.83
ng) 14.27
P value
P< P< P< = - =
0.000
0.0001 0.0001 0.0001 0.0017 5 0.9976
P<
P< P< P< P< P <
0.000
0.0001 0.0001 0.0001 0.0001 ’ 0.0001
*P = **P = ***P = = - =
0.561
0.0439 0.0025 0.0004 0.2954 6 0.5664
P<
P < P< P< P< P<
0.000
0.0001 0.0001 0.0001 0.0001 ’ 0.0001
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3.4.2.4 Circadian Rhythm after CI-994 Treatment

We then asked whether CI-994 treatment influences nocturnal activity in Kcnk9KOmat
mice. Indeed, Kcnk9KO™2' mice showed a significant decrease in horizontal nocturnal
activity during the 12-hour dark phase after CI-994 treatment (Fig. 28, Table 26).
Again, post hoc analysis of multiple comparisons showed no significant difference
between CI-994-treated Kcnk9KO™ and DMSO- or Cl-994-treated WT animals
suggesting full rescue of the nocturnal hyperactivity phenotype in the Kcnk9KOmat
animals. In contrast, total locomotor activity in the light phase was not altered by ClI-

994 treatment irrespective of the genotype of the animals (Fig. 28, Table 26).

£ 800007 4 \v7 pmso * "

— [] WT CI-994 ' —

S 60000- { 2

k) B KcnkoKO™Mat DMSO ° @2

o Bl KcnkoKO™tCl-994 o, o

S 40000- O, D

= 0

@ o o® 00°

o o

% 20000+ 000 OO0 o0© o

Q 0 T T
Light phase Dark phase

Figure 28: Total locomotor activity. Distance travelled in the home cage in light (12h) phase (left
section) and the dark (12h) phase (right section). No differences between DMSO-treated WT (n=14),
Cl-994-treated WT (n=10), DMSO-treated Kcnk9KO™Mat (n=8) and CI-994-treated Kcnk9KOmat (n=9)
mice in the distance travelled in the light phase were detected using the 2-way-ANOVA and
subsequent multiple comparison tests. DMSO-treated Kcnk9KO™at (n=12) mice displayed a significant
increase of nocturnal activity compared to DMSO-treated WT mice (n=19) and CI-994-treated
Kcnk9KO™at mice (n=13) as well as a visible, but not significant increase of nocturnal activity
compared to CI-994-treated WT mice (n=15). 2-way ANOVA (interaction: F (1, 55) = 9.582, P =
0.0031; treatment: F (1, 55) = 3.951, P = 0.0518; genotype: F (1, 55) = 1.713, P = 0.1960; followed by

the Bonferroni's multiple comparison post hoc test, *P<0.05, **P<0.01.
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Table 26: Circadian Rhythm after CI-994 treatment
Mean o P Adjusted
Phase Genotype | N | Statistics I F value Post hoc
SEM value p-values
F(1,37)
15731.143 + =
DMSO: WT | 14 Interaction | = 4.004e-
924.78 0.9950
005
16753.61 F(1,37) =
Cl994: WT 10 Treatment
1060.94 =0.7546 | 0.3906
Light Zway-
1 .
g 15950.41 DMSO: 8 ANOVA
1073.25 Kcnk9KO™at
F(1,37) _
Genotype =
16958.10 + Cl994: 0.8571
9 0.03288
1556.50 Kcnk9Komat
*P<0.05
35598.57+ F (1, 55) =
DMSO: WT | 19 Interaction (WT:DMSO
2367.62 =9.582 | 0.0031
VS.
Kcnk9KOmat
38600.70 + F (1, 55 = “
Cl994: WT | 15 Treatment | | " >0) Bonferroni's | :pMs0)
Dark 2630.08 2-way- =3.951 | 0.0518 | uitiple
ar
47535.23 DMSO: 1o | ANOVA comparison
3015.68 KenkaKomat s test P<0.01
(Kenk9KOmat:
F (1, 55) =
Genotype Cl994 vs.
33758.46 + Cl994: =1.713 | 0.1960
13 Kcnk9Komat
2785.03 Kcnk9KO™at
:DMSO)
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3.5 CI-994 Interferes with H3K27 Acetylation but not with DNA Methylation at
the Peg13-DMR

