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Abstract

Broad spectrum Histone deacetylase inhibitors are already in use for cancer treatment and
have proven to be useful primarily in non-solid tumours. Since these drugs are not specific
to subsets of the existing 11 members of the classic Histone deacetylase (HDAC) family
and have considerable side effects, more specific inhibitors might be beneficial. Therefore,
the characterization of individual members of the HDAC family in tumour cells is required.
The class | HDACs are widely expressed in different human tissues and are thought to

strongly contribute to the total deacetylase activity in mammalian cells.

We aimed to investigate catalytic and non-catalytic functions of class | HDACs as well as
of their corepressor complexes in human tumour cells. To this end, our lab has generated
an in vitro model in the nearly haploid human tumour cell line HAP1 to mimic and explore
isoform-specific targeting. Consistent to previous in-vivo studies by Hagelkruys et al.
results in vitro show that catalytically inactive HDAC1 & HDACZ2 have a significantly higher
negative impact in the deacetylation activity of corepressor complexes compared to

knockouts.

Bioinformatical processing of RNA- and ChlP-seq data to further analyse the changes in
gene expression profiles resulting from distinct expression (KOs) of class | isoforms and
the effects of reintroduction of HDAC transgenes into KO cells or wildtype HAP1 cells was
done. Comparison to cells treated with class | HDAC inhibitors MS275 (Entinostat) and the
recently developed JQ12 show that the expression of catalytically inactive HDAC1 &
HDAC?2, and surprisingly also HDACS8, have a more similar effect to drug treatment than

the knockout of the respective gene.

An attempt to establish a novel in-vivo system for investigation of HDAC inactivation in
acute myeloid leukemia (AML) in fetal liver cells was accompanied by unexpeceted
impediments such as the spontaneous activation of the transgene. Nevertheless, it could

be readopted with a different recombination system for future studies.



Zusammenfassung

Histon-Deazetylase-Inhibitoren werden bereits in der Klinik fur die Krebsbehandlung
angewendet und haben sich vor allem bei nicht-soliden Tumoren als nutzlich erwiesen.
Da diese Medikamente nicht spezifisch sind flir Untergruppen der bestehenden 11
Mitglieder der klassischen Familie der Histon-Deazetylasen (HDAC) und nicht
unerhebliche Nebenwirkungen haben, waren spezifischere Inhibitoren von Vorteil. Aus
diesem Grund sollte die Charakterisierung einzelner Mitglieder der HDAC-Familie in
Tumorzellen vorangetrieben werden. Die Klasse | HDACs werden in verschiedenen
menschlichen Geweben exprimiert, wo sie vermutlich stark zur gesamten

Deacetylaseaktivitat in Sdugetierzellen beitragen.

Die katalytischen und nicht-katalytischen Funktionen von HDACs der Klasse | sowie ihrer
Corepressor Komplexe in menschlichen Tumorzellen sollten untersucht werden. Zu
diesem Zweck hat unser Labor ein in vitro Modell in der beinahe haploiden menschlichen
Tumorzelllinie HAP1 erstellt, um isoformspezifisches Targeting nachzuahmen und zu
untersuchen. In Ubereinstimmung mit friiheren in vivo Studien von Hagelkruys et al.
konnte so in vitro gezeigt werden, dass katalytisch inaktives HDAC1 & HDAC2 einen
deutlich grélkeren negativen Einfluss auf die Deazetylierungsaktivitat von Corepressor

Komplexen haben als Knockouts (KO) derselben.

RNA- und ChIP-seg-Daten wurden bioinformatisch verarbeitet, um sich mit Hilfe von KO
die Anderungen in den Genexpressionsprofilen anzuschauen, die sich aus der
unterschiedlichen Expression von Klasse-I-Isoformen ergeben. Des Weiteren wurden die
Auswirkungen der Wiedereinfuhrung von transgenen HDACs in KO-Zellen gegenuber
Wildtyp-HAP1-Zellen analysiert. Ein Vergleich mit Zellen, die mit dem Klasse | HDAC
Inhibitor MS275 (Entinostat) und dem kurzlich entwickelten JQ12 behandelt wurden, zeigt,
dass die Expression von Kkatalytisch inaktivem HDAC1 & HDAC2, und
Uberraschenderweise auch von katalytisch inaktivem HDACS8, der medikamentdsen

Behandlung ahnlicher sieht als der KO des jeweiligen Gens, was die Wirkung betrifft.

Ein Versuch, ein neuartiges in vivo System zur Untersuchung der HDAC-Inaktivierung bei
akuter myeloischer Leukdmie (AML) in fetalen Leberzellen zu etablieren, war von
unerwarteten Hindernissen begleitet, wie z. B. der spontanen Aktivierung des Transgens.
Dennoch kénnte das System fur zukinftige Studien in Betracht gezogen werden insofern

ein anderes Rekombinationssystem verwendet wird.
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1. Introduction

1.1. Definition of epigenetics

In 1942, Conrad Hal Waddington proposed the term “epigenetics” [1]. The discovery that
genes as units of genetic information are encoded by bases of deoxyribonucleic acid would

still take more than 10 years at this time [2], [3].

In fact, Waddington suggested already 1940 the idea of an “epigenetic landscape” as
representation of the dynamic interplay between genes and the environment in
developmental biology and defined the term “epigenetics” later as “the branch of biology
which studies the causal interaction between genes and their products, which bring the
phenotype into being® [4]. In the book “The Strategy of the Genes”, which was published
in 1957 by Waddington, the epigenetic landscape (Fig. 1) is further described as valleys
and hills, which are modelled from top to bottom [5]. A ball (illustrating the cell), rolling
down this landscape, reaches a “determined” phenotype at the bottom. The ball can readily
change its path at branch points or by a small change in the landscape or even an external
push [5]. The longer the ball rolls down the landscape, the deeper the valleys get and
changes are less likely to happen and harder to initiate [5]. Although Waddington focused

on developmental biology, he defined epigenetics as a method of explaining how cellular

phenotypic changes are inherited
independently of changes in the genetic
code during the development of cells [6].
While the “epigenetic landscape” was a
qualitative metaphor for a simple downhill
process, as described above, the

mechanisms contributing to “decisions”

towards a specific cell fate have recently

been quantlﬁed in the prObabIIIStIC Fig. 1: Waddington'’s illustration of the epigenetic

landscape and in this context further landscape from 1957. Reprinted from Cell, Vol. 128,
P Aaron D. Goldberg,C. David Allis, Emily Bernstein,

mechanisms, which lead to differentiation Epigenetics: A Landscape Takes Shape, p. 635-638,
Copyright © 2007 with permission from Elsevier Inc.
and dedifferentiation, were defined [7]. Published by Elsevier Inc.

Nowadays, epigenetics is defined more broadly: A definition proposed by Berger SL. et al.
implies: “An epigenetic trait is a stably heritable phenotype resulting from changes in a
chromosome without alterations in the DNA sequence.” In order to reach and keep the

epigenetic state, three main mechanisms are crucial (Fig. 2): 1) The “Epigenator® is

8



defined as the signal which arises from changes in the cellular environment or in the cell
itself. The “Epigenator signal” leads to an intracellular signalling pathway which is activated
for an amount of time, long enough so that epigenetic mechanisms can take place. 2) The
“Epigenetic Initiator® translates the upstream signal and integrates it at sites on the
chromatin in the nucleus (discussed in chapter 1.2). Through mediation of the upstream
signal it predefines the location on the chromatin, where epigenetic manifestation is going
to take place. 3) The Epigenetic Maintainer keeps the epigenetic state of the chromatin by
epigenetic modifications which will be discussed in chapter 1.3. The Maintainer is not

sufficient to create a changed chromatin state, it is usually dependent on the Initiator. [8].

Epigenator
e.g. Differentiation signals; l

Temperature variations Extracellular

Cytoplasm

Nucleus

Epigenetic Initiator
e.g. DNA binding factors;
Non-coding RNAs

¢ T e e

Fig. 2: The three main mechanisms involved in epigenetic signalling to reach a stable epigenetic state.
The Epigenator collects signals from the environment of the cell or from the cell’s interior to signal downstream
to the Epigenetic Initiator (in red). While the Initiator defines the location on the chromatin for the epigenetic
signal, the Epigenetic Maintainer (in green) marks and sustains the chromatin state. Picture adapted from
Shelley L. Berger et al. Genes Dev. 2009;23:781-783. Copyright © 2009 with permission by Cold Spring Harbor
Laboratory Press.

1.2. Chromatin in eukaryotes

Chromatin, which is found in the nucleus of eukaryotic cells, was first observed in the 19th
century. It can be seen using a basic light microscope when cells divide and the chromatin

condenses [9], [10]. During this process, the chromatin is arranged in a way that allows



individual chromosomes to be distinguished. In humans, the chromatin in the nucleus is
organized into 23 pairs of chromosomes [11]. Each set of 23 chromosomes is inherited
from a parent. For 22 chromosomes there are always two copies present in the cell, one
copy is inherited maternally, and the other copy is inherited paternally. They pair up as
autosomal chromosomes. The 23rd pair is different in females (they carry 2 X-
chromosomes) and males (carrying one Y-chromosome and one X-chromosome) [12],
[13]. Understanding the structure and function of chromatin is essential for comprehending

the mechanisms involved in epigenetic regulation.

1.2.1. The composition of chromatin

Under the electron microscope, chromatin looks like “beads on a string”. This structure is
determined by repeating units, which are called nucleosomes [14]-[17]. Nucleosomes
generally consist of a histone octamer and a portion of DNA which is wrapped around it.
The octamer contains each of the following histone variants twice: H2A, H2B, H3 and H4
[18]-{21]. DNA with a length of 147 base pairs is wrapped around each histone octamer
in approximately 2 left-handed turns, which is facilitated through the positively charged
histones (by basic amino acids) that attract the negative charged DNA. The part containing
the histone octamer together with the 147 base pairs DNA is also called the nucleosome
core particle. Histones H3-H4 dimers form a stable tetramer whereas the histones H2A-
H2B appear as separate dimers. Each histone possesses a flexible N-terminal “histone
tail” which can be subject to histone modifications. Changes to these modifications heavily
influence chromatin structure, accessibility and consequently gene transcription [22], [23].
They are discussed in chapter 1.3.2. [24]-[27]. A linker histone H1 is localized between

the nucleosome core particles and stabilizes the structure [28], [29].

The “beads-on-a-string” structure of nucleosomes in a row is around 10 nm thick [14], [25],
[30] and can be further condensed into a 30 nm thick chromatin fiber (secondary structure).
The position of H1 histones and histone modifications play a crucial role for the formation
of these chromatin fibers [29]-[32].

1.2.2. Chromatin remodelling complexes

Chromatin remodelling, as a part of epigenetic mechanisms in cells, is carried out by
chromatin remodelling complexes. They are member of either the SNF2H family, also
called ISWI, or the SWI/SNF family. Proteins of the ISWI family are responsible for the

10



mobilization and repair of chromosomes. On the other hand, SWI/SNF family proteins can
change the composition of nucleosomes. Complexes from both families can further have

the ability to remove histones and facilitate gene transcription and replication [33], [34].

1.2.3. Chromatin density and accessibility

Densities of chromatin vary from region to region, depending on the temporal and spatial
context. The temporal context is mainly determined by the cell cycle while the spatial

context is derived from and maintained by the epigenetic state of the cell.

1.2.3.1. Chromatin changes in the temporal context

While in interphase cells the chromatin is rather “relaxed”, it condenses into chromosomes
during mitosis, which was observed already at the beginning of the 20th century. [10], [35].

The following phases are depicted in Fig. 3.

In interphase (G1-, S-, G2-phase), cells transit from G1- to S-phase upon CyclinE/Cdk2
activity, which initiates expression of histone assembly genes through phosphorylation of
nuclear protein ataxia-telangiectasia locus (NPAT), while gene replication is being started.
The nuclear envelope enwraps the content of the nucleus. It is disrupted by embedded
nuclear pore complexes (NPC). The nuclear lamina which spans across the nucleus also
stabilizes the envelope. Both the NPCs as well as the lamina has the chromatin anchored
to the envelope at lamina-associated domains while in interphase. Pre-replication
complexes start to be assembled alongside of regions in the chromatin, where histone H4
is hyperacetylated (H4Ac) [36].

During the S-phase, old histones are resegregated into both the newly synthesized as well
as into the parental DNA strands. New histones are then deployed beside existing ones to
fill the gaps along the DNA strands with help of the histone chaperone Chromatin assembly
factor 1 (CAF1).Histones are recycled this way and it makes inheritance of histone marks
possible, since epigenetic information is preserved on both strands [37], [38]. Histone
modifications are set post-translationally (see chapter 1.3.2.) [39]. HP1 and the protein
complex PRC2 carry out the task of post-translational modifications (PTMs) to inherit
epigenetic modifications associated with gene silencing. In contrast, members of Trithorax-
group proteins (TrxG) have the task to maintain an active state of genes that is inherited
to the next cell generation. HP1, PRC2 and TrxG proteins are some of the recruited factors

alongside with CAF-1 which allows the DNA replication to continue [36].

11



At the end of S-phase CyclinA/Cdk1 starts phosphorylating histone gene-specific
epigenetic repressor in late S-phase (HERS) protein. SU(VAR)3-9 is recruited to the sites
of histone genes and HP1 silences these genes. Starting at G2-phase and maintained
during mitosis, histone H3 tails are phosphorylated by Aurora B and condensin proteins

are attracted to sites all over the chromosomes, which enable condensation. [36].

G1 NPC Nuclear
Envelope

Lamina

G
B /“ 0 Lamina-associated
"4' domain

S Pre-RC
assembly
-Chromatin condensation M Gi
-Nuclear envelope and pore dissociation -Permissive for differentiation genes
-Ejection of transcription factors and chromatin binding -pre-RC assembly
proteins
-Disruption of Lamina-associated domains
G2 S
PRC2, HP1
< N
—
e T:}i, Caf-1
Iy,
F TR v -Early S phase: early origins fire, histone synthesis
-Histone blogenesls inhibited -Late S phase: late origins fire, histone synthesis
-Nucleosomes mature inhibition

Fig. 3: Chromatin changes during the cell cycle. The interphase consists of the G1-, S- & G2-phase, where
DNA replication takes place and new histones are synthesized. Histone resegregation at a replication fork in
S-phase is depicted with recycled (dark green) and new (light green) nucleosomes. In mitosis (M-phase)
chromatin is condensing and chromosomes are prepared to be distributed to both daughter cells which
eventually transit into G1- or GO-phase. Resting cells are in GO-phase. Figure taken from: Ma Y, Kanakousaki
K and Buittitta L (2015) How the cell cycle impacts chromatin architecture and influences cell fate. Front. Genet.
6:19. under the CC BY 4.0 license

1.2.3.2. Chromatin differences in the spatial context
Chromatin can be spatially subdivided into heterochromatin and euchromatin.

Euchromatin is less condensed than heterochromatin and accessible for transcription [40].
In these regions the alternative histones H3.3 (derived from H3) and H2A.Z (derived from
H2A) are deployed [41]. H2A.Z also protects the open regions from the silencing
heterochromatic state [42]. Euchromatin is also characterised by hypersensitivity to
DNAse | [43], [44]. While genes in the euchromatin are accessible for transcription factors
(TFs), the histones must be still (re-)moved to enable the replication fork to slide over the
DNA. This task is done by chromatin remodeling complexes, such as SWI/SNF or NURF
by ATP hydrolysis [45], [46]. TF binding can be facilitated by multiple epigenetic factors

such as histone acetylation [47].
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Heterochromatin is condensed and most sections are inaccessible to TFs, thus kept in an
inactive (silent) state [48]. Heterochromatin can be further divided into facultative and

constitutive heterochromatin.

Constitutive heterochromatin is defined to be generally condensed and poor in genes in
all cell types. Although a low number of genes can be also found in heterochromatic
regions [49]. Facultative heterochromatin is silenced but has the potential to change from
the heterochromatic condensed state to an open (euchromatic) state to allow transcription
[50].

Constitutive heterochromatin contains repetitive elements and noncoding sequences [51].
Heterochromatin is present at the centromeres, which are determined by the H3 histone
variant CENP-A. Centromeres serve as attachment points for spindle fibers during cell
division. [52], [53]. Another crucial heterochromatic structure are telomeres, which act as
protective caps at the ends of chromosomes. [54]. These elements play a vital role in
maintaining chromosome stability. [55]. Formation of constitutive heterochromatin can be

propagated by the heterochromatic reader protein HP1 [56].

Facultative heterochromatin is silenced but has the potential to change from the
heterochromatic condensed state to an open (euchromatic) state to allow transcription.
Whether gene expression is active depends on either the temporal, spatial or heritable
context [50]. A prominent example for facultative heterochromatin are the X-chromosomes
in female somatic cells, from which one is always silenced [57]. Silencing of one of the X-
chromosomes is called X-chromosome inactivation. It is is initiated by the XIST non-coding
RNA [13], [58].

1.3. Epigenetic modifications

The effects of alternative histones as chromatin modification that regulate gene expression
have been discussed above (chapter 1.2.2). In this chapter, the most important epigenetic

modifications will be presented.

1.3.1. The concept of writers, readers and erasers

The concept of the epigenetic initiator and maintainer mentioned in chapter 1.1 can be
translated into the widely distributed terms of writers and readers. Additionally, there are

also erasers [59]. Often, specific protein reading domains are shared in all three categories
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of histone modifiers [60]. These terms are depicted in the following sections with examples

for the most known epigenetic modifications.

1.3.2. Posttranslational modification of histones

1.3.2.1. The histone code

Each histone possesses a variety of amino acids in the N-terminal “histone tail” which can
be modified. For easier understanding, each mark on the histone’s tail has a specific code
which states on which histone to find the modification, the position of the amino acid seen
from the N terminus and which modification is added. For example, H3K9me means, that
the 9. amino acid, which is a lysine, on the histone tail of H3 is methylated. Tri-methylation
of the same site would be written as H3K9me3. The “histone code” hypothesis predicts
that specific combinations of these modifications can impact gene expression and other
cellular processes. This “histone code” is still subject to investigations and many findings

were made in recent years [61]-[63].

1.3.2.2. Histone Acetylation

Acetylation of histones co-occurs with active gene promoters [64], [65]. In general, lysine
residues of histone tails can be acetylated. By doing so, the affinity of histones to DNA is
lowered by neutralization of positive charges on the histone tails [66], [67]. Additionally,
alteration of lysines through acetylation facilitates binding of regulatory proteins to DNA
and improves flexibility for nucleosome sliding. Furthermore, the interaction with other

neighbouring nucleosomes can be changed [68].

Histone acetyltransferases (HATS) are the writers of histone lysine acetylation. HAT1 was
the first one identified [69], [70]. HATs transfer the acetyl group through a mechanism
which is dependent on the general metabolite acetyl-CoA [71], [72]. Many complexes
which are recruited by transcriptional activators possess HAT activity [73]. The majority of
HATs can be categorized into 5 families which are HAT1, MYST, p300/CBP, Gen5/PCAF
and Rtt109 [74].

Reading of acetylated histone lysins happens mainly through bromodomain containing
proteins such as bromodomain-containing protein 2 (BRD2), which is able to recognize
H3K12ac with its first bromodomain and H4K5ac/H4K8ac with its second bromodomain
[75]. One important function of BRD2 is the recruiting of TATA-binding protein (TBP) to
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E2F1 transcription factors to promote cell cycle genes [76]. There are 8 families of
bromodomain containing proteins [74]. Another group of readers are proteins which
contain the YEATS domain. [77].

Erasers of acetylation are the histone deacetylases (HDACs) which will be described in

chapter 1.4 as the main topic of this thesis.

1.3.2.3. Histone Acylation

The addition of an acetyl group to lysine residues of histone tails is, albeit the most

common, in fact just one of many histone acylation modifications [78].

Regarding acylation the formyl group (COH) is the shortest chemical modification added
to lysine residues followed by the acetyl group (CHsCO) as the next longer one. Many

other acyl groups exist with longer chains such as propionyl, butyryl and crotonyl [79].

p300 was shown to possess HAT activity as well as histone crotonylation transferase
(HCT) activity [80]. Recent experiments have shown that altered p300 proteins, which
carry a HAT deficiency mutation, are still able to facilitate gene expression via their HCT

activity, although in a less efficient manner [81].

The YEATS domain was shown to read preferentially crotonylated lysine sites, besides of

recognizing acetylation [77].

Class | HDACs seem to be at the same time also the major histone decrotonylases
(HDCRs) [82].

1.3.2.4. Histone Methylation

Lysine residues of histone tails are also targets of methylation [83]. Methylation of arginine
residues is also often observed [84]. In both cases, besides of monomethylation, also di-

and trimethylation is possible [85].

Histone lysine methyltransferases (KMTs) and protein arginine methyltransferases
(PRMTs) act as writers. KMTs can mark lysine residues on H3 and H4. It has been shown
that H3K9me1 (Histone 3 lysine 9 monomethylation), H3K27me1 or H3K36me3 are
associated with upregulation of genes. Activation of transcription can be initiated by
methylation of H4R3 by PRMTs (H4R3me2) [86]. On the other hand, H3K9me2,3 or

H4K20me3 are associated with silencing and can be found in heterochromatin [87]. EZH2
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as part of the polycomb repressive complex 2 (PRC2) has an H3K27 di- and tri-
methyltransferase activity as example of a KMT that leads to gene silencing [60]. PRC2
itself plays a role in cancer development in a double-edged manner, depending on the cell
identity [88].

Recognition of histone lysine methylation is done by proteins possessing a chromodomain,
plant homeodomain (PHD) or Tudor domain, among others. HP1 and polycomb proteins
have a chromodomain, which can recognize H3K9me3 and H3K27me3 [89]. The KMT
Suv39h leaves a methylation mark on H3K9 that can be recognized by heterochromatin
protein 1 (HP1), a reader of histone methylation, which reads and binds specifically this
mark with its chromodomain [63]. After binding, it promotes the silencing of genes nearby
[90].

The lysine specific demethylases (LSD) proteins and the Jumonji C domain containing
(JmjC) proteins belong to histone demethylases (HKDMs). LSD1 is an eraser of H3K4 and
thus a histone lysine demethylase [91]. It was later classified as KDM1A [92]. As part of
the Mi-2/nucleosome remodelling and deacetylase complex (NuRD), LSD1 brings together
histone acetylation and demethylation in the same protein complex and plays a role in the

inhibition of breast cancer [93].

1.3.2.5. Other well-known histone modifications

Beside of acetylation and methylation there are many other modifications that influence
the chromatin and gene transcription. Phosphorylation is important for chromosome
condensation, gene regulation and repair mechanisms of DNA [94]. Another important
modification which regulates DNA damage repair is ubiquitination [95]. In recent years an
additional group of histone tail modifiers gained attention which also plays an important
role in DNA repair pathways. They are called Small ubiquitin-like modifiers (SUMOs) and

are transferred to histone tails through sumoylation. [96].

1.3.3. DNA methylation

Modification can not only take place on histones but also on the DNA double strand itself.
Cytosine can be modified to 5-methylcytosine by adding a methyl group [97]. This
modification appears usually at CpG dinucleotides and leads to silencing of surrounding
genes [98], [99].
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DNA methyltransferases Dnmt3a and Dnmt3b were found to play a crucial role in the
establishment of de novo methylation in mammalian development, which has to be taken
place since paternal methylation patterns are being erased genome wide in the very early
development stage of embryos [100], [101]. Dnmt1 is in contrast essential for maintenance
of methylated sites after DNA replication and thus often called maintenance DNA
methyltransferase [102]-[104].

Two mechanisms contribute to gene silencing: Methylation of DNA interrupts binding of
transcription factors to DNA which often bind in GC-rich regions [105]. Furthermore, there
are proteins which repress gene expression upon binding to methylated CpG sites, such
as MeCP1 and MeCP2 which both contain a methyl-CpG binding domain (MBD). These
MBD proteins recruit histone deacetylases as has been shown for instance for MeCP2,
which recruits the Sin3 complex [106]. Histone deacetylation has a repressing effect on

accessibility and transcription which is discussed in chapter 1.4.

Strikingly, many actively expressed genes possess an enriched site of CpG dinucleotides
which is situated at the 5’ end, called CpG island, where DNA is hypomethylated [107].

1.4. Histone deacetylases

1.4.1. HDAC families

Histone deacetylases (HDACs) are crucial regulators of gene transcription. By removing
acetyl marks on histone tails, they allow condensation of chromatin and thus restrict

access of transcription factors to DNA [47], [108].

Beside of histones, HDACs are also known to target many other proteins and influence

their stability, activity and protein-protein interaction [109].

In mammals there are in total 18 HDACs which are subdivided into 4 classes, based on
sequence homology with yeast Hda1, Rpd3 and Sir2: Class | HDACs are homologs to
yeast Rpd3. Harboring HDAC1, HDAC2, HDAC3 and HDACS, this class is responsible for
most of the histone deacetylation activity in the cell. Class lla (HDAC4, HDAC5, HDAC?7,
HDAC9) and Class lIb (HDAC6 & HDAC10) are homologs to yeast Hda1. HDAC11 is the
only member of class IV HDACs and has similarities to both Hda1 and Rpd3. While class
I, lla, lIb and Class |V belong to the family of classical (Zn2+ dependent) HDACs, the class
[l HDACS belongs to the family of nicotinamide adenine dinucleotide (NAD) dependent
HDACs and harbors SIRT1-7, whose homolog in yeast is Sir2 [110], [111].
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1.4.2. Structure and mode of action of class | HDACs

All Class | HDACs possess a nuclear localization signal sequence (NLS). While HDAC1 &
HDAC2 are primarily found in the nucleus, HDAC3 & HDACS8 can localize to the nucleus

as well as to the cytosol [112]

HDAC1 and HDAC2 are 482 amino acids (aa) and 488 aa in length, respectively. HDAC3
is shorter with 434 aa. As shortest class | member HDAC8 owns only 377 aa. The
molecular weight has been observed to be between 40-60 kDa for class | HDACs. In all 4
HDACSs the catalytic domain is located at the N-terminal part and makes up the largest
part of the sequence [113]. HDAC1 and HDAC2 possess a HDAC association domain
(HAD) at the N-terminus which facilitates homo- and heterodimerization with HDAC1 or
HDAC2, respectively [114]. Also, with 86% sequence similarity, they are the most related
among class | HDACs [112].

HDAC3 has the ability to build homodimers as well. Further, it has been shown that it can
interact directly with class Il HDACs [115].

First hints about the mechanism of histone deacetylation were found after resolving the
structure of the bacterial HDAC homologue Histone Deacetylase-Like Protein (HDLP) in
Aquifex aeolicus and later translated to mammalian HDACs following the discovery of the
HDACS structure [116], [117].

Two aspartic acid amino acid residues and one histidine residue coordinate a Zn?* ion as

cofactor in the catalytic center (Fig. 4).
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Fig. 4: Mechanism of histone deacetylation on a lysine residue. Figure taken and modified from Milazzo
G, Mercatelli D, Di Muzio G, Triboli L, De Rosa P, Perini G, Giorgi FM. Histone Deacetylases (HDACs):
Evolution, Specificity, Role in Transcriptional Complexes, and Pharmacological Actionability. Genes. 2020;
11(5):556. under the CC BY 4.0 license

Two histidine residues recruit a water molecule and activate it by dissociation of the proton.

Zn?* helps to polarize the C-O bond of the acetyl group and catalyse the nucleophilic attack
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which originates from the activated water. The transfer of the proton onto the acetyl group

and subsequent removal from lysine is stabilized by a tyrosine residue [113].

A particular role of stabilization and sustainment of class | HDAC activity is incumbent on

inositol phosphates [118].

1.4.3. Co-repressor complexes

If purified, HDAC1, HDAC2 and HDAC3 are found to be inactive. Deacetylation activity
requires their incorporation into co-repressor complexes. To date HDAC1/2 have been
shown to be part of different co-repressor complexes, including the Sin3-, NuRD,-
CoREST- and MiDac-complex (Fig. 5). HDAC3 is associated with the NCoR/SMRT
complex [119].

The composition of co-repressor complexes determines their direction to particular
histones [120].

Sin3A/B Complex

NCoR/SMRT
Complex

NuRD - PWWP Complex MiDac Complex
Protein complex subunits:
* HDACs Class [ ,{:S DNA/Chromatin binding factor
;{E HDACsS Class Ha :{:E Histone deacetylase binding factor
HDACs Class IV {:a Other/unknown
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Fig. 5: Co-repressor complexes of HDAC1, HDAC2 and HDACS3. Figure taken and modified from Milazzo
G, Mercatelli D, Di Muzio G, Triboli L, De Rosa P, Perini G, Giorgi FM. Histone Deacetylases (HDACs):
Evolution, Specificity, Role in Transcriptional Complexes, and Pharmacological Actionability. Genes. 2020;
11(5):556. under the CC BY 4.0 license

1.4.3.1. Sin3 complex

The Sin3 complex either comprises Sin3a or Sin3b, which have been found in a variety of
cell types [121]. Both, Sin3a and Sin3b have HDAC-interacting domains, which recruit

HDAC1/2 as well as direct interfaces to other cofactors [122].

Sin3 as prototypical Co-repressor complexes are involved in almost all nuclear processes.
HDAC1 incorporated in the Sin3a complex controls cell cycle progression with cofactors
like Rb and Mxd1. Class | HDAC inhibitors SAHA and MS275 have been shown to
downregulate Sin3a activity and inhibit cell proliferation [121]. In endoderm cells total
inhibition of Sin3a lead to a stop of the cell cycle in G1/S-phase through upregulation of
p16 and p21 [123].

1.4.3.2. CoRest complex

The rather specialized chromatin-modifying co-repressor complex CoRest, harboring
HDAC1 and HDAC2, regulates transcription and differentiation in neuronal (stem) cells
[124]. CoREST can bind to Sin3a via the REST protein, which is part of the CoREST
complex and thus both complexes can be found together at specific REST binding sites

on chromatin [125].

LSD1 as part of COREST enables the complex to carry histone demethylase activity,
specifically H3K4 mono- and dimethylation [126]. LSD1 in CoREST plays a role in
development of hematopoietic stem cells. The transcription factors GFI1/1B recruit
CoREST via LSD1 to chromatin in myeloid cells and ultimately repress gene expression
at specific sites, leading to a halt of dedifferentiation of myeloid cells [127].

1.4.3.3. NuRD complex

Another co-repressor complex which contains HDAC1 and HDAC2 is the nucleosome
remodeling and deacetylase complex (NuRD). It possesses ATP-dependent remodelling
activity as well as histone deacetylation activity, which are usually two independent

activities regulating the chromatin. [128].
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The NuRD complex has either PWWP2A/B or CHD3/4 integrated beside of the other
components. The presence of MBD2/3 rules out the binding of PWWP2A/B and CHD3/4

can only be found in complexes, where MBD2/3 is bound [113].

Binding partners such as MBD2/3 and PWWP2A/B specify the recruitment of the NuRD
complex to methylated or hemi-methylated DNA through a methyl-CpG-binding domain,
which regulates differentiation of cells [129]. It has been shown for MBD3/NuRD that their
activity inhibits expression of pluripotency genes, thus it is useful to downregulate NuRD

to reprogram cells into induced pluripotent stem cells (iPSC) [130].

On the other hand, inhibition of NURD leads to higher infiltration rates of CD8* and dendritic

cells in hepatocellular carcinoma (HCC) [131].

1.4.3.4. MiDac complex

Mitotic deacetylase complex (MiDac) is the latest co-repressor complex found that
activates HDAC1 and HDAC2. It participates in regulation of chromosome alignment

throughout mitosis and is regulating neural differentiation in embryonic development [132].

1.4.3.5. NCoR/SMRT complex

Two proteins are name-giving for this HDAC3 containing complex, in which either one of
them is incorporated: First, the silencing mediator for retinoid and thyroid hormone
receptors (SMRT or also NCoR2), or second, the nuclear receptor corepressor 1 (NCoR1)
[133], [134]. NCoR/SMRT was shown to be significant for preservation of cellular identity.
Strikingly it was shown that the NCoR complex is an antagonist of OSKM (OCT4, SOX2,
KLF4, c-MYC) reprogramming for pluripotency, thus pan-HDAC inhibitors are being used
to increase reprogramming efficiency [135]. Further, NCoR/SMRT complexes together
with HDAC3 are observed to be upregulated in many tumours and HDAC3 RNA
expression shows a positive correlation with poor prognosis [136]. The activity of the
HDAC3 NCoR/SMRT complexes is dependent on the presence of inositol trisphosphate
(IP3) [137].

1.5. HDAC inhibitors

HDAC inhibitors (HDACi) can either target the whole range of HDACs (pan HDAC
inhibitors) or inhibit only a specific subset (specific HDAC inhibitors). The latter ones target

rather a specific class of HDACs and isoform specific HDACi are rarely available yet [113].
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The need of specific HDACi is given since HDACs are involved in many different processes
through regulation of histones, targeting of themselves with broad range inhibitors can lead
to many side-effects and even be counterproductive. It has been shown that lowering of
HDAC1/2 levels in T-cells causes lymphoma formation in mice [138]. The effect was dose-
dependent and further investigation led to the insight that critical HDAC activity levels are
required for tumour cell viability, suggesting that cells with a low base level of HDAC

activity are more prone targets for HDAC inhibitors [139].

The inhibitors can be classified into one of the following four groups, regardless of their

synthetic or natural origin.

Hydroxamic acids (hydroxamates)

The broadly known and clinically available pan HDAC inhibitors Trichostatin A (TSA),
Vorinostat (SAHA) and Panobinostat (LBH589) belong to this group. They chelate Zn?* in
the active center of classical HDACs and hereby block the catalysis of deacetylation. Many
of these inhibitors block transition of cells from G1 to S-phase or G2 to M-phase,
respectively. This is caused to a big extent by upregulation of p53 activity through
hyperacetylation. Vorinostat has been approved by the FDA for cutaneous T cell
lymphoma (CTCL) treatment. Panobinostat, which has been approved as well for multiple
myeloma was shown to be effective in treatment of acute lymphoblastic leukemia (ALL)

caused by mixed lineage leukemia (MLL) rearrangement [140], [141].

Short chain fatty (aliphatic) acids

The naturally available sodium butyrate and valproic acid (VPA) belong to this group. VPA
is a specific class | HDACi and is tested in phase I-lll studies against a broad range of

solid tumor cancers [113].
Benzamides

The benzamide Entinostat (MS275), which has a preference to class | HDACs, is currently
under investigation in various phase |-l studies against solid tumors as well as against
non-solid tumors (leukemia and lymphoma). The combination therapy along with PD-L1

antibodies seems promising and is subject to clinical trials [113], [142].

Cyclic tetrapeptides

The last group of HDACIi's promises a more specific targeting of HDAC isoforms since
compound structures are more complex. Romidepsin is the only FDA approved HDACi in

this group and is used to treat Cutaneous T-cell lymphoma (CTCL) [113].
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1.6. Acute myeloid leukemia

1.6.1. General emergence and treatment

In Acute myeloid leukemia (AML) hematopoietic stem cells become cancerous and lose
the ability to properly develop into mature blood cells. Consequently, immature myeloid
cells proliferate and accumulate, with a blast-like morphology and thus called blasts [143].

That leads to severe infections, anaemia, and haemorrhage [144].

With a portion of 1.3% of all new cancer cases in the USA, AML is the most frequent tape
of acute leukemia in adults. The median age of diagnosis is 68 years which categorizes it

as disease arising preferably in higher age [144].

Genomic analysis of patient derived samples with the goal to find driver mutations revealed
that 96% of the patients with newly developed AML have at least 1 driver mutation and

86% of the patients have at least 2 driver mutations. [145].

Along with common driver mutations that enable leukemia disease classification, great

diversity exists between derived subclones, complicating targeted treatment [146].

Several driver mutations identified in AML are of epigenetic nature, including DNA
methylation or histone acetylation. Subsequently, a series of treatments were developed

and approves that inhibit DNA methylation such as azacitidine and decitabine. [147].

Since the effects of these drugs are somewhat limited, combination treatments of
hypomethylating agents with HDAC inhibitors, among others, are currently tested in the
clinic, with yet modest results. More successful but still unsatisfactory results were
achieved in combination with isocitrate dehydrogenase inhibitors catalyzing the conversion

of isocitrate to a-ketoglutarate in the Krebs cycle [147].

In many patients, gene rearrangements (e.g. translocation, inversion, deletions) are
observed [148]. Abnormal karyotypes are seen in 55% of adults. In children, though AML
is rare, abnormal karyotypes can be seen in up to 80% of patients of whom around 25%

suffer from mixed lineage leukemia (MLL) rearranged abnormality [149].

1.6.2. MLL-AF9

MLL with more than 50 fusion partners is the most frequent form of translocation seen in

AML and is often associated with poor prognosis. The normally occurring MLL gene
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product acts as a histone methyltransferase specifically for H3K4 residues and positively

regulates Hox gene expression important for development and growth [150].