Imprinting of the Kcnk9/KCNK9 gene has been proposed to be regulated by a
maternally methylated germline differentially methylated region (DMR) in the
promoter of the Peg13/PEG13 gene (Ruf et al., 2007). Acetylation of histone 3 lysine
27 (H3K27ac), monomethylation of histone 3 lysine 4 (H3K4me1) as well as DNA
methylation at the maternally methylated DMR in the human PEG13 promoter region

have been suggested to control human KCNK9 expression (Court et al., 2014).
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Figure 29: Schematic representation of the Kcnk9 and Peg13 loci on distal mouse chromosome
15. The murine Kcnk9 and Peg13 genes are shown with the corresponding H3K27ac, H3K4me1, and
H3K4me3 enrichment peaks as well as the Peg13-DMR (UCSC Genome Browser on Mouse July
2007 (NCBI37/mm9) Assembly). The lower enlarged region of Peg13 harbours two Peg13-DMR
regions, Peg13-DMR1 (green) and Peg73-DMR2 (violet). Individual CpGs analyzed are depicted as
lollipops. The orange and blue dotted lines indicate the localization of the two regions (Kcnk9 promoter
and Kcnk9 intronic region) analyzed by ChIP-RTgPCR.
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3.5.1 DNA Methylation Analysis of Peg13-DMRs

CI-994 is a second-generation class | histone deacetylase inhibitor inhibiting HDACs |
and Il with high specificity (Beckers et al., 2007). To clarify the epigenetic mechanism
underlying the induction of the paternal Kcnk9 allele through CI-994 we investigated
the methylation status of two subregions of the Peg13-DMR (Peg13-DMR1 and
Peg13-DMR2) in adult hippocampus and LC of DMSO- and CI-994-treated
Kcnk9KO™2 mice using bisulphite pyrosequencing (Fig. 29). Methylation levels of
about 40-50% typical for imprinted gene DMRs in somatic cells were determined for
both DMRs in the two brain regions of Kcnk9KO™a mice (Fig. 30, Fig. 31). These
methylation levels were not significantly altered by CI-994 treatment of Kcnk9KO™at
mice (Fig. 31, Table 27). Our results indicate that the up-regulation of Kcnk9 mRNA in
various brain regions of Kcnk9KO™at mice after CI-994 treatment is independent of
the DNA methylation status at the Peg73-DMR.
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Figure 30: DNA methylation analysis. The Peg13 differentially methylated region (Peg73-DMR)
is analyzed in two separate assays. Peg73-DMR1 (green) and -DMR2 (violet). Individual CpGs
analysed are depicted as lollipops. The pyrogram shows the methylation status of the Peg73-DMRs in
the hippocampus. The Y-axis shows the intensity of the light emission. The X-axis shows the

dispensing order of the added nucleotides. The CpGs are highlighted in gray. In the blue box the

percentage of methylation is given. The bisulfite conversion control is highlighted yellow.
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Figure 31: DNA methylation effects of CI-994 treatment in Kcnk9KO™ mice. (a) Graph depicts
methylation status of single CpG-sites in hippocampus, cerebellum and locus coeruleus. CI-994 did
not significantly alter the DNA methylation status of Peg73-DMR1 (CpGs 1-3) and Peg13-DMR2
(CpGs 17-22) in hippocampus, cerebellum or locus coeruleus using the bisulfite pyrosequencing
method. (b) Mean methylation values for Peg73-DMR1 and Peg73-DMR2 in comparison.
Hippocampus (DMR1: P= 0.1348; DMR2: P= 0.2744), cerebellum (DMR1: P= 0.6190; DMR2:
P=0.9366) and locus coeruleus (DMR1: P=0.7135; DMR2: P=0.1840). Student's t-test).
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Table 27: DNA methylation analysis of the Peg73-DMR1 and Peg13-DMR2