The MLL-AF9 fusion gene (1(9;11)(p22;923)) is a prominent MLL fusion product, which
activates cell self-renewal associated pathways by targeting and activating homeobox A9
(HOXA9) and Meis homeobox 1 (MEIS1) genes. While the presence of MLL-AF9 is
sufficient to induce AML in mice the maintenance of leukemia is dependent on these so
called leukemia stem cells (LSC) [151], [152].

It has been stated that LSCs, which are fueled by inappropriate activation of pathways,
become dependent on a small subset of oncogenes such as Myb, which could be used as
target for treatment [153]. In principle, inactivation of particular oncogenes should lead to
senescence and cell death or differentiation, also called oncogene addiction [154]. While
targeting of cancer specific oncogenes is often effective at the start of treatment, it
becomes apparent, that plasticity leads to circumventing dependence and cells with new

mutations arise, which shows the need for combinatorial treatments [155].

1.7. Mouse models

1.7.1. Mouse models for class | HDAC characterization

Targeted inhibition of both HDAC1 alleles in mouse embryos result in death before E10.5.
While HDAC1 deficiency in embryonic stem cells (ESCs) showed reduced proliferation
and was lethal, HDAC2 expression was upregulated but couldn't compensate for the full
loss of HDAC1 in co-repressor complexes [156]. Investigations in a mouse teratoma tumor
model showed an increase in apoptosis as seen before, but different than in ESCs the
proliferation was also upregulated which led to no significant change of teratoma volume

in HDAC1 deficient mice compared to wildtype mice [157].

Like HDAC1 depleted mouse embryos, the deletion of HDAC2 can lead to death, albeit
shortly after birth with signs of cardiac abnormalities [158]. In another study newborn mice
were viable but harboured a thickened ventricular wall in the first two months after birth

[159]. These studies show the importance of HDAC1/2 in development.

Opposite to full deletion, conditional deletion of HDAC1 or HDAC?2 in various tissues shows
little or no effect, which could be due to the ability of HDAC1 and HDAC2 to compensate
for each other to a certain degree in co-repressor complexes [112]. An example is the
deletion of HDAC1 or HDAC2, respectively, in epidermis cells, where a severe phenotype

is only observed after the deletion of one HDAC2 allele simultaneously with deletion of
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both HDAC1 alleles [160]. In contrary, the same experiment in cells of the nervous system
in mouse embryos shows that one single HDAC2 allele is sufficient for normal brain

development [161].

1.7.2. Mouse models to investigate MLL-AF9 caused leukemia

A variety of mouse models exist in the field to study MLL-AF9. Most widely used are
irradiated mice where MLL-AF9 transduced BM is reconstituted. While these mouse

models can depict the disease to a high degree, they are time and cost consuming [162].

From the many used mouse models MLL fusion genes are among the most powerful,
which allows disease onset with 1 genetic alteration. Many discoveries were made with
the most frequent used MLL-AF9 model, where the rearrangement is introduced
retrovirally in bone-marrow (BM) cells. Therefore, the BM has to be irradiated and is then
reconstituted with the transduced population. The usage of the murine stem cell virus
(MSCV) facilitated the transduction process significantly. Drawbacks of this method are
the irreversible damage of the BM microenvironment and species barriers for patient-
derived xenotransplants. Further, the model does not account for the fact, that the cancer
emerges from a single cell that acquired mutations and rather a big number of cells from

an expanded cell colony is transplanted [162].

Another problem is the varying transduction efficacy by virus integration and the rather
excessive overexpression of the MLL fusion transgene. A series of conditional models
were developed to face these problems. Widely used is the regulation via a doxycycline

inducible construct [163].

1.8. Previous results

1.8.1. Dominant negative effect of HDACs

The analysis of HDAC1 & HDAC2 knockout mice gave interesting insights into the
biological dependency to these HDACs [156], [164], [165]. HDAC1 & HDAC2 can
compensate each other in co-repressor complexes [112], [160]. This led to the hypothesis
that an HDAC knockout would not be the same as an inactivation of an HDAC. Our lab
initiated studies in mouse models to investigate the impact of introducing catalytically
inactive HDAC1 or HDAC2, as no previous studies had addressed this question.

Surprisingly, the introduction of catalytically inactive HDAC2 (HDAC2 Cl) into mice leads
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to a more severe phenotype than the HDAC2 knockout in a mouse. Mice with a copy of
HDAC2 Cl are not viable. Thus, this was called dominant negative effect. In HDAC2 knock

out mice, HDAC1 can compensate for the loss [166].

1.8.2. Toolbox for class | HDAC analysis

To further explore the differences between knockout and inactivation of class | HDACs,
our lab established a genetic toolbox in HAP1 cells, which confirmed that HDACi treatment
can be mimicked better with cells which express catalytically inactive HDAC1 or HDAC2
[167].

HAP1 cells are derived from the near haploid leukemia cell line KBM7. Through
CRISPR/Cas9 targeted “deletion” of the remaining diploid genes, the HAP1 cell line was
created which is almost perfectly haploid [168]. Thus, further engineering, to create
knockdown, knockout or knock-in cell lines is relatively straightforward and was done in

collaboration with the company Horizon Genomics (now Horizon Discovery).

HDAC knockout cell lines were generated by CRISPR/Cas9 targeting of respective

sequences and introduction of an indel [167].

Catalytically inactive HDACs were introduced into both wildtype HAP1 cell lines as well as
into the respective HDAC knockout cell lines. Therefore, using CRISPR/Cas9 technology
and subsequent homologous recombination (Fig. 6A), the AAVS1 locus was targeted to
introduce the coding sequences of class | HDACs which carry a point mutation in the
catalytic center (HDAC1 H141A, HDAC2 H142A, HDAC3 H135A, HDAC8 H143A).
Additionally, to the inactivation, a FLAG-tag was added C-terminally to allow for
comparable detection and enrichment by Western blot and immunoprecipitation (Fig. 6B).
The ability of inactive and FLAG-tagged HDACs to be still incorporated into co-repressor
complexes was checked and confirmed [166], [167].
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Gene editing strategy: 27 CRISPR step

dp {&\ KO HDAC WT
A O @
KO HDAC )
1t CRISPR step & 5’ ———— ———— 3
WT ——» 5 3 AAVST genic HDAC-FLAG
Ag HDAC Indol /;&Qq in KO background
9039900/
e KO HDAC ClI
Only 1 CRISPR step WT HDAC CI
WT S 5 ——— —— H———— 3
e AAVS1 jenic HDAC-FLAG
in CTRL background

Fig. 6: Gene editing strategy taken from Lena Hess’ PhD thesis. (A) HAP1 cells were subject to indel
introduction through CRISPR/Cas9 targeting to generate HDAC KO cells for HDAC1-8. In a 2nd gene editing
step either the catalytically inactive (Cl) transgene was introduced or the wildtype (WT) transgene was
reintroduced. Subsequently, homologous recombination into the AAVS1 locus was accomplished (B) To
generate cell lines which express the Cl HDAC transgene beside of the WT HDAC transgene, the Cl transgene
was integrated directly into the AAVS1 locus in only 1 CRISPR/Cas9 step. Figure adapted from Hess L, Moos
V, Lauber AA, Reiter W, Schuster M, Hartl N, et al. (2022) A toolbox for class | HDACs reveals isoform specific
roles in gene regulation and protein acetylation. PLoS Genet 18(8): e1010376 under the CC BY 4.0 license

This model allows a systematic study of all class | HDACs, which increases reliability since
comparison of results from different studies can be challenging especially when models
differ.

1.9. Aims of this thesis

1.9.1. Optimization and data analysis for HAP1 paper

By utilizing the previously generated HAP1 cell lines, it was possible to characterize
HDAC1, HDAC2, HDAC3 and HDACS. Different approaches were tested in this thesis to
optimize immunoprecipitations and activity measurements for class | HDACs, focusing on
HDAC3 and HDACS, which contributed to the paper. Further, data from RNAseq and
CHIPseq experiments was analysed to gain an insight of changes in the transcriptome

upon isoform specific targeting of class | HDACs.

1.9.2. Establishment of an in vivo model for AML

The second focus of this thesis was the establishment of an MLL-AF9 mouse model to
characterize catalytic functions of HDAC1/2 in AML. Our lab already developed a MX1-cre
inducible HDAC1 and HDAC2 transgene model [169]-[171]. Dagmar Stoiber's lab
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(Medical University of Vienna and Karl Landsteiner University Krems) has developed an
AML model system that involves the transformation of fetal liver cells by the MLL-AF9
oncogene (lida et al, 1993; Corral et al, 1996). This model is suitable for in vitro
investigation of the transformed cells and can be further applied to subsequent in vivo

studies.

Since HDAC inhibitors have shown promising results in the clinics but still some questions
as for instance HDACi resistance remain, the investigation of isoform-specific inactivation
of HDAC1 & HDAC2 could reveal interesting insights by utilizing this AML model [127],
[172].

In this thesis, | outline the modification of the model from the Stoiber lab to be made
compatible with the existing HDAC mouse model that is being used in our lab. The MLL-
AF9 transformation vector carries the VENUS detection tag which is on the same channel
as our EGPF detection tag which is expressed downstream of the HDAC transgenes.

Therefore, the modification of the vector through cloning was necessary.

2. Material and Methods

2.1. Cell culture

2.1.1. Cultivation and harvesting of HAP1 cells

HAP1 cells were obtained and modified previously by Horizon Genomics. The following

cell lines were used and characterized to a certain extend in this thesis.

WT wt -

WT HDAC1 CI wt HDAC1 ClI
WT HDAC2 CI wit HDAC2 ClI
WT HDAC3 ClI wt HDAC3 ClI
WT HDACS CI wit HDACS Cl
KO HDAC1 HDAC1 KO -

KO HDAC2 HDAC2 KO -

KO HDAC3 HDAC3 KO -

KO HDACS8 HDAC8 KO -

KO HDAC1 WT HDAC1 KO  HDAC1WT
KO HDAC2 WT HDAC2 KO HDAC2 WT
KO HDAC3 WT HDAC3 KO  HDAC3 WT
KO HDAC8 WT HDAC8 KO  HDAC8 WT
KO HDAC1 CI HDAC1 KO  HDAC1 CI
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KO HDAC2 CI HDAC2 KO HDAC2 ClI
KO HDAC3 ClI HDAC3 KO  HDAC3 CI
KO HDACS ClI HDAC8 KO  HDACS ClI

Table 1: cell lines used in this thesis
2.1.1.1. Thawing

Frozen vials were quickly thawed in a 37° C water bath until almost everything was thawed,
and the cells were taken up in 5ml IMDM medium in a Falcon tube while shaking gently.
To remove the toxic DMSO from the cells, they were harvested by centrifugation at 1200
rpm for 5 minutes at RT. The supernatant was discarded, the pellet was resuspended with
an appropriate amount of medium and the cells were seeded in a dish of the appropriate

size in the desired dilution. The cells were grown in IMDM medium at 37° C, 5% CO..

2.1.1.2. Splitting

When 80-90% confluent, the cells were split in 1:5 — 1:30 ratio. Therefore, the medium
was aspirated, the cells were washed with sterile 1x PBS and subsequently trypsinized
with 1 - 1.5 ml trypsin (depending if a 100 mm or a 150 mm plate was used, respectively).
The plate was incubated at 37° C until the cells had completely detached from the plate
surface (3 minutes). Afterwards, the cells were resuspended in 9 ml of IMDM medium and
seeded at the desired density. In case there were many death cells, a centrifugation at

1200 rpm for 5 minutes was done, to discard the death cells.

2.1.1.3. Freezing

The HAP1 cells were trypsinized and pelleted as described above and resuspended in 500
pI of freezing medium 1 (FM1). Afterwards, the cells were added into a 1.5 ml cryovial
which contained already 500 pl of freezing Medium 2 (FM2) and put on ice for
approximately 10 minutes. The cells were put on -80° C for further usage, when required

and subsequently stored in liquid nitrogen for long time storage.

2.1.1.4. Harvesting

Before further processing the cells (e.g. protein extraction), HAP1 cells were scraped off
the plates with a cell scraper (Biologix #70-1180) and collected in a Falcon tube. Therefore,
the plates were washed twice with 10 ml of a 1x PBS (from 150 mm dish). Cells were
scraped off in 1 ml 1x PBS and transferred into a 2 ml Eppendorf tube. 1 ml 1x PBS was
used to rinse off the rest of the cells and also transferred into the Eppendorf tube. The cells
were washed by centrifugation at 1200 rpm for 5 minutes at 4° C, the supernatant was

discarded. The pellet was resuspended in 1200 uyl PBS and were pelleted as described
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above (5 min, 1200 rpm, 4° C) and the supernatant discarded. The pellet was put on ice

for 5 minutes before it was frozen in -80° C until further usage.

IMDM medium

GIBCO IMDM (Thermo Fisher Scientific Cat. No. 12440061)
10% FBS

1x penicillin/streptomycin

1x glutamine

Trypsin/ EDTA
Trypsin-EDTA phenol red (Sigma Aldrich Cat. No. T2601)

Freezing Medium 1 (FM1)
GIBCO IMDM (Thermo Fisher Scientific Cat. No. 12440061)
20% FBS

Freezing Medium 1 (FM1)

GIBCO IMDM (Thermo Fisher Scientific Cat. No. 12440061)
20% FBS

20% DMSO

10x PBS

8% sodium chloride

0.2% potassium chloride

0.2% monopotassium phosphate

1.11% disodium hydrogen phosphate

Diluted in dH20 and pH adjusted to 7.4 with NaOH

2.1.2. Retroviral infection of fetal liver cells

Plat-E cells were obtained from Stefan Schuckert. They were split with a confluency of
80% were 1:2 in a 100 mm dish in DMEM -FBS -P/S and incubated for 5 h. After the cells
were attached, calcium-phosphate transfection was done by adding 25 ug of plasmid DNA
in 400 yl dH20 and 62.5 ul of 2M ice cold CaCl; buffer. 500 ul 2x HBS buffer was bubbled
while adding the plasmid-CaCl, mix dropwise into a FACS tube. After 15 min incubation

on RT the suspension was added dropwise to the Plat-E cells. The next morning, medium
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was changed to DMEM 20% FBS. In the afternoon the FL cells were thawed in BCM, spun
down 1200 rpm for 5 min on 4° C, and resuspended in 2 ml BCM with supplements in a 6-
well plate. Each vial of FL cells was distributed onto 2 wells. Also, the Medium of Plat-E
cells was changed to BCM w/o cytokines. On day 2, the supernatant of Plat-E cells was
harvested and filtered through a 0.45 pm filter and supplements added to the BCM.
Additionally, polybrene (1 pl/ml of 1000x) was put into the medium. 3 ml of viral supernatant
was added to fetal liver (FL) cells into each well. Integration of the virus into the cells was
aided by centrifugation 1000g for 90 min at 37° C. Fresh BCM was added to the Plat-E
cells. The same procedure was repeated after 5 h by adding additional viral supernatant
(3 ml) onto the FL cells. On day 3, the medium of the FL cells was aspirated and again,
the same procedure as on day 2 was repeated once and after 5 h, 1.5 ml of fresh BCM

with supplements was added to the FL cells.

BCM Medium

DMEM/ IMDM 1:1

10% FBS

1% PenStrep

2% L-Glutamine

1.7 pl B-Mercaptoethanol

2x HBS

NaCl 280 mM

HEPES ([4-(2-hydroxyethyl)piperazin-1-yllethanesulfonic acid ) 50 mM
Na;HPO4-7H20 1.42 mM

Diluted in dH20 and pH adjusted to 7.05 with 10M NaOH

Cytokines
mSCF (Miltenyi Biotec Cat. No. 130101698) 100 ng/ml final

mlL-6 (Miltenyi Biotec Cat. No. 130096685) 10 ng/ml final
mlIL-3 (Miltenyi Biotec Cat. No. 130099510) 10 ng/ml final

2.1.3. Flow cytometry

On day 4 after viral transduction, an aliquot of infected FLs was analyzed by flow cytometry
to assess the efficacy of the transduction. The efficacy was measured by detecting the

mCherry fluorophore which is co-expressed on the cells infected with the MAIM plasmid
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and was expected to range between 8-12% of the total cell population. Following the first
analysis, each week an aliquot was taken to monitor the homogeneity of the FL cell
population. Therefore, 200 pl were taken from each sample and transferred into a V-
bottom 96-well plate. The cells were washed twice in 200 pyl FACS buffer (centrifugation
400g, 3 min, 4° C) and afterwards resuspended in 160 pl FACS buffer. The analysis was
done on Cytoflex (Beckman Coulter) with the Channels FITC for GFP and PE for mCherry.
Death cells and singlets were excluded by size and/or complexity (forward scatter area vs.
side scatter area and forward scatter area vs. side scatter height). Gates were positioned
for FITC and PE according to intensities of the signal from positive controls (to include

positive signals) while excluding the signal from negative control (Fig. 7).

01-ell-F1 : All Events 01-Well-F1 :P1

100

(x10%

P2(92,56 %)

S5C-A
A0

01-Well-F1:P2

01-Well-F2: P2

100
100
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ocloy

P3(99,18 %) 1 P3(3,44 %)

550C-A
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1
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MCHERRY PE-A MCHERRY PE-A

Fig. 7: Gating strategy for determining the populations to be positive for the mCHERRY reporter on the
PE channel.

FACS Buffer

1x PBS

1 mM EDTA

0,01% sodium azide
1% FBS
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2.2. Bacterial culture

Chemically competent Escherichia coli (E. coli) DH5a-F’ strains, which have been used
before in our lab by Susanna Leiter in her Master thesis [173], were used for the
amplification of the desired plasmids. For liquid cultures, competent cells were grown in 2-
4 ml lysogeny broth (LB) medium supplemented with ampicillin and incubated at 37° C on
a shaker with 180 rpm overnight or plated on LB-ampicillin agar plates and grown at 37°
C overnight in an incubator. The final concentration of ampicillin for liquid LB medium and

agar plates was 50 ug/ml.

LB medium and LB agar (pH 7.5, autoclaved)

10 g/l Bacto tryptone

5 g/l Bacto-yeast extract

5 g/l Sodium chloride

Diluted in dH20 and adjusted to pH 7.5 with 10M NaOH
15 g Bacto agar (only for agar plates)

Stored at4° C

Ampicillin stock (100 mg/ml)

1 mg Ampicillin sodium (Sigma Aldrich Cat. No. A9518-5G)
dH20 to 10 ml

sterile filtered (0.2 um filter) and stored at -20° C

2.2.1. Transformation of DH5a-F’ E.coli

200 pl of chemically competent DH5a-F’ E.coli bacteria were thawed on ice for each
transformation. 10 ul (1/2 of the Ligation) of the plasmid DNA from the Ligation were added
into a vial of competent cells, mixed gently, and incubated for 30 minutes on ice. Same
was done with the positive control. Afterwards, the cells were heat-shocked for 45 seconds
at 42° C without shaking. The vial was removed from the thermoshaker and incubated for
2 minutes on ice. 150 yl of prewarmed SOC medium were added to the transformed
bacteria. The vial was capped tightly and shaken horizontally on a heat block at 37° C 350
rpm for 1 hour. During this time the LB-AMP plates were also preheated in the incubator,

slightly opened to dry them, upside down. After the incubation step, the transformed
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bacteria were plated on pre-warmed selective LB agar plates and incubated at 37° C

overnight (Upside down). The next day, the plates were stored at 4° C.

SOC medium (500 ml)

10 g Yeast Extract (0.5% final)

2.5 g Tryptone (2% final)

0.25 g NaCl (10 mM final)

0.9 g KCI (2.5 mM final)

2.5 ml MgCl, (10 mM final from 2M stock)

2.5 ml MgSO, (10 mM final from 2M MgS0O4-7H,0)

Add 5 ml Glucose (20 mM final from 2M stock) after autoclaving
sterile filtered (0.2 um filter) and stored at RT

2.2.2. Colony PCR

Bacterial colonies that grew on plates can be quickly analyzed by Colony PCR reactions,
which enable the amplification of inserts present in plasmids from the bacteria, without
specifically isolating DNA from these cells. With this time-saving technique a single colony
can be used instead of isolated template DNA in the reaction mix. All other components
are mostly the same as in a conventional PCR. In this way, the screening can identify cells
with the desired insert very quickly. The colony PCR was performed with the 2x OneTaq
2X Master Mix with Standard Buffer (NEB) on a Thermocycler PCR machine (T100,
Biorad). The OneTaq 2x MMX with standard buffer is a combination of two different
polymerases - the Taq polymerase and the Deep Vent polymerase. The Deep Vent DNA
polymerase from Pyroccocus species GB-D is a recombinant, high-fidelity enzyme with
extreme thermostability and 3'—5" exonuclease activity that increases the fidelity of the
Taq polymerase. It is a ready-to-use blend that can be used for routine PCR applications
using purified DNA, cDNA or bacterial colonies. Besides the two polymerases this master
mix already contains dNTPs, MgCl. and all necessary components of the reaction buffer.
Additionally, there are two loading dyes present for running DNA gels. Used primers and

their combinations are listed in 2.4.2.

Colony PCR reaction mix
12.5 pl Green MM (2X)
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8.75 ul dH20

0.5 pl forward primer (10 uM)
0.5 pl reverse primer (10 uM)
0.75 yl DMSO

2 ul colony water

To prepare the colony water, 50 ul of dH20 were filled into clean 0.2 ml PCR tubes and
single colonies were picked up from the plates using a pipette tip. The colonies were then
placed together with the tip in the PCR tubes. By shaking the tubes, the colonies were
mixed with the water. 2 pl of this colony water was used in the reaction mix to provide the
template DNA. As a positive control an already confirmed plasmid with known product size
was used. The negative control only contained the master mix without any DNA. The
success of the amplification was tested by loading an aliquot of the PCR reaction onto an
agarose gel. The percentage of the gel was depending on the size of the expected

fragment.

2.2.3. Inoculation of bacterial clones and preparation of glycerol stocks

Grown colonies picked with a pipette tip or 10-30 pl of the prepared colony water were
inoculated in 4 ml LB medium supplemented with ampicillin for the preparation of liquid
cultures. They were incubated overnight at 37° C on a shaking platform with 180 rpm for
about 16 hours. Next day 500 pl of the culture were mixed in a 1:1 ratio with 500 pl of a
50% (v/v) glycerol solution for the preparation of glycerol stocks. They allow a long-term
storage of bacterial clones that carry desired plasmids. Glycerol stocks were stored at -

80° C.The rest of the liquid culture was used to isolate plasmid DNA from the bacteria.

2.2.4. Plasmid Minipreps

To isolate small amounts of plasmid DNA, overnight cultures were processed using the
PureYield Plasmid Miniprep System (Promega). With this protocol up to 3 ml of overnight
cultures could be processed. 1.5 ml of overnight culture were added to a 1.5 ml Eppendorf
tube and centrifuged for 30 seconds at maximum speed in a tabletop centrifuge. The
supernatant was discarded, and the step was repeated with another 1.5 ml of bacterial
culture. Afterwards 600 pl dH20 were added and the pellet was resuspended completely.
100 ul Cell Lysis Buffer were added and the solution was mixed by inverting the tube 6

times. Then 350 pl of cold Neutralization Solution were added and the tube was inverted
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again several times until the sample turned to yellow to signalize that the neutralization
was completed. After centrifugation for 3 minutes at maximum speed, the supernatant was
carefully transferred to a PureYield minicolumn assembled into a Collection tube, without
disturbing the cell debris pellet. The tube holding the minicolumn was centrifuged at
maximum speed for 30 seconds and the flowthrough was removed. Then two washing
steps were performed: first, 200 pl Endotoxin Removal Wash were added to the
minicolumn and centrifuged for 30 seconds. Next, 400 uyl Column Wash Solution were
added and centrifuged again for 3 minutes. To remove the residual wash solutions, the
minicolumn was recentrifuged one minute at maximum speed with opened lid in a clean 2
ml Eppendorf tube, the minicolumn was turned 180° around its rotary axis and the
centrifugation step was repeated. Afterwards the column was transferred to a clean 1.5 ml
Eppendorf tube, 30 ul nuclease-free water were added to the minicolumn matrix and
incubated for 1 minute at RT. After a final centrifugation step at maximum speed for 30
seconds, the minicolumn was removed and the DNA concentration was measured by
NanoDrop. The DNA was then stored at -20° C.

2.2.5. Plasmid Midiprep

A Midiprep is the medium size preparation of plasmid DNA from bacterial cultures to gain
higher amounts of isolated DNA. It was done using the centrifugation protocol of the
QIAGEN® Plasmid Midi Kit. To prepare the overnight culture, a bacterial clone or small
amount of a bacterial glycerol stock was inoculated in 2 ml LB medium supplemented with
ampicillin and incubated for 4-6 hours at 37° C and 180 rpm. Then the whole culture was
poured into 100ml of the corresponding LB medium and incubated overnight at 37° C
shaking at 180 rpm. Next day the culture was transferred into each 2x 50 ml tubes and
centrifuged at 5100 rpm for 30 minutes at 4° C. The supernatant was removed, and the
pellet was resuspended completely in 4 ml Resuspension Solution (Buffer P1). Then 4 ml
Cell Lysis Solution (Buffer P2) were added and the tube was mixed thoroughly by
vigorously inverting 4-6 times. After 5 minutes incubation at RT 4 ml Neutralization Solution
(Buffer P3) were added, the tube was mixed thoroughly by vigorously inverting 4-6 times
and incubated for 15 minutes on ice. The lysate was centrifuged at 5100 rpm at 4° C for
90 minutes. A QIAGEN-tip 100 column was placed into a 50 ml plastic tube and
equilibrated with 4 ml Buffer QBT. The lysate was poured into the column and allowed to
flow through. The column was then washed 2x with 10 ml of Buffer QC. The flowthrough
was discarded, and the Binding Column was placed into a new 50 ml plastic tube. The

DNA was eluted by adding 5 ml buffer QF onto the column and precipitated with 3.5 ml
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isopropanol on RT. The eluted DNA was mixed thoroughly with the isopropanol and
subsequently centrifuged at 5100 rpm for 1 h at 4° C. The supernatant was discarded, and
the pellet washed with 2 ml 70% ethanol. The DNA was centrifuged once again at 5100
rpm for 30 min, the supernatant was discarded, and the pellet air-dried for at least 10 min
to get rid of residual ethanol and the pellet got transparent. 100 pl-300 yl of nuclease-free
water were used to redissolve the DNA. The eluted DNA was finally transferred to a clean
1.5 ml Eppendorf tube. DNA concentrations were measured by NanoDrop. The purified
DNA was stored at -20° C.

2.3. Animal studies

Mice were bred and kept under pathogen-free conditions at the Institute of Pharmacology,
Medical University of Vienna. All animal experiments were approved by the Animal Ethics
Committee of the Medical University of Vienna and granted by the Austrian Federal
Ministry of Education, Science and Research and were performed by or under supervision

of Lena Hess according to the guidelines of FELASA.

2.3.1. Breeding

Black 6 mice (C57BL/6) with the catalytic inactive Hdac1 transgene were provided by my
supervisor Lena Hess. The Hdac?1 Cl gene was introduced into the safe harbor locus
Rosa26. A STOP cassette upstream of the HDAC1 transgene prevents its expression in
absence of the Cre recombinase. An IRES-GFP reporter downstream of the HDAC1

transgene allows confirmation of its expression.

IFN-B-inducible Mx1-Cre black 6 mice were a gift from Sophie Edtmayer from the Stoiber-
Sakaguchi lab [174]. Rosa26 Hdac1 Cl and Rosa26 Hdac2 Cl mice were crossed with
Mx1-Cre mice. Mx1-Cre recombinase was expressed in a heterozygous manner

throughout all experiments.

For timed breedings, which were performed to isolate fetal liver cells, mouse pairs were
separated after 2 nights, and female mice were monitored during the next days for weight
gain to assess pregnancy. For experiments, mice were sacrificed using isoflurane and

cervical dislocation.

2.3.2. Isolation of murine fetal liver cells

In order to obtain fetal livers, mouse pairs were separated after 2 nights and monitored for

up to two weeks to assess pregnancy by examining weight gain. On embryonic day 13.5
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(E13.5) pregnant mice were sacrificed by applying 400 ul isoflurane in a closed vessel, the
uteri isolated (kept in PBS on ice) and the embryos one by one separated from the yolk
sac under sterile conditions. After removing all maternal tissue, samples of each embryo
were taken for DNA isolation and subsequent genotyping where they were screened for
Hdac1 and Mx1-Cre. Fetal livers were dissected from each embryo using sterile forceps,
and gently pressed through a pre-rinsed 70 uM cell strainer by using the flat end of a
plunger of a 5 mL syringe to produce a single-cell suspension. The cell strainer was rinsed
with PBS and the fetal liver cells (FLs) were centrifuged at 1200 rpm (Eppendorf tabletop
centrifuge Centrifuge 5430R) for 5 min at RT. The pellet was resuspended in freezing

medium and kept at -80° C for further usage.

Freezing Medium (FM)
FBS
20% DMSO

2.4. Work with DNA

2.4.1. Lysis of mouse tissue

Mouse toe tips were digested with 100 pl tail lysis buffer, containing 4 pl proteinase K (20
mg/ml) shortly added before incubation. After shaking at 55° C overnight, proteinase K
was deactivated by incubating the samples at 95° C for 5 minutes. Then, 400 pl H.O were

added and the samples were stored at 4° C.

Tail lysis buffer

100 mM Tris-HCI, pH 8.0
5 mM EDTA

200 mM sodium chloride
0.1% SDS

2.4.2. Polymerase chain reaction

The genomic regions of interest were amplified during a PCR reaction. In case of mouse

tissue lysates, the samples were centrifuged at 14000 rpm for 10 minutes at 4° C
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(Eppendorf tabletop centrifuge Centrifuge 5430R) and 1 ul of the supernatant was used
as DNA template. For the PCRs, an appropriate positive control and a negative control
without DNA was included. Primers were designed using the SnapGene software (5.0)
and the appropriate annealing temperature of the primer pairs was determined with a
gradient thermocycler. 2x OneTaq 2X Master Mix with Standard Buffer (NEB) was used
(genotyping, restriction enzyme fragment analysis and colony PCR). If the PCR products
were potentially required for further sequencing or during the cloning process, the Q5

polymerase from NEB was used.

Gradient PCRs were run with and without DMSO, which was added to the reactions to an
end concentration of 3%, to test the inhibiting effect of secondary structure formation. The
elongation time was adjusted according to the size of the expected fragment, given that
the Taq polymerase is able to amplify 1 kb of DNA within 1 minute. The reactions were
performed in a Thermocycler PCR machine (T100, Biorad) and the PCR products were

separated on an agarose gel.

Forward primers for Cloning were designed to either include the restriction enzyme cutting
sites (forward primers) or to anneal them to the resulting PCR products (reverse primers).

Primers and PCR conditions are listed in the tables below in this section.

Tag polymerase PCR
1 ul DNA template
0.5 pl forward primer (10 uM)

0.5 pl reverse primer (10 uM)
12.5 pl 2x OneTaq 2X Master Mix with Standard Buffer (NEB)
Nuclease free dH20 ad 25

PCR conditions

Target: Cre
94° C 3 min 1
94° C 45 sec 40
58° C 60 sec 40
72° C 90 sec 40
72°C 3 min 1
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12°C Hold -

Target: HDAC1 Screent

Temperature Time Cycles
95°C 5 min 1
95°C 30 sec 35

56° C 30 sec 35

72° C 120 sec 35
72°C 5 min 1
12°C Hold -

Target: Stat3b

Temperature Time Cycles
95°C 5 min 1
95°C 30 sec 40

56° C 60 sec 40

72° C 45 sec 40

72° C 5 min 1
12°C Hold -

Q5 High-fidelity PCR

1 ul DNA template

0.5 ul dNTPs (10 mM)

1.25 pl forward primer (10 uM)

1.25 pl reverse primer (10 uM)

5 pl 5x Q5 reaction buffer

0.25 pl Q5 High-Fidelity DNA Polymerase (NEB)
Nuclease free dH,O ad 25 pl

Target: Rosa26_IRES_mCherry

Temperature Time Cycles ‘
98° C 30 sec 1
98°C 10 sec 30
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65° C
72°C
72°C
12°C

Gradient PCR conditions

Temperature
98° C
98° C
52° C-65° C*
72°C
72°C

30 sec
30 sec
120 sec
Hold

Time

30 sec
10 sec
30 sec
30 sec

2 min

30
30

Cycles
1

40

40

40

1

*Primers were tested at 52° C, 54.5° C, 62.4° C and 65° C and a template free ctrl at 52°

C for all 4 primer combinations.

Primers

Primer

Cre Cre F
Cre_R
Hdac1_
Screen 1_F
Hdac1_
Screen1_R
Stat3_11_
fwd
Stat3_11_
rev
Stat3_14_
rev
mCHERRY
fwd

Hdac1

Screen 1

Stat3b

Sequence

TAATCGCCATCTTCCA
GCAG
CAATTTACTGACCGTA
CAC
GCATCGCCTTCTATCG
CCTTC

CTTGGTCATCTCCTCA
GCATTGG

GCGTCTGACTCTACAA
CcC

AGCCTCATCCTTAGGT
ACT

GACTGTGATAACCTTC
AGTG

ATTCCACAACCATGGT
GAGCAAGGGCGAG

Product size AT ET

Cre+ 1000 bp 58°C 90s

Rosa26 KI+, 56°C 120s
stop cassette
present 1241
bp
fl/fl: 480 bp 56°C 60s
wt: 352 bp

65°C 30s

Cyc
les
35

35

40

40
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Rosa26_ - mCHERRY
IRES _ rev 1
mCherry
Rosa26_ IRES mCHE
IRES _ RRY fwd
mCherry  mCHERRY
rev 2
MAIM MAIVmCherry
_EcoRI_Xhol_
CPCR_fwd1
MAIV_CPCR
_rev1
MAIM MAIV_CPCR
_fwd2
MAIVMCHERR
Y_EcoRI_Xhol_
CPCR_rev2

TATCTCGAGATCGCGG
CCGCTTTACTTG

CGGTATCGATAAGCTT
GATATCGAATTCCGCC

AATACTCGAGCCGCTT
TACTTGTACAGCTCGT
CC

GTCAAGACCACCTACA
AGGCC

ATCGATAAGCTTGGCT
GCAGG

AGTTACCTGGAAACAT
CTGGAACATCC

CATGAACTCCTTGATG
ATGGCC

Table 2: List of primers used in this thesis

2.4.3. Agarose gel electrophoresis

PCR
Fragment
727 bp
PCR
Fragments
1353 bp

65°C 30s

PCR
Fragment
211 bp

65°C 30s

PCR
fragment 720

bp

65°C 30s

40

40

40

Dependent on the size of the expected DNA fragments or products, a 0.8-2% agarose gel

was prepared. Therefore, an appropriate amount of agarose was dissolved in 100 ml 1x

TAE buffer by boiling and mixed with 5 pl ethidium bromide (0.5 mg/l, Sigma). This was

poured into a gel tray for polymerisation and the appropriate combs were inserted.

Genomic DNA was mixed with 6x Orange G DNA loading dye; PCR products amplified

with OneTaq 2X Master Mix (NEB) did not require any further preparation. The DNA

samples were loaded into the gel pockets next to appropriate markers (1 kb Plus DNA
Ladder (NEB), GeneRuler 1 kb DNA Ladder (Fermentas)). Usually, gels were run in 1x
TAE buffer at 120 V and the DNA was visualised under UV.

10x TAE buffer
400 mM Tris-Acetate
20 mM EDTA
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2.4.4. DNA extraction from agarose gels

DNA bands representing linearized plasmids after restriction digests were gel extracted
using the Wizard® SV Gel and PCR Clean-Up System (Promega).
Briefly, after agarose gel electrophoresis the bands were visualized under UV light and the
desired bands were excised from the gel with a scalpel and transferred into a clean 1.5 ml
Eppendorf tube. An appropriate volume (10 pl/10 ug of gel slice) was added to the gel and
vortexed. Then the tube was incubated at 50-65° C on a heat block until the gel was
completely dissolved. In the meantime, an SV minicolumn was inserted into a Collection
tube. The dissolved gel was then transferred to the minicolumn and incubated for 1 minute
at RT. Then the tube was centrifuged for 1 minute at 14,000 rpm. Also, all following
centrifugation steps were performed at 14,000 rpm. The flowthrough was discarded and
the minicolumn was placed back in the same collection tube. 700 ul Membrane Wash
Solution were added and the tube was centrifuged again. After removing the flowthrough,
the step was repeated with 500 ul Membrane Wash Solution and a centrifugation time of
5 minutes instead of 1 minute. An additional centrifugation step for 1 minute with opened
lid was performed to remove any residual ethanol. Afterwards, the minicolumn was placed
in a clean 1.5 ml Eppendorf tube, 40-50 ul (depending on the gel size) nuclease-free water
were added carefully to the membrane and incubated for 1 minute. The tube was
centrifuged again for 1 minute, the minicolumn was removed and the eluted DNA was
either directly used for a subsequent ligation reaction or stored at -20° C. DNA

concentrations were measured by NanoDrop (Thermo Fisher).