CpG Mean * SEM Region N Statistics P value
4937 + 065 DMSO:
CpGs 3 _
1.3 C1-994: P=0.1348
50,71 + 0,59 3
Hippocampus .
3036 + 134 DMSO:
(1':"/0(2;‘; Cl 394- P=0.2744
37,87 + 267 '3 :
5005 + 071 DMSO:
CpGs 4 P=0.6190
1-3 Cl-994: | RM 2-way- '
4961 + 0,51
3 ANOVA
Cerebellum )
DMSO: treated vs
39,77 + 0,36
CpGs 4 non-treated _
17-22 Cl1-994: P=0.9366
39,72 + 0,70 3
5347 + 081 DMSO:
CpGs 5 _
13 C1.994: P=0.7135
53,72 + 0,62 I
LC 5
3640 + 1,30 DMSO:
??‘32 Cl 894- P=0.1840
38,73 + 1,18 '5 :
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Figure 32: DNA methylation of CpGs at the Peg73-DMR1 in the hippocampus, cerebellum and
locus coeruleus of Cl-994- and DMSO-treated Kcnk9KO™* mice taken together. Upper graph
shows a summary of all mean methylation values at each CpG. Lower graphs depict methylation box

plots for CpG1, CpG2 and CpG3 with significant methylation differences between LC and the other

brain regions.
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Interestingly, we could observe a significant difference in DNA methylation in the
Peg13-DMR1 between the analyzed brain regions. The methylation analysis of the
locus coeruleus tissue samples revealed a higher methylation status in comparison to

cerebellum and hippocampus samples for Peg73-DMR1 CpG1-3 (Fig. 32, Table 28).

Table 28: DNA-Methylation Peg73-DMR1 CpG1-3 in different brain regions

CpG Mean * SEM Region N Statistics P value
47,71 t 0,68 Hippocampus 6 vs LC P=0.0047
C'°1GS 4642 + 037  Cerebelum 10 vs LC P= 0.0002
51,038 + 0,53 LC 7
54,39 + 0,65 Hippocampus 6 Mann. vs LC P=0.0047
szGs 5329 + 046  Cerebellum 10 | whitney U vs LC P=0.0002
57,90 + 0,58 LC 7
48,42 + 0,30 Hippocampus 6 vs LC P=0.0007
CP3GS 4939 + 037  Cerebelum 10 vs LC P=0.0031
51,86 + 0,38 LC 7

3.5.2 ChIP-gPCR Analysis of H3K27ac and H3K4me1 in the Promoter and

Intronic Region of Kcnk9

The human PEG713-DMR has been further demonstrated to bind CTCF-cohesin
which conveys chromatin looping between a brain-specific enhancer region, marked
by H3K27ac and H3K4me1, and the PEG13 and KCNK9 promoters to supposedly
control brain-specific KCNK9 expression (Court et al., 2014). Next, we determined
the effect of CI-994 on H3K27ac and H3K4me1 marks indicative for an enhancer
chromatin signature at the mouse Kcnk9 locus in the hippocampus and the LC of

Kcnk9KO™a mice by Chromatin immunoprecipitation (ChlP)-gPCR. Using several
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mouse brain ChlP-seq datasets, we did not find an orthologous region in the mouse
displaying a brain-specific enhancer chromatin signature similar to that identified at
the human imprinted domain on chromosome 8q24. Thus, we focused our analysis
on the promoter region and a region in the intron of the Kcnk9 locus, which are
enriched for both marks in the mouse brain ChlP-seq datasets (Fig. 33a). Due to the
little amount of material generated from the LC we used an adapted low-input method
for both regions (LC and hippocampus) and validated this by conventional ChIP-
gPCR in the hippocampus (Fig 33b, Table 29). We observed a deposition of
H3K27ac at the two Kcnk9 regions in the hippocampus and LC of DMSO-treated
Kcnk9KO™M2t mice (Fig. 33c, Table 29). Upon CI-994 treatment, deposition of H3K27ac
was significantly increased at the promoter region, but not at the intronic region 