2.4.5. Restriction enzyme digests

Restriction enzymes EcoRI and Xhol were used for digestion of plasmids. Analysis of
ligated plasmids was done with Stul via agarose gel electrophoresis. The DNA (0.5 ug)
was mixed with one or two restriction enzymes and an appropriate buffer.
The reaction was incubated at 37° C and 350 rpm on a heat block for at least one hour. In
the case of FastDigest enzymes, the incubation took only 15 minutes. A heat inactivation
of the used enzymes was performed if the DNA was further processed but not for control
digests. Afterwards the whole sample (when the DNA needed to be eluted from the gel) or

only an aliquot for analysis was loaded onto an agarose gel.

RE reaction mix (20 pl)

1 ug DNA template

1 ul restriction enzyme(s)
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2 ul 10x buffer
Nuclease free dH>O ad 20 pl

Restriction Company Restriction site Incubation Buffer Heat
enzyme Temp. inactivatio
n
EcoRI-HF  New England 5..GAATTC...3 37°C CutSmart™ 65° C
Biolabs 3'...CTTAAG...5 Buffer
Xhol New England 5...CTCGAG...3’ 37°C CutSmart™ 65° C
Biolabs 3'...GAGCTC...5 Buffer /
NEBuffer™
r3.1
Stul New England 5..AGGCCT...3’ 37°C CutSmart™ No
Biolabs 3..TCCGGA...%’ Buffer
BstXI New England 5..CCANNNNNNTGG..3" 37° C NEBuffer™ 80° C
Biolabs 3'...GGTNNNNNNACC...5' 31
2.4.6. Ligation

Digested linearized DNA fragments were ligated with the T4 Ligase (Thermo fisher
Scientific). The molar ratio of vector and insert was either 1:3 or 1:4 and 50 ng of vector
were used per ligation reaction. Thus, the appropriate amount of the insert needed to be

estimated first using the following equation:

= ng insert

ng vector * Kb insert . insert
* ratio —
Kb vector vector

The calculated amounts of vector backbone and insert DNA were mixed with 2 ul 10x T4
Ligase buffer, 1 pyl T4 Ligase and an appropriate volume of dH20 to a total volume of 20
pl. The incubation was performed at 25° C for 1 hour. If the transformation was done
immediately afterwards, no heat inactivation was necessary. Otherwise Heat inactivation

was done at 65° C for 10 min.
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2.4.7. Cloning strategies

2.4.7.1. Cloning strategy A) Basic cloning

Rosa26 IRES mCherry was amplified in PCR with the primers IRES _mCherry fwd
(includes the RE site EcoRI) and mCherry rev 2 (adding the RE site sequence as adapter
for Xhol). The acquired DNA sequence was purified with the Wizard® SV Gel and PCR
Clean-Up System from Promega, by adding an equal volume of Membrane Binding
Solution to the PCR amplification. The purified linear sequence of IRES_mCherry and
MAIV were subject to restriction enzyme digestion with EcoRI and Xhol. The linearized
DNA strands were gel purified by cutting the band at the expected height out of the gel
after running an agarose gel chromatography and subsequent purification with the
Wizard® SV Gel and PCR Clean-Up System from Promega. Both the digested and purified
linear vector MAIV and IRES_mCherry gene were ligated with the T4 Ligase and the

resulting vector MAIM used for transformation of competent DH5a-F’ E.coli bacteria.

2.4.7.2. Cloning strategy B) TA cloning

Taq polymerase has the tendency to add a single deoxyadenosine (A) to the 3’ end of
PCR products. The linearized vectors supplied in the TOPO® TA Cloning® Kit (Invitrogen)
have single, overhanging 3" deoxythymidine (T) residues, which allows PCR inserts to
ligate efficiently with the pCR™2.1-TOPO® vector in a TOPO® Cloning reaction.

Rosa26 IRES mCherry was amplified as described above. The acquired DNA sequence
was used in the subsequent ligation reaction without purification, but was checked in a
agarose gel chromatography for correct size. The IRES_mCherry PCR product was
directly used in the TOPO® Cloning reaction which was incubated for 10 min at 24° C and
directly used for transformation of competent DH5a-F’ E.coli bacteria. X-gal plates (1250
pug X-gal spread per plate and incubated till dry) were used to confirm the successful
cloning of the TOPO® plasmid into the cells. Positive and negative colonies were picked
for the colony PCR (Primers: See section 2.4.2). Midipreps were made from 2 successfully
cloned plasmids. The acquired TOPOmCherry plasmid was then, together with the MAIV
plasmid digested in a ligation reaction with EcoRI and Xhol for 60 min on 37° C. The
linearized plasmids were gel purified by cutting the band at the expected height out of the
gel after running an agarose gel chromatography and subsequent purification with the
Wizard® SV Gel and PCR Clean-Up System (Promega). Ligation with both the purified
TOPOmMCherry and MAIV plasmids was done with the T4 Ligase for 60 min on 24° C.

Transformation of DH5a-F’ E.coli bacteria was done as describe above. Insertion of
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mCherry into MAIV was confirmed by colony PCR and control digest with the restriction
enzyme Stul. 2 positive colonies were incubated for Midiprep and the successful

generation of MAIM plasmids was checked again via Stul control digest.

TOPO Cloning reaction

1 ul PCR product

3 pl ddH20 (Nuclease free)

1 Il TOPO TA Cloning salt solution
1 pl TOPO plasmid

2.5. Work with proteins

2.5.1. Protein extraction of cells

2.5.1.1. Freeze and thaw method

The cells were resuspended in a suitable amount of Hunt buffer, containing protease
inhibitors directly added before use. To lyse the cells, the sample was frozen in liquid
nitrogen and rapidly thawed at 37° C, while shaking. Altogether this “freeze and thaw”
cycle was done for three times. Following another freezing step, the sample was
centrifuged at 14000 rpm for 30 minutes at 4° C and the supernatant, containing the
cellular proteins, was transferred into a fresh tube. The protein concentration was

determined by the Bradford protein assay.

2.5.1.1. Extraction by sonication

The cells were resuspended in a suitable amount of Karin buffer containing the protease
inhibitors. Cells were lysed by sonication 2x 3 seconds for 6 cycles, while the power was
kept in the range of 45-50%. The sample was centrifuged at 15000 rpm for 15 minutes at
4° C and the supernatant, containing the cellular proteins, was transferred into a fresh

tube. The protein concentration was determined by the Bradford protein assay.

Hunt buffer

20 mM Tris-HCI (pH 8.0)
100 mM NaCl

1 mM EDTA
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0.5% (vol/vol) NP-40

Low salt Hunt buffer

20 mM Tris-HCI (pH 8.0)
50 mM NacCl

1 mM EDTA

0.5% (vol/vol) NP-40

Karin lysis buffer

20 mM Tris-HCI (pH 8.0)
138 mM NaCl

10 mM EDTA

100 mM NaF

1% (vol/vol) NP-40

10% (vol/vol) glycerol

Inhibitors

1x complete protease inhibitor cocktail (Roche)

100 uM PMSF

10 mM sodium fluoride

10 mM B-glycerophosphate

10 uM sodium molybdate

100 uM orthovanadate (activated 5 minutes at 95° C)

2.5.2. Bradford protein assay

The “Bradford protein dye reagent concentrate” (BioRad) was diluted 1:5 with dH20 and
1 ml of this solution was mixed with 1yl of the protein extract. The absorbance at 595 nm
was measured with a photometer and the concentration was calculated as follows:
absorbance*10 = ug/ul). If the absorbance was below 0.150 or higher than 0.5, the
measurement was repeated and the 1 ml Bradford reagent was either mixed with a higher
or a lower amount of the protein extract, respectively. The protein concentration was

always determined in triplicates and the average concentration was calculated.
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2.5.3. SDS polyacrylamide gel electrophoresis (SDS-PAGE)

Proteins were separated according to their size by SDS-PAGE. First, the glass plates

(BioRad) were assembled, the separation gel was filled between the spaces and covered

with isopropanol. After polymerisation of the separation gel, the stacking gel was prepared

and a comb was inserted. The protein samples were mixed with SDS loading dye and

denatured for 5 minutes at 95° C. In case of multiple gel runs (e.g. 7% and 12%) for the

same sample, double amount of protein samples were prepared and mixed to ensure

homogenous denaturized lysates to be loaded. Next to the samples, 5 pl Precision Plus

Protein all Blue ruler (BioRad) was loaded (Fig. 8). The gels were run up to 120 V, in an

electrophoresis chamber (BioRad) filled with 1x Western running buffer.

10% SDS separation gel (2 gels)

3.45 ml 30% acrylamide
3.9ml 1M TRIS, pH 8.8
3.06 ml dH.0

52.5 pl 20% SDS

112 ul 20% APS

7.5 yl TEMED

5% stacking gel (2 gels)
510 pl 30% acrylamide

375 yl 1M TRIS, pH 6.8
2.1 ml dH.0

15 pl 20% SDS

28 ul 20% APS

7.5 yl TEMED

Ammonium persulfate (APS)

20% APS
Diluted in dH20

SDS loading dvye
100 mM Tris-HCI, pH 6.8
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20% glycerol

0.01% bromophenol blue
10% B-mercaptoethanol
5% SDS

10x Western running buffer

14.4% glycine
3% Tris/HCI
1% SDS

2.5.4. Western blotting (wet transfer)

After separation by SDS-PAGE gel electrophoresis, proteins were blotted on a
nitrocellulose membrane. The support pads, 3MM filter paper (Whatman) and the
nitrocellulose membrane (Amersham Protran, GE Healthcare) were moisturized with wet

transfer buffer and the sandwich was assembled as following on a transfer cassette:

Support pad

3MM filter paper (2 sheets)
Nitrocellulose membrane
SDS-PAGE gel

3MM filter paper (2 sheets)
Support pad

The cassette with the sandwich was correctly positioned in the electrotransfer unit (Hoefer)
which was subsequently filled with wet transfer buffer. The transfer of the proteins from
the gel onto the membrane was performed at 4° C for 2 hours at 250 mA or alternatively
at 40 mA overnight. Then, the membrane was shortly stained with Ponceau S and
destained with dH20.

Wet transfer buffer
25 mM Tris-HCI
190 mM glycine

20% methanol
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10x Ponceau S

2% Ponceaus S
30% trichloracetic acid

30% sulfosalicylic acid

To prevent non-specific interactions, the membrane was incubated in blocking solution for

30 minutes, while shaking at RT.

Blocking solution, pH 7.4
1x PBS

1% polyvinylpyrrolidone
1% non-fat dried milk
0.1% Tween-20

0.01% sodium azide

2.5.5. Immunodetection of Western blots

Primary antibodies were diluted in 5 ml blocking solution according to the information in
the Table below. After blocking, the Western blot membrane was incubated with the
primary antibody overnight at 4° C while rotating. The next day, the blot was washed for
three times in 1x PBS containing 0.1% Tween-20 for 15 minutes at RT. Then, the blot was
incubated with the secondary antibody, diluted 1:10000 (In case where light chain
secondary antibody was used it was diluted 1:5000), for 1 hour at RT on a shaker. After
another three washing steps, the blot was prepared for detection using the
chemiluminescent ECL Western Blotting Detection Reagent (GE Healthcare). 1 ml
Detection Reagent 1 was mixed with 1 ml Detection Reagent 2 and pipetted onto the
membrane. After short incubation, the blot was inserted into the chemiluminescence
detection system Fusion-FX7-Spectra (Vilber) for imaging. Exposure time and image

quality were adjusted according to the visibility of the bands due to the different antibodies.

2.5.6. Co-Immunoprecipitation

Whole cell extracts of HAP1 cells of which protein concentrations have been measured

were investigated using co-immunoprecipitation assay (co-IP) in order to pull down the
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proteins of interest. Therefore 80-1000 ug of proteins were diluted in Hunt buffer
supplemented with inhibitors in a total volume of 300 pl. Then, 4 ug of a specific antibody
(or 30-60 pl of antibodies from the Lab Seiser/Lab Ogris collaboration self-made stock)
were added to the extracts and, if not stated differently, the vials were incubated for at
least 1 hour on a rotor at 4° C and 25 rpm. A control sample for unspecific binding was
included with 1IgG mouse and/or IgG rabbit, which was eventually used as background
control. Meanwhile, the used magnetic beads, either protein A- (rabbit) or G- (mouse)
beads (Dynabeads) from Invitrogen, were blocked with BSA (Bovine serum albumin). For
this purpose, 30 pl beads or 60 ul beads, respectively, per sample were transferred to a
1.5 ml Eppendorf tube. The tube was then placed in a magnetic rack and the supernatant
was removed. The beads were washed 3 times with 500 ul Hunt buffer with inhibitors each.
After removing the supernatant, 90 ul Hunt buffer with inhibitors and 10 pl BSA (10 mg/ml)
per sample were added to the beads. Then the vials were incubated on a rotor for at least
30 minutes at 4° C for blocking of the beads. As soon as the incubation time was over, the
beads were taken from the rotor, spun down quickly and then aliquoted into 100 ul per co-
IP. The tubes were placed again on the magnetic rack and the supernatant was discarded.
Then, the whole volume of the incubated protein-antibody-mixture was added. The co-IP
took place overnight at 4° C on the rotor if nothing else is stated. Next day, the samples
were taken from the rotor and put on the magnetic rack to remove the supernatant. The
beads - that were now coupled to the appropriate target protein and its complex partners
- were washed 3 times with 500 pl Hunt buffer with inhibitors. After removing the
supernatant 300 pl Hunt buffer with inhibitors were added to each sample and mixed well.
Then, the samples were separated into two parts: 2/3 (200 ul) were used for Western
blotting and (1/3) 2x 50 ul (distributed among two technical replicates) were used to
perform HDAC activity assay. The samples used for Western blotting were mixed with 30
pl SDS loading buffer without DTT and denatured for 5 minutes at 60° C on a heat block.
Then, the samples were placed back to the magnetic rack and 15 pl of the supernatant
(without beads) were transferred to a new tube where 5 yl SDS loading buffer with DTT
were added and denatured for 5 minutes at 95° C. 15 pl of the denatured proteins were

loaded on the prepared SDS gel.

For NCOR IP 1 mg of cell lysate in Hunt buffer was used as INPUT. Cells where lysed with
the freeze and thaw method. The IP was done with 3 pl of the primary antibody NCOR1
ab24552 per IP. 30 ul of A-beads (Dynabeads®) were used as secondary antibody. 20 ug
of INPUT WCL and 1/3rd of the IP eluate was applied on a western blot. Secondary AB

detection on blots was done with a light chain antibody.
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2.5.7. FLAG-Immunoprecipitation

30 ul of FLAG M2 Magnetic Beads (M8823, Sigma-Aldrich) were used per sample. The
beads were washed three times in 1x TBS (Tris-buffered saline) and blocked for 30 min in
1 mg/ml BSA in 1x TBS. The blocking reagent was removed, and the beads were
incubated overnight with 400-800 ug of protein extract in Hunt buffer containing protease
inhibitors, rotating at 4° C. The next morning, the beads were washed 3x with 1x TBS.
After the last washing step, the beads were resuspended in 300 uyl Hunt buffer. 1/3 of the
beads were used for the histone deacetylase assay and were further distributed into
technical duplicates (2x 50 ul) and 2/3 of the beads were used for Western blotting. For
elution of IP (immunoprecipitation) samples from the beads, the Hunt buffer was removed.
Per sample, 30 pl SDS loading dye without dithiothreitol (DTT) were mixed with the beads
and incubated at 55° C for 5 min, 500 rpm in an Eppendorf Thermomixer. Finally, the

eluate was separated from the beads, and further processed for Western blotting.

IxTBS

50 mM Tris-HCI

150 mM NacCl

in dH20 and adjusted to pH 7.4

2.5.8. Histone deacetylase activity assay (HDAC activity assay)

Input samples containing 20 pg of proteins were mixed with Hunt buffer with inhibitors in
a total volume of 20 pl. The supernatant of 2x 50 ul eluate from IP samples (as technical
replicates) was discarded and the beads containing precipitated HDAC brought into 20 pl
of Hunt buffer. Samples were then supplemented with 2 pl [*H]-acetate-labeled chicken
erythrocyte histones (1.5-2 mg/ml). The samples were incubated for 4-6 hours at 30° C
and 300 rpm on a heat block. Also, a BLANK sample was prepared that contained 20 pl
Hunt buffer with inhibitors and 2 pl *H-Histones. Afterwards, 35 ul Histone Stop Solution
and 800 pl ethyl acetate were added to the samples for phase separation. In between they
were inverted 4 times. They were vortexed for at least 15 seconds and then centrifuged
for 4 minutes at 10,000 rpm at RT using a swing out bucket. 600 pl of the upper, organic,
phase that should contain released radiolabelled acetyl groups were transferred to
scintillation bottles containing 3 ml of a Scintillation Solution. The vials were inverted in
order the solution to be mixed and finally placed in a Liquid Scintillation Analyzer (Packard)
that measured the detected ionization events per minute (counts per minute, CPM). Fig.

9 illustrates the principle of the HDAC activity assay.
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Acetate |

Fig. 9: Principle of HDAC activity assay (illustration made by A. Leopoldi). Protein extracts are incubated
with histone proteins that contain 3H-labelled acetyl groups. If active deacetylases are present, they should be
able to remove the acetyl-groups that can be extracted using the organic solvent ethyl acetate. Released
acetyl-groups migrate into the upper organic phase and are transferred into a scintillation solution, containing
two scintillators (PPO & POPOP) that are excited by the radioactivity and emit light that is detected.

Histone Stop Solution
1 M HCI
0.4 M Sodium acetate

Scintillation Solution
5 g/l PPO (2,5-Diphenyloxazole)
0.5 g/l POPOP (1,4-Bis-(5-phenyl-2-oxazolyl)-benzol)

Filled up with toluene

2.5.9. HDAC activity assay with HDAC3 and HDACS kits

Both the HDAC3 (Cat. #EP1004) and HDACS8 (Cat. #EPI006) kits from Sigma are based
on the feature of AFC covalently bound a short target peptide containing acetylated lysine
([R-H-K-K(Ac)-AFC] in case of the HDACS3 kit, [R-H-K(Ac)-K(Ac)-AFC] in case of the
HDACS8 kit). Deacetylation activity of HDACs leads to cleavage and release of the
quenched fluorescent group, AFC. AFC can be detected at 500nm fluorescence (Aex=380

nm). Further, samples can be prepared and measured in a 96-well format.

2.5.9.1. HDACS3 Activity Assay Kkit

Samples were prepared and measured according to the suggested manufacturers

procedure in black flat-bottom 96-well plates with clear bottom (Thermo Scientific). Briefly,
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input samples which were taken the day before and contain 20 ug of proteins were mixed
with HDAC3 assay buffer a total volume of 60 pl and 25 pl distributed into two wells as
duplicates. The supernatant of 100 ul (2x 50 pl) eluate from IP samples (as technical
replicates) was discarded and the beads containing precipitated HDAC resuspended in 60
pl HDACS3 assay buffer. 25 pl of each duplicate was distributed per well. A mix of 25 pl
total volume HDAC3 assay buffer containing 2 ul of HDAC3 substrate was added to a well
and, after shaking, incubated 30 min at 37° C. To complete the cleavage reaction, 10 pl
developer and 40 pl HDACS3 assay buffer were added, mixed well and incubated again at
37° C for 5 min. Plates were measured in the Enspire 2300 multilabel reader (Perkin

Elmer).

2.5.9.2. HDACS Activity Assay kit

Samples were prepared and measured according to the procedure suggested by the
manufacturer in black flat-bottom 96-well plates with clear bottom (Thermo Scientific).
Briefly, input samples containing 20 ug of proteins were mixed with Hunt buffer with
inhibitors in a total volume of 20 ul. The supernatant of 2x 50 ul eluate from IP samples
(as technical replicates) was discarded and the bead fraction containing the precipitated
HDAC transferred into 20 ul of Hunt buffer and 30 ul HDACS8 assay buffer were added. A
mix of 38 pl total volume HDACS8 assay buffer containing 2 ul of HDAC8 substrate was
added to a well and, after shaking, incubated 60 min at 37° C. To complete the cleavage
reaction, 10 yl developer were added, mixed well and incubated again at 37° C for 5 min.

Plates were measured in the Enspire 2300 multilabel reader (Perkin Elmer).

2.5.10. Antibody list

2.5.10.1. Primary Antibodies

Name Antigen  Cat. Number/  Species Company Dilution
clone

M2 FLAG M2 FLAG F1804 mouse  Sigma 1:1000
HD1 SAT 208 HDAC1 SAT208 rabbit Seiser lab 1:10000
HD2 ab7029 HDAC2 ab7029 rabbit Abcam 1:5000
HD2 3F3 HDAC2 3F3 mouse Seiser/Ogris labs 1:1000
HD3 ab7030 HDAC3 ab7030 rabbit Abcam 1:5000
HD8 ab187139 HDACS ab187139 rabbit Abcam 1:10000
DYKDDDDK M2 FLAG 2368S rabbit Cell Signaling 1:1000
(M2 FLAG)
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B-Actin
ab8226
B-Actin
ab8227
B-Actin
ab8227
B-Actin A5316
sin3a AK-11
Sin3a ab3479
MTA-2

sin3a G-11
NCoR1
NCoR2
p53 DO-7
HD3 3G6
HD8 ab187139
NCoR1
NCoR1
NCoR2
Vinculin
Vinculin
HDACS8
sc11405
CoREST

B-Actin
B-Actin
B-Actin

B-Actin
sin3a
Sin3a
MTA2-
276
sin3a
NCoR
SMRT
p53
HDAC3
HDAC8
NCor
NCor
SMRT
Vinculin
Vinculin
HDAC8

CoREST

ab8226
ab8227
ab8227

A5316 AC74
sc767
ab3479
sigma276
M7569
G-11
ab24552
ab24551
DO-7
3G6
sc11405
ab3482
ab3482
ab5802
sc25336
sc25336
sc11405

07-455

mouse

rabbit

rabbit

mouse
rabbit
rabbit
mouse

mouse
rabbit
rabbit
mouse
mouse
rabbit
rabbit
rabbit
rabbit
mouse
mouse
rabbit

rabbit

Abcam
Abcam
Abcam

Sigma
Santa Cruz
Abcam
Sigma

Santa Cruz
Abcam
Abcam
Santa Cruz
Seiser/Ogris labs
Santa Cruz
Abcam
Abcam
Abcam
Santa Cruz
Santa Cruz
Santa Cruz

Sigma

1:1000

1:1000*

1:10000

1:5000
1:500

1:1000
1:1000

1:200
1:1000
1:1000
1:20
1:25
1:500
1:700
1:500*
1:250
1:500*
1:250
1:500

1:1000

Table 3: List of primary antibodies used in this thesis for WB and (Co-)IP. *main dilution is marked.

2.5.10.2. Secondary antibodies

Name

Mouse HRP
Rabbit HRP
Mouse HRP LC
(light chain)
Rabbit HRP LC
(light chain)

Table 4: List of secondary antibodies used in this thesis for WB.

Antigen

mouse
rabbit

mouse

rabbit

Cat. Number /
clone

115-035-
174/142604
211-032-
171/142605

Species

mouse
rabbit

mouse

rabbit

Company

Jackson
ImmunoResearch
Jackson
ImmunoResearch

Dilution

1:10000
1:10000

1:5000

1:2500

55



2.6. Data analysis and statistics

2.6.1. HDAC activity assays

Graphical visualization and statistical analysis were done by GraphPad Prism version 5.00
for Windows (GraphPad Software, San Diego, California, USA). Statistical analysis of two

samples with at least 3 replicates per sample was performed using the Welch’s t-test.

2.6.2. RNA-seqg/ChlIP-seq and Heatmap

RNA samples for RNA-seq were isolated by Verena Moos [167]. Sequencing for RNA-seq
and ChlP-seq was done at CEMM. Reads were aligned with STAR (as reference served
genome hg38 (December 2013) and transcriptome hg38 e100 (April 2020) and raw gene
count data was provided by Michael Schuster from CEMM. The analysis of differentially
expressed genes was performed with DEseq2 (7.30.0) in R (version 4.0.4). DEseq2 was
run with default parameters with the design formula = ~ group, Rows with a raw data count
below 1 were dropped. Beside of the wt cirl samples (n=6) only the samples of interest
(each samples n=3) shown in the heatmaps are considered as factor in group for the
design formula. After running DEseq2, genes with an adjusted p-value below 0.1 were
kept and subgroups were created which are depending on the log2-Fold change of the
respective gene between the wt condition and the condition of interest (Above 1, between
-1 and 1, below -1). The RNA-seq data has been deposited to the NCBI Gene Expression
Omnibus (GEO) under GSE193885
(https://lwww.ncbi.nIm.nih.gov/geo/query/acc.cgi?acc=GSE193885)

RNA-seq gene set similarity was subsequently estimated with GeneOverlap (7.32.0) in R.

To compare data from RNA-seq to ChIP-seq data, significant genes from RNA-seq
samples analyzed by DEseq2 (p < 0.1, log2Fold < 1) were compared to significant genes
from ChIP-seq samples analyzed by Diffbind (run by Michael Schuster, CEMM) (FDR <
0.05, log2Fold < 0). Peaks from -500 basepairs to +1000 basepairs around the
Transcription Start Site (TSS) were taken.

Heatmaps were created in pheatmap (7.0.72) with genes only fulfilling the demanded
classifications. For Heatmaps in KO background genes were further classified by

behaviour between the wt cell and additional different conditions as stated in the figures.

The R package tidyverse (1.3.2) supported table adaptions to create input and export data

in the workflow.
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Selected clusters of differentially expressed genes which grouped together after the
DEseqg2 run were analysed through ENRICHR [175], [176] for enrichment of genes for
ontologies in GO 2023 [177].

2.6.3. Code (R scripts) availability

The source code of the R scripts which have been written and used are available in the

folder under the following link in the Github repository:

https://github.com/laubera14/HDAC HAP RNAseg/tree/main
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3. Results

3.1. Activity of endogenous class | HDACs in HAP1 cells

To systematically study the catalytic functions of class | HDACs we compared their activity
in HAP1 cells against acetylated histones using antibody-based approaches. In previous
experiments our lab precipitated either HDAC1, HDAC2, HDAC3 or HDACS, using specific
antibodies (Immunoprecipitation — IP), and measured their activity with help of [*H]-
acetate-labelled chicken erythrocyte histones as substrate (HDAC activity assay). These
experiments were established in our lab before with HAP1 cells (Horizon genomics, near-
haploid, fibroblast-like cells derived from the human male chronic myelogenous leukemia
(CML) cell line KBM-7). HAP1 HDAC knockout cell lines were produced by Verena Moos
and her Master student Susanna Leiter in collaboration with Horizon Genomics.The initial
characterisation of the generated cell lines by HDAC activity assays and Western blot
analysis was done by Verena Moos, Susanna Leiter, Anna Riegler, Brigitte Gundacker
and Petra Vician [167].

Preliminary experiments with newly thawed cell batches from the generated cell lines were
performed by me and my supervisor Lena Hess for measurement of HDAC activity with
the HDAC activity assay. HDAC1, 2, 3 & 8 were immunoprecipitated from HAP1 WT and
the individual knockout cell extracts and the deacetylase activity was measured. The
HDAC activity assay worked well for HDAC1 and HDACZ2, albeit the measured activity at
around 850 CPM (counts per minute) left room for improvement (see supplemental 5.1).
In contrast, HDAC3 had very low deacetylase activity and HDAC8 showed only

background activity (supplemental 5.1).

Therefore, different approaches were tested in this thesis to optimize immunoprecipitations
and activity measurements for HDAC1, HDAC2 and HDAC3.

3.1.1. Optimization of HDAC1/2 immunoprecipitation

HDAC1 and HDAC2 are both interacting with the same co-repressor complexes such as

Sin3, CoREST and NuRD, and were subsequently analysed together.

In order to improve immunoprecipitations of HDAC1/2, new monoclonal antibody aliquots,
which were produced in collaboration with the Ogris lab and targeting endogenous HDAC1
and HDAC2 (10E2 and 3F3, respectively), were obtained and tested for IP.
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Protein extracts from wildtype HAP1 cells, as well as from KO HDAC1 cells and KO

HDAC2 cells, which were used as background controls, were used for IP.

As shown in Fig. 10 A & B wildtype HAP1 cells showed deacetylase activities for HDAC1
and HDAC2 that were approximately 40% higher compared to the previous experiment

(intro of section 3.1), which suggests that the new antibody aliquots work better than the

old ones.
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Fig. 10: Determination of histone deacetylase activity of endogenous HDAC1 and
HDAC2. Endogenous HDAC1 or HDAC2 enzymes were precipitated from wildtype HAP1 cells
using monoclonal antibodies specific for HDAC1 or HDAC2. HDAC1 and HDAC2 KO cell lines
were included in the experiment as background controls. As additional negative control sample,
a mouse IgG antibody was used for IP, together with wildtype HAP1 cellular extract. 700 ug of
each whole cell lysate were used for each IP. (A & B) Bar charts showing absolute deacetylase
activity of precipitated HDAC1 and HDAC?2 towards histones in CPM (counts per minute).
Statistical significance was calculated by Welch’s t-test. **p < 0.01, ***p< 0.001. (C & D)
Western blot analysis of corresponding precipitates. 20 ug of INPUT extract (cellular extract
taken before IP) and 1/3rd of the IP-eluate was applied on a Western blot. n=4
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While almost no HDAC activity was observed for the HDAC2 IP in the HDAC2 KO, the
HDAC1 IP in the HDAC1 KO still yielded a relatively high background activity. In detail,
HDAC1 KO cells show a 3-fold lower activity in HDAC1 precipitates compared to the
wildtype cells. For HDAC2 KO cells the activity drops 50-fold in comparison to wildtype

cells.

Western blot analysis of input and IP samples (Fig. 10 C & D) confirmed the knockout of
HDAC1 and HDAC?2 in the respective cell lines. In input samples of HDAC2 KO cells, the
HDAC1 band was more prominent compared to input samples of wildtype cells, while B-
Actin shows equal amount of loaded protein lysate. It was previously shown, that HDAC1
and HDAC2 can compensate for the loss of the paralogue in co-repressor complexes
[160], [161], [178]. HDAC1 and HDAC2 can coexist in the same co-repressor complex,
which can harbor two or more HDACs (beside of COREST where only either of them is
recruited) [179]. Further, HDAC1 and HDAC2 have the ability to heterodimerize [114]. For
these reasons, they co-immunoprecipitate, which can be also seen well on the blots above.
All in all, it was confirmed that endogenous HDAC1 and HDAC2 display a robust
deacetylase activity in activity assays with radioactive labelled acetylated histones.
Additionally, the new antibody batches work significantly better (2-fold higher CPM values)

compared to previously used aliquots.

3.1.2. Optimization of HDAC3 immunoprecipitation

Measurement of endogenous HDAC3 in HAP1 cells has been challenging since activity

values obtained in HDAC activity assays are relatively low and just slightly above the

)

©
> Q

NN
(},Q Q A< C))Q >

v
~e~~e~\e~~e\~e~
O O © SR\

== == | HDAC3

e s s s s s | HDACT
- B-Actin

Fig. 11: Western blot analysis of different passages of HDAC3 KO cells.
HDAC3 KO cell lysates from passage 13 to 17 were loaded on a Western blot.
WT cells were used as control.
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background levels as seen in preliminary experiments (intro section 3.1). This has been
repeatedly shown in this thesis with both the HDAC activity assay (e.g. section 3.1.2.1)

as well as with a commercially available kit (section 3.1.2.2).

Furthermore, the HDAC3 enzyme in HDAC3 KO cells is recurrent in higher passages and
the expression levels correlate with passage number (Fig. 11). While this circumstance is
taken into consideration in the description of the results from the following experiments,
this correlation was not fully understood until before the final experiment of the

optimizations (section 3.1.2.5) was performed.

In this section, the optimization of the protocol from lysis of HAP1 cells to performance of

HDAC activity assay is shown.

3.1.2.1. HDAC3 immunoprecipitation using the “standard‘ protocol

HDAC3 IP was initially performed by using standard conditions (Hunt buffer, 30 pl
antibody, 600 ug protein lysate). Protein extracts from wildtype HAP1 cells and HDAC3
KO cells were used for IP. The precipitated proteins were analysed on Western blots and

the activity was measured with the HDAC activity assay.

The activity of precipitated HDAC3 is relatively low compared to HDAC1 or HDAC2,
respectively (see section 3.1.1) but clearly above background activity from the IgG ctrl IP.
However, the measured activity of precipitates from HDAC3 KO cells is similar to
precipitates of WT cells (Fig. 12 A). The activity associated with HDAC3 IPs in the KO
cells increase depends on the passage number of the cells, which was here 132CPM for
p13, 167 for p15 and 190CPM for p16. Western blot analysis shows a faint HDAC3 band
in input and IP-samples from the HDAC3 KO cells, while the loading control B-Actin shows

equal amounts of loaded lysates in the INPUT (Fig. 12 B).
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It is also obvious that background bands were visible in the precipitated HDAC3 KO
sample. HDAC3 is part of the NCoR/SMRT complex, thus we probed against NCoR2,
which is also called SMRT [133]. The NCOR2 band is faint and cannot be seen in the
samples beside of HDAC3 KO. Summarized, it can be said that the activity measurement
does not show any difference between HDAC3 KO cells and WT cells. The experiments
which were performed subsequently had the goal to tackle this problem by investigating

the reasons for this rather unexpected outcome and optimizing the method.

A B IP:
HDAC3 IP INPUT HDAC3
WT vs. HDAC3 KO
O
250 - ¢ ¢
2 200- e HDAC3
2> 150~ 1— NCOR2
= | B Actin
S 100-
Q C
Er' 50- WT
T
oL LBl .
$ @ & .
& S | HoAC3
QQ

Fig. 12: Activities of precipitated endogenous HDAC3 under standard conditions. 600 ug of whole cell
lysate was incubated with 30 ul of HDAC3 3G6 monoclonal antibody for immunoprecipitation. As additional
negative control sample, a mouse IgG antibody was used for IP, together with wildtype HAP1 cellular extract. A)
Bar chart showing absolute deacetylase activity of precipitated HDAC3 towards histones in CPM (counts per
minute). Statistical significance was calculated by Welch’s t-test. B) Western blot analysis of corresponding
precipitates. 20 ug of INPUT extract (cellular extract taken before IP) and 1/3rd of the IP-eluate was applied on a
Western blot. C) Western blot analysis of WT lysate in INPUT (before IP) and after IP with IgG. Red arrows
indicate the band of HDAC3. N=3
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3.1.2.2. HDAC3 immunoprecipitation with higher amounts of proteins

and antibody

Since the previous HDAC3 IP experiment (section 3.1.2.1) showed similar HDAC activity
between WT and HDAC3 KO cells, which was unexpected, various optimizations were
tested for the IP. The amount of protein lysate that was used for the IP was increased to 1
mg and simultaneously it was tested whether a double amount of the HDAC3 3G6

monoclonal antibody leads to precipitation of a higher amount of HDAC3 with acceptable

INPUT IP
60ul 60ul o/N 30ul 60! 60ul o/N 30ul
© o
$’\ \?\QV‘ Q\\'\ Q\Q?“ \g\ ‘?\QV
o\o —_— — — — —
i HDAC3 ot |H- il L | HDAC3
= | VINCULIN -
o |- ' &= | NCOR2
" VINCULIN
C TOTAL HDAC Activit D
before IP y £ HDAC3 IP wt vs. KO
S 30-
> 300 8 ) = wT
ZE g 5 E HDAC3 KO
< & 200 & 204 = IgG WT
Oown =
S5 )
I n a
El E 100 g 10—
ol j
g (8]
0- T T ‘Q( 0- =
° S P * o & ©
5 & o ey ) R
W & W O o9 O
*® ¢ *® F ~ N
3 N N W &
S NS N B *® S
S &
<

Fig. 13: Activities of precipitated endogenous HDAC3 with different antibody amounts and incubation
times used for IP. 1 mg of whole cell lysate was precipitated with HDAC3 3G6 monoclonal antibody, either
for 1h or over night. As additional negative control sample, a mouse IgG antibody was used for IP, together
with wildtype HAP1 cellular extract. Deacetylation activity was measured by using the commercially available
HDACS3 kit from SIGMA. HDAC3 KO cells hat passage number 14. A) Western blot analysis of respective
INPUT samples which were subsequently used in the IP. 20 ug of cell lysate were loaded per lane. B) Western
blot analysis of precipitated cell lysates. 1/3rd of eluate was applied per lane. Detection was done with HDAC3
antibody on a 12.5% gel and with NCOR1 and VINCULIN antibody on a 7% gel. Red arrows indicate the bands
of precipitated HDAC3. C) bar chart showing total HDAC activity in 20 ug of WT or HDAC3 KO cell lysates
prior to HDAC3 3G6 IP. D) bar chart showing HDAC activity of precipitates after HDAC3 IP.

background. Additionally, we wanted to account for the possibility of HDAC3 to prefer non-
histone targets and thus used a commercially available HDAC3 activity kit (with an
acetylated peptide as substrate) instead of the previously used [*H]-acetate-labelled

chicken erythrocyte histone deacetylation activity assay (HDAC activity assay).
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Protein extracts from WT cells and HDAC3 KO cells were used in 3 different IP
approaches: 1) Incubation with the primary antibody for 1 hour and over night incubation
with protein G beads, as in the standard method, but with 60 yl 3G6 HDAC3 antibody. 2)
One replicate was incubated overnight (o/n) in primary antibody with subsequent 2-hour
incubation with protein G beads on the next day. 3) Incubation of 1 mg lysate, as in 1) and
2), but with the standard 30 ul 3G6 HDAC3 antibody.

Concerning the Western blot analysis of lysates before they were used for IP (Fig. 13 A),
the loading control VINCULIN shows nearly identical amounts in WT and HDAC3 KO
samples, which were deployed before IP. On closer inspection, HDAC3 KO samples
display a faint HDAC3 band. This is in line with the observation that higher passages of
HDACS3 KO cell lysates are not able to maintain the full HDAC3 KO status. The passage
number of HDAC3 KO cells used in this experiment was p14. Nevertheless, the HDAC3
bands in the WT samples are suggesting that HDAC3 enzyme is clearly more abundant in
WT than in HDAC3 KO samples.

On the Western blot with the samples which were precipitated for HDAC3 (Fig. 13 b) the
following can be seen: From the 3 different IPs, the IP with 30 pyl 3G6 HDAC3 antibody
shows the strongest band for HDAC3 in the WT cells while no HDAC3 can be seen in the
HDAC3 KO. Here, NCOR2 seems to be co-immunoprecipitated the most. In the IPs with
60 ul 3G6, both, HDAC3 and NCOR2 could be precipitated, but the IP with the longer
incubation time in primary antibody (HDAC3 3G6 o/n) did not work as good as the IPs with
1 hour incubation time with HDAC3 3G6. Strikingly, the bands for NCOR2 are visible as
double bands after the IP of the HDAC3 KO cells.

As for the total HDAC activity of the lysates measured with the HDAC3 kit prior to HDAC3
3G6 IP, all samples show an activity of around 200 (Fig. 13 C).

In regard of HDAC3 activity measurement of HDAC3 precipitates (Fig. 13 D), the samples
which were incubated with 60 pl HDAC3 3G6 antibody for 1 hour (standard incubation
time) showed a considerable difference between WT and HDAC3 KO, with a two-fold
higher activity for precipitated HDAC3 in WT compared to HDAC3 KO cells. The samples
which were incubated with 30 ul HDAC3 3G6 antibody for 1 hour showed only a slightly
lower HDAC activity in HDAC3 KO lysates. Interestingly, the deacetylation activity in WT
and HDAC3 KO precipitates are higher than in the IPs where incubation was done with 60
Ml HDAC3 3G6 antibody. This result could be explained with higher deacetylation activity
which was measured already in the respective samples prior to IP (compare Fig. 13 C).
The WT cell lysate precipitate which was incubated over night in 60 pl primary antibody
(HDAC3 3G6), showed the lowest HDAC activity, compared to the ones from the other
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IPs. Furthermore, with the o/n incubation in primary antibody, the measurable HDAC

activity in HDAC3 KO cell lysate precipitates is even higher than in WT precipitates.

This experiment showed that the increase of cell lysate material for precipitation and the
double amount of HDAC3 3G6 monoclonal antibody (60 pl HDAC3 3G6, 1h incubation)
improves the IP in regard of the difference in measurable deacetylation activity between
precipitated WT and HDAC3 KO cell lysates, compared to the standard IP (section
3.1.2.1). Since the measured values are still very low (10x lower than total HDAC activity
before IP) the results should be taken with caution. Further, it should be kept in mind that
the experiment was performed with only 1 replicate. In conclusion the IP could be improved
but the use of the HDACS3 kit did not give any improvement, since the values are still near
to background values, and thus, in the remaining experiments where endogenous HDAC3
was precipitated the deacetylation activity was measured by using [*H]-acetate-labeled

chicken erythrocyte histones (HDAC activity assay).

3.1.2.3. Lysis in Karin buffer and short incubation time in secondary
antibody in HDAC3 IP

To further improve the results for the HDAC3 activity assay, another protocol was tested
with the following modifications: Instead of using Hunt buffer for cell lysis, Karin buffer
(higher salt concentration, as well as higher concentration of chelating agents and addition
of glycerol for better protein stabilization) was used and lysis was performed by sonication.
Furthermore the incubation time in the secondary antibody IgG (mouse) was reduced to 2
hours instead of over night incubation, since the HDAC3 active complexes NCOR1 and

NCORZ2, respectively, have shown in previous studies to be unstable [180].
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Briefly, protein extracts from WT cells and HDAC3 KO cells (passages 14-16) were used
for IP. For activity measurements, we used the HDAC activity assay which uses H?-

acetylated histones as substrate, since we could not observe any improvement by using
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Fig. 14: Activity of precipitated endogenous HDAC3 after short IP (3 hours). 1 mg of whole cell lysate
was precipitated with 60 ul HDAC3 3G6 monoclonal antibody. As additional negative control sample, a mouse
IgG antibody was used for IP together with wildtype HAP1 cellular extract. A) bar chart showing HDAC activity
of precipitates after HDACS3 IP. Statistical significance was calculated by Welch’s t-test. **p <0.01, ***p< 0.001.
B) Western blot analysis of cell lysates prior and after IP. Detection was done with HDAC3 polyclonal antibody
on a blot from a 12.56% gel. NCOR1 polyclonal antibody was used for detection on a blot from a 7% gel.
VINCULIN was used as loading control. n=3

the HDACS kit (section 3.1.2.2). The lysates were incubated 1 hour in the primary antibody
HDAC3 3G6 and 2 hours with mouse protein G-beads.

Looking at the HDAC activity (Fig. 14 A), HDAC3 precipitates from WT cells had a CPM
of 114 while precipitates from HDAC3 KO cells had a CPM of 53. These values are low,
but still considerably exceed the IgG ctrl background measurement (23 CPM). Relatively
seen, the difference of deacetylation activity between HDAC3 KO and WT cells is similar
to one of the IPs in Hunt buffer which was performed in section 3.1.2.2, more specifically
the one which had the incubation step in secondary antibody (mouse G-beads) over night.
The background activity which was measured in the 1gG ctrl precipitates from WT cells
with 23 CPM is also relatively higher than in this IP which was performed before in section
3.1.2.2. Beside of the higher background in the IgG ctrl, also the blank with a value of 47
CPM is considerably high.
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Regarding the analysis of the Western blot (Fig. 14 B), precipitation of HDAC3 protein can
be clearly seen for WT cell lysates after IP with HDAC3 antibody. It should be noted, that
NCOR1 was detectable in the precipitated samples on the blot from a 7% gel. So far, in

previous experiments we had difficulties to detect NCOR1.

Summarized, the short IP with only 3 hours total incubation time in primary and secondary
antibody confirmed the usage of 60 ul of HDAC3 3G6 antibody. The lysis buffer change
from Hunt to Karin and the different lysis method by sonication instead of freeze-thaw
yielded in comparable HDAC activities in HDAC3 precipitates in WT as in the experiments
with Hunt buffer (sections 3.1.2.1 & 3.1.2.2). The advancement of the new protocol is
clearly that the differences of HDAC activity between WT and HDAC3 KO samples could
be shown here with significance in triplicates, while it was difficult to show this in previous

experiments.

3.1.2.4. HDAC3 immunoprecipitation in low salt buffer and/or addition of
IP3(1,4,5)

IP3(1,4,5) — Inositol 1,4,5-trisphosphate — seems to have a stabilizing effect on HDAC
complexes [137], [180]. For this reason, in an additional experiment the effect of IP3 was
tested for potentially stabilizing the interaction between HDAC3 and NCOR1/2. Stabilizing
effects have been observed also with less salt in the lysis buffer [180]. This was also tested
by applying a low salt lysis buffer that contains 50 mM NaCl instead of the 100 mM NaCl
which is contained in Hunt buffer. Also, the alternative lysis method through sonication
instead of the freeze thaw method was assessed, since it is performed in other labs as

suggested by the literature and could impact deacetylation activity [180].

Briefly, proteins were extracted from WT and HDAC3 KO cells through lysis by sonication.
The lysates were incubated 1 hour in the primary antibody 3G6 and over night with mouse
protein G-beads. 4 different set-ups were tested, with modifications in the lysis buffer, IP
buffer and Assay buffer: 1) Lysis in low salt buffer (50 mM NaCl) and addition of IP3, 2)
Lysis in low salt buffer (50 mM NaCl), 3) Lysis in Hunt buffer (100 mM NaCl) with IP3
addition and 4) control IP in Hunt buffer (100 mM NaCl) as performed previously. Each IP
was with 500 pug INPUT lysate and 60 yl HDAC3 3G6 monoclonal antibody.
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Fig. 15: Comparison of activity of precipitated endogenous HDAC3 after IP in Hunt buffer with different
salt / IP3 concentrations. 1 mg of whole cell lysate was precipitated with 60 ul HDAC3 3G6 monoclonal
antibody. As additional negative control sample, a mouse IgG antibody was used for IP together with wildtype
HAP1 cellular extract. A) Western blot analysis of samples lysed and precipitated in low salt buffer with 50 mM
NaCl prior and after IP. B) Western blot analysis of samples lysed and precipitated in HUNT buffer with 100
mM NaCl prior and after IP. Detection on the blot from the 12.5% gel was done with HDAC3 antibody. Detection
on 7% blots was done with NCOR1 and NCOR?2 polyclonal antibodies. VINCULIN was used as loading control.
C) bar chart showing HDAC activity of precipitates after HDAC3 IP with different conditions. n=1

The HDAC3 KO lysate in this experiment is derived from cells with passage number 16

and 17. Accordingly, the Western blot analysis shows bands for HDAC3 also in the HDAC3
KO cell lysates.

The blot with the low salt lysates with IP3 addition (Fig. 15 A) show weak bands of
precipitated HDAC3 in both WT and HDAC3 KO samples on the blot derived from the 12%
gel. The blot derived from the 7% gel for NCoR1/2 shows weak bands for NcoR1 and
NcoR2 in all samples. Interestingly, the HDAC3 KO lysates prior to IP (INPUT) have double

bands for both enzymes. The VINCULIN detection seemed to not have worked on the
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INPUT blot, while it is clearly visible in the precipitated samples. This is not expected and

is a hint for strong background.

The Western blot analysis of the samples which were lysed and precipitated in our
standard Hunt buffer (Fig. 15 B) reveals visible bands for HDAC3 before and after IP on
the blot derived from the 12% gel. In the precipitated samples only NCoR2 can be seen
clearly on the blot from the 7% gel. Here, it appears as double band, opposite to the
observation that the double band was visible only in the samples prior to IP (INPUT) where
cells were lysed with low salt buffer + IP3. The loading control VINCULIN is weakly visible
in the INPUT samples, but both the WT and HDAC3 KO sample lanes of VINCULIN look
equal. Strikingly, while less HDAC3 protein is detected in the HDAC3 KO samples and
amounts of NCoR1 and VINCULIN are same, NCoR2 is the most prominent band in the
precipitated HDAC3 KO sample.

With all tested methods, we observed a higher deacetylase activity in HDAC3 precipitates
of the HDAC3 KO cells compared to WT cells (Fig. 15 C). This is surprising, since the
bands on the Western blots from HDAC3 KO precipitates are weaker than from WT
precipitates. In general, HDAC activities across all samples are higher no matter which

buffer was used.

In summary, the effect of IP3(1,4,5) and the low salt buffer individually were limited and
only intensified the activity of HDAC3 KO cell lysates. Whereas the combination of both
seemed to slightly increase the activity for wildtype cells and the HDAC3 KO cells. The

usage of IP3(1,4,5) and low salt buffer was therefore not further pursued.

3.1.2.5. HDAC3 immunoprecipitation with optimized conditions

It was concluded, that the combination of changed conditions for cell lysis and IP which
were tested in the previous sections (3.1.2.2 - 3.1.2.4) should be sufficient to compare
the HDAC activity of HDAC3 KO cells to WT cells. Briefly, the increase of the amount of
lysate used for the IP (1 mg per sample) and the higher amount of HDAC3 3G6 monoclonal
antibody (60 pl) used during the IP in Karin buffer could significantly improve the relative
differences of deacetylation activity between HDAC3 KO cells and WT cells.

Thus, conditions from the former IPs were combined as follows: protein extracts from WT
cells and HDAC3 KO cells were used after lysis by sonication in Karin buffer. 1 mg of the

lysate was used as input for IP, which was performed with 60 yl HDAC3 3G6 monoclonal
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antibody. Further, it was paid attention to use passage numbers as low as possible for the
experiment, which were p12-p15. The precipitated proteins were analysed in WB assay

and the activity was measured using the HDAC activity assay.

In the HDAC activity assay, the WT samples which were precipitated for HDAC3 showed
a deacetylation activity of 389 CPM while the HDAC3 KO precipitates showed 162 CPM,
which is significantly lower, even lower than the activity of IgG WT IP (216 CPM). This
might be due to unspecific binding of components in the lysate to the antibody (Fig. 16 A).

Western blot analysis of the 12.5% gel shows the successful precipitation of HDAC3 in the
wildtype cells, while no band is visible in the KO cells. The detection was facilitated by the
application of an antibody which detects only the light chain of rabbit IgG (Jackson

ImmunoResearch) and thus lowers the visibility of precipitated mouse IgG which is seen
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Fig. 16: Activity of precipitated endogenous HDAC3 after IP with optimized conditions. Proteins were
extracted in KARIN buffer through cell lysis through sonication. 1 mg of whole cell lysate was precipitated with
60 ul HDAC3 3G6 monoclonal antibody. As additional negative control sample, a mouse IgG antibody was
used for IP together with wildtype HAP1 cellular extract. A) Bar charts showing absolute deacetylase activity
of precipitated HDAC3 towards histones in CPM (counts per minute). Statistical significance was calculated
by Welch’s t-test. ***p< 0.001. B) Western blot analysis of cell lysates prior and after IP on a blot from a 12.5%
gel. A light chain secondary antibody was used for detection of HDAC3 to lower the visibility of the IgG mouse
heavy chain. n=5

through cross reaction with the standard secondary anti-rabbit antibody (Fig. 16 B). On

the same blot, NCOR1 appears as 2 bands in WT precipitates while it cannot be seen in
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HDAC3 KO precipitates. VINCULIN confirms equal amounts of used lysates from each
sample as INPUT that was used for the IP.

In summary, it was eventually possible to show the difference of deacetylation activity
between WT and HDAC3 KO cells, which were precipitated for HDAC3. Thanks to the
optimized conditions the measurable activity in the WT precipitates could be increased to
almost 400 CPM. More importantly, the activity of HDAC3 KO precipitates could be kept
nearly at the same levels as they were in the initial experiment (see section 3.1.2.1). The
only drawback is the increase in background activity that is precipitated from WT cells (IgG
WT).
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3.2. Characterization of cells expressing transgenic class |

HDACSs in corresponding KO backgrounds

The characterization and comparison of different activities of endogenous wildtype class |
HDAC:Ss is not always directly comparable between different studies: Expression levels of
class | HDACs in different cell lines vary and the amount of precipitated protein differs
because of reasons like different antibodies used. In order to create comparable conditions
and enable a systematic analysis for class | HDACs, our lab established an in vitro model

in HAP1 cells with the following lineages:

WT wt -

WT HDAC1ClI  wt HDAC1 ClI H141A
WT HDAC2CI  wt HDAC2 ClI H142A
WT HDAC3 CI  wt HDAC3 ClI H135A
WT HDAC8 Cl  wt HDACS ClI H143A
KO HDACA1 HDAC1 KO -

KO HDAC2 HDAC2 KO -

KO HDAC3 HDAC3 KO -

KO HDACS8 HDAC8 KO -

KO HDAC1 WT HDAC1 KO HDAC1 WT

KO HDAC2 WT HDAC2 KO HDAC2 WT

KO HDAC3 WT HDAC3 KO HDAC3 WT

KO HDAC8 WT HDACS8 KO HDAC8 WT

KO HDAC1 CI HDAC1 KO HDAC1 ClI H141A
KO HDAC2 CI HDAC2 KO HDAC2 ClI H142A
KO HDAC3 ClI HDAC3 KO HDAC3 ClI H135A
KO HDACS CI HDAC8 KO HDACS ClI H143A

Table 5: Summary of established HDAC1-8 KO and WT HAP1 cell lines with exogenically expressed either
wildtype HDAC1-8 or catalytically inactive (Cl) HDAC1-8.

HDAC knockout cell lines were generated by Verena Moos and Susanna Leiter by using
CRISPR/Cas9 targeting of respective gene sequences and introduction of an indel in

collaboration with Horizon discovery [167].

Catalytically inactive (Cl) HDACs were introduced into both wildtype (WT) HAP1 cell lines
as well as into HDAC knockout (KO) cell lines (Table 5). Therefore, using CRISPR/Cas9
technology and subsequent homologous recombination, the AAVS1 safe harbour locus
was targeted to introduce the sequences of HDAC1-8 which carry a point mutation in the
catalytic center to exchange the conserved amino acid histidine to alanine (HDAC1
H141A, HDAC2 H142A, HDAC3 H135A, HDAC8 H143A). Each introduced HDAC

transgene has a FLAG-tag at the C-terminal end which allows pull down of the desired
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protein with streptavidin beads and subsequent analysis. The cloning of the constructs
which included the template (guide RNA) for targeting the AAVS1 locus and pCas9 from
Streptococcus pyogenes and also cloning of AAVS1 donor vector carrying the gene
sequences to be inserted was accomplished by Verena Moos with help of Anna Riegler
[167], [181], [182]. Previously, a number of these cell lines have been characterized
already in our lab. Susanna Leiter, Anna Riegler, Brigitte Gundacker and Petra Vician
contributed to further characterization of KO HDAC WT cells, the comparison of KO
HDAC1-8 WT and KO HDAC1-8 CIl as well as the co-repressor complexes of HDAC1.
[167], [173], [181]-[183].

3.2.1. Comparison of deacetylase activity of transgenic FLAG tagged
wildtype class | HDACs

3.2.1.1. Titration of FLAG tagged wildtype class | HDACs

To compare cells which express the FLAG tagged transgene of either wildtype HDAC1,
HDAC2, HDAC3 or HDACS in their respective KO background, the amount of protein
lysate which is necessary to precipitate similar amounts of the respective transgene must
be adjusted. Therefore, cells of the different HAP1 cell lineages were lysed in Hunt buffer
and different amounts of the protein lysates were analyzed by Western blotting. As
background control, the same amount of WT cell lysate was loaded as was loaded from
the KO HDAC3 WT cell lysate with the highest (40 ug) amount. Blots were incubated with
antibodies against the FLAG tag. The resulting band intensities were compared to estimate

the HDAC transgene expression ratios between the cell lineages.
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Fig. 17: Western blot analysis of HAP1 cell lysates expressing transgenic wildtype class | HDACs in
respective knockout background. The following amounts of whole cell lysates were analysed by
immunoblotting: KO HDAC1 WT 4 ug, KO HDAC2 WT 3.2 ug, KO HDAC3 WT 40 ug, KO HDAC8 WT 4 ug.
As additional negative control sample, a wildtype HAP1 cellular extract was loaded. The positive control was
derived from a cell lysate previously confirmed to express transgenic FLAG-tagged HDAC1. B-Actin served as
loading control. n=1

The following ratios were determined to result in similar amounts of transgenic HDAC
proteins: KO HDAC2 WT 0.8x the amount of KO HDAC1 WT, KO HDAC3 WT 10x the
amount of KO HDAC1 WT, and FLAG KO HDAC8 WT 0.8x the amount as KO HDAC1 WT
(Fig. 17 A).

3.2.1.2. Precipitation and comparison of FLAG tagged wildtype class |
HDACs

In order to systematically compare the deacetylase activity of FLAG tagged wildtype class
I HDACs in KO background, we performed a FLAG-IP with the above stated ratios
(section 3.2.1.1). After determining the protein concentrations of cell lysates, the following
samples were prepared for IP: 100 ug of KO HDAC1 WT, 80 ug KO HDAC2 WT, 1000 ug
of KO HDAC3 WT and 80 ug of KO HDAC8 WT. In addition, we used 1000 ug of WT
lysates for the IP, as negative control. Due to the absence of any transgene, it served to

determine background. The precipitates were analysed using the HDAC activity assay
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performed with [®H]-acetate-labelled chicken erythrocyte histones (HDAC activity assay)

and on a Western blot.

Western blot analysis with the FLAG antibody shows similar amounts of precipitated
transgenic HDAC1-8 (Fig. 18 A). Concerning the activity assay analysis (Fig. 18 B), the
absolute (CPM) value obtained from the IP of the background control (WT) was subtracted
from the values that were measured for the precipitated, transgenic HDACs. Therefore,
the measured background activity in the precipitated WT sample was subtracted from the
KO HDAC3 WT precipitate. For the other KO HDAC precipitates the background activity
of the WT sample was calculated by dividing the activity by the proportion between the

1000 ug sample and how much of an amount was used for the respective IP.
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Fig. 18: Activity of precipitated transgenic class | HDACs (expressed in respective KO background).
80-1000 ug of cell lysate were used for IP. A) Western blot analysis of cell lysates prior and after IP. As
additional negative control sample, 1000 ug of a wild type HAP1 cellular extract was used in IP. 3-Actin was
used as loading control. B) Bar charts showing absolute deacetylase activity of precipitated FLAG-tagged
transgenic HDACs towards histones in CPM (counts per minute) obtained after IP. The background level was
measured in the immunoprecipitated 1000 ug wild type HAP1 lysate and is already subtracted from
measurement values n=3

Transgenic HDAC1 and HDAC2 enzymes showed an activity of around 1000 and 800
CPM, respectively. HDAC3 had an activity around 200 CPM and HDAC8 showed almost

no measurable activity.

3.2.1.3. Activity levels measured with the HDACS8-kit assay

In the previous experiment (section 3.2.1.2), we could not determine activity for HDACS,

using histones as substrate. for this reason, we tested another substrate. [R-H-K(Ac)-
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K(Ac)-AFC] is the peptide which is provided in the HDACS kit. It has been shown to be a
direct substrate of HDAC8 [184] The same FLAG-IP as described above was repeated
and measured with the HDACS kit. FLAG-IP was performed with the above stated ratios.
Additionally, for each amount which was used in the IP a respective amount of WT cellular
extract was used in IP to subsequently have a background control that can be subtracted

from each sample.
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Fig. 19: Activity measurement with the HDAC8-kit of transgenic wildtype class | HDACs (expressed in
respective KO backgrounds). 80-1000 ug of cell lysate was used for IP. A) Western blot analysis of cell
lysates prior and after IP. Cellular extract from WT HAP1 served as negative and background control. $-Actin
was used as loading control. B) Bar charts showing absolute deacetylase activity of precipitated FLAG-tagged
transgenic HDACs towards a target peptide obtained after immunoprecipitation of respective cell lysates. n=4

WB analysis shows similar amounts of precipitated HDACs after IP (Fig. 19 A).
Surprisingly, HDAC1 and HDAC2 had again the highest activity measured with the HDAC8
activity kit. HDAC3 showed a much lower activity, while HDACS8 associated activity stayed
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only at background levels (Fig. 19 B). These data suggest that the HDACS8 activity kit does

not discriminate between class | HDACs.

Since neither the HDAC3 nor the HDACS kit gave an advantage over the HDAC activity
assay with [°H]-acetate-labelled chicken erythrocyte histones, the remaining experiments
were always measured with the HDAC activity assay using H3-acetylated histones as

substrate.

3.2.2. Comparison of transgenic wildtype and inactive HDACs

To show that the previously generated inactive HDAC transgenes are indeed inactive, we
compared FLAG precipitates from KO HDAC CI cells with FLAG precipitates from KO
HDAC WT cells. The same process of titration as described above (section 3.2.1.1) had
to be done to precipated equal amounts of HDAC transgenes. Since there are significant
differences of the deacetylase activity levels of transgenes, HDAC1 and HDAC2 were
grouped together in the following experiments (relative high activity measured in KO HDAC
WT precipitates, around 1000 CPM) and transgenes, which were equalized on one
Western blot and HDAC3 and HDACS8 were grouped together (low activity of deacetylase
activity in KO HDAC WT precipitates).

3.2.2.1. Comparison between transgenic wildtype and inactive HDAC1

or HDAC2 enzymes

After titration of lysates with wildtype or inactive HDAC1 and HDAC2 transgenes, the
following ratios were concluded via Western blot analysis: For KO HDAC1 Cl, the 4x higher
amount than for KO HDAC1 WT is necessary and for KO HDAC2 Cl, the 7x higher amount
compared to KO HDAC2 WT is required for immunoprecipitation.

FLAG-IP was performed with the stated ratios. After determining the protein
concentrations of cell lysates, the following samples were prepared for FLAG-IP: 100 ug
of KO HDAC1 WT, 100 ug KO HDAC2 WT, 400 ug of KO HDAC1 Cl and 700 ug of KO
HDAC2 CI. The precipitates were analysed using the HDAC activity assay and on Western
blots.
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Fig. 20: Comparison of wildtype and inactive transgenic FLAG-tagged HDAC1 & HDAC2. 100-700 ug of
cell lysate was used for IP. A) Western blot analysis of cell lysates prior and after IP. -Actin was used as
loading control. Cellular extract from WT HAP1 served as negative and background control. B) Bar charts
showing absolute deacetylase activity of precipitated FLAG-tagged transgenic HDACs towards histones in
CPM (counts per minute) obtained after IP. n=1

The amounts of precipitated FLAG tagged HDACs was similar for each cell line (Fig. 20
A). The activities which were measured for precipitates of KO HDAC1 WT and KO HDAC?2
WT cell lines are definitely higher than the activity of same amounts of respective KO
HDAC1 Cl and KO HDAC2 ClI precipitates (Fig. 20 B). The background activity of the WT
HAP1 negative control was already considered, but there is still a residual activity that was
measured for inactive HDAC1 and HDAC2. This could come from heterodimerization of

the inactive proteins with wildtype HDAC1/2 enzymes.
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3.2.2.2. Comparison between transgenic wildtype and inactive HDAC3

or HDAC8 enzymes

Similar as for transgenic HDAC1/2, we wanted to determine the deacetylation activity of
inactive and wildtype transgenes of HDAC3/8. The titration of FLAG tagged transgenic
HDAC3 and HDACS lysates resulted in the following ratios: From KO HDAC3 WT the 2.5x
higher amount than from KO HDAC3 CI, and from KO HDAC8 WT the 8x lower amount is
needed than from KO HDACS CI.

FLAG-IP was performed with the above stated ratios. After determining the protein lysate
concentrations, the following samples were prepared for IP: 500 ug of KO HDAC3 WT,
100 ug KO HDACS8 WT, 200 pg of KO HDAC3 CI and 800 pg of KO HDACS8 CI. The

precipitates were analysed using the HDAC activity assay and on Western blots.
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Fig. 21: Activity of precipitated transgenic HDAC3 WT/CI & HDAC8 WT/CI into their respective KOs.
100-800 g of cell lysate was used for IP. A & C) Western blot analysis of cell lysates prior and after IP. Cellular
extract from WT HAP1 served as negative and background control. 3-Actin mouse (HDAC3 IP) and [B-Actin
rabbit (HDACS8 IP) were used as loading control. B & D) Bar charts showing absolute deacetylase activity of
precipitated FLAG-tagged transgenic HDACs towards histones in CPM (counts per minute) obtained after IP.
n=3

Similar amounts of precipitated HDAC transgenes can be detected on the Western blots
(Fig. 21 A& C).
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Concerning the activity assay results (Fig. 21 B & D), background activity is already
subtracted. Precipitated HDAC3 Cl shows a 7-fold decrease in deacetylation activity
compared to the precipitated HDAC3 WT enzyme (385 CPM vs. 52 CPM). Although the
amounts of precipitated HDACS8 transgenes are similar and clearly visible on the blot, the
associated deacetylase activity was very low for both HDAC8 WT and HDACS8 CI enzymes
The measured values remained in levels near to background, hence didn’t allow any

analysis.

3.2.3. Co-repressor-associated deacetylase activity upon incorporation
of HDAC1 WT or HDAC1 Cl enzymes

To determine the consequences of incorporation of wildtype or inactive transgenic HDAC1
into the co-repressor complexes and to compare the resulting deacetylation activities, IPs
for the three complexes SIN3A, CoREST and NuRD were performed with antibodies
specific for SIN3A, CoREST and MTAZ2.

Therefore, 700 pg of protein extracts from KO HDAC1 WT cells and KO HDAC1 ClI cells
were precipitated. It has been observed in our lab before that incorporation of catalytic
inactive HDAC1/2 transgenes resulted in a more severe phenotype due to disruptive
effects compared to the knock outs of the respective HDACs [166]. HDAC1 KO lysates
were thus precipitated as well to compare the effect of loss versus inactivation of HDAC

enzymes on the activity of the co-repressor complexes.
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Fig. 22: Co-repressor IPs of transgenic HDAC1 (WT & Cl) expressed in HDAC1 KO background. 700 ug
of cell lysate was used for IP with either Sin3a G-11, COREST 07-455 or MTA2 M7569 antibody. A) Western
blot analysis of cell lysates prior and after IP. B-Actin was used as loading control. B) Bar charts showing

absolute deacetylase activity of precipitated FLAG-tagged transgenic HDACs towards histones in CPM (counts
per minute) obtained after Co-IP. n=4
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The analysis of the INPUT Western Blot (Fig. 22 A) shows that the expression of the
wildtype HDAC1 transgene in HDAC1 KO cells is higher than the expression of inactive
HDAC1 transgene, together with this observation endogenous HDAC2 seems to be
slightly downregulated in cell lysates where the wildtype HDAC1 transgene is introduced.
Extract of WT cell lysate was applied as positive ctrl for endogenous HDAC1; it shows a

slightly higher protein concentration which is not of significance for the analysis here.

Western blot analysis of the SIN3A IPs (Fig. 22 B) showed, that less amount of transgenic
HDAC1 protein co-precipitated in KO HDAC1 CI cells compared to the amount which
precipitated in KO HDAC1 WT cells, where the band for transgenic HDAC1 is very strong.
While endogenous HDAC?2 is not detectable in precipitates of KO HDAC1 WT, there is still
a faint band in the precipitates of KO HDAC1 CI.

In the MTA2 IP blot (Fig. 22 C), precipitated transgenic HDAC1 is more prominent in KO
HDAC1 WT cells than in KO HDAC1 ClI cells. As in the SIN3A IP it can be also observed
in the MTA2 IP that less endogenous HDAC?2 precipitated in lysate from KO HDAC1 WT
than from KO HDAC1 CI. Strikingly, endogenous HDAC?2 precipitated in higher amounts
in lysates from KO HDAC1 CI cells than transgenic HDAC1.

In the Western blot analysis of the CoREST IP (Fig. 22 D), the FLAG signal of the
transgenic wildtype HDAC1 is slightly more intense than observed for transgenic inactive
HDAC1. The behaviour of HDAC2 in the CoREST IP resembles its behaviour in the SIN3A
and MTA2 IP.

Concerning histone deacetylase activity (Fig. 22 E), our analysis suggests that the activity
of precipitated complexes of HDAC1 KO cells is higher than observed for KO HDAC1 ClI
cells. The lowest activity in the SIN3A complex is also seen with the HDAC1 inactive
transgene incorporated. In the NuRD complex as well as in the CoREST complex,
significantly higher deacetylase activity was found in precipitates KO HDAC1 WT cells,
compared to precipitates from HDAC1 KO cells. In summary, the complexes which have
the inactive HDAC1 transgene incorporated have significantly lower activities than the

complexes without HDAC1.

3.2.4. NCOR1 co-repressor IPs for deacetylation activity assay of

incorporated transgenic active and inactive HDAC3

Analogous to the co-repressor IP, which was done above for HDAC1-associated co-

repressors, we tested whether we are able to immunoprecipitate NCOR1/2 complexes,
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which were found earlier to interact with HDAC3 [185]. Like the HDAC3 endogenous IP,
the NCOR IPs had to be optimized. Various IP conditions were tried, amongst them
different antibodies, shorter incubation times and an alternative lysis and assay buffer. It
was especially tested whether these conditions could improve the enrichment of the NCOR
complex together with FLAG-tagged transgenic HDAC3 (WT or ClI) so that their activity
become measurable. It was shown before, that the activity of HDAC3 is dependent on the
incorporation into the NCOR or SMRT complex [133].

3.24.1. NCOR1 IP with standard conditions and HDAC activity
measurement with HDAC3 kit.

In the first attempts of NCOR1 IPs the associated HDAC activity, which was measured
with the HDAC activity assay, as well as the detection of HDAC3 as part of the NCOR
complex stayed only vague. For this reason, the used amount for IP was increased to 1
mg per sample and the HDAC3 kit from Sigma was used for deacetylase activity
measurement. Protein extracts from WT cells, KO HDAC3 WT cells and KO HDACS3 ClI
cells were used for NCOR1 IP with the NCOR1 ab24552 antibody. The precipitated
proteins were analysed by Western blot assay and the activity was measured. The IgG
background control was done with KO HDAC3 WT.
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Fig. 23: NCOR1 Co-repressor Co-IP of cell expressing transgenic HDAC3 (WT & Cl) in HDAC3 KO
background 1 mg of cell lysate in Hunt buffer was used as INPUT. Cells where lysed with the freeze and thaw
method. A) Western blot analysis of cell lysates prior and after IP. VINCULIN was used as loading control.
Secondary antibody detection on blots was done with a light chain antibody. B) Western blot analysis of cell
lysates prior and after isotype control IP. C) bar chart showing HDAC activity of precipitates after NCOR1 Co-
IP. n=1

Incubation of the blot with the NCOR1 antibody ab3482 results only in a smear at around
250 kDA, where NCOR 1 would be expected, and in in the INPUT the NCOR1 bands are
very faint and appear as double bands (Fig. 23 A). The loading control with VINCULIN
confirmed that equal amounts of protein lysates were used for IP. Concerning the FLAG
detection on the blot, it seems that inactive transgenic HDAC3 is clearly visible, but the
wildtype transgenic HDAC3 cannot be seen in the IP samples. Indeed, in the previous
section (3.2.2.2) it was determined that transgenic inactive HDAC3 has a 4-fold higher
expression level than the wildtype transgene. Detection with the HDAC3 3G6 antibody
gave no readable signal. Further, the same bands are visible as in the FLAG detection,

since both antibodies were produced in mouse.

A KO HDAC3 WT sample was incubated with IgG rabbit antibody as background control
(Fig. 23 B). The precipitates show a smear at around 250 kDa for NCOR1, as observed
in the other precipitated samples. Besides of this, the samples look clear of HDAC3 or

VINCULIN, which would suggest a low background.
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Concerning the activities obtained for NCOR1 (Fig. 23 C) precipitates are around 10 RFU
(relative fluorescence units, emission at 500 nm). This is very low compared to the values
obtained for the INPUT samples (20 ug of whole protein extract per sample) that are
around 200 RFU. The activity of NCOR1 precipitates of the KO HDAC3 WT cell line was
around double as high as for NCOR1 precipitates of the WT cells. The KO HDAC3 Cl cells

showed around half of the activity of WT cell precipitates.

Surprisingly, the IgG ctrl, which was done with KO HDAC3 WT gives higher values than
the other IP samples. This might be because of unspecific binding to the IgG antibody.
However, as mentioned in the Western blot analysis, the sample looks clear beside of the
smear for NCOR1.

Altogether this experiment gave a hint for the first time that our transgenic HDAC3 co-
precipitates with NCOR1, although it was here only possible to detect it on the Western
blot for the KO HDAC3 CI cells. However, these results can be hardly interpreted since
activities are very low and the IgG background control shows similar activities as the

precipitated samples for NCOR1.

3.24.2. NCOR1 IP with optimized conditions and HDAC activity

measurement with [*H]-acetate-labeled histones

Various conditions have been tested to optimize the NCOR1/2 co-IP. Finally, the best
result for NCOR1/2 co-IP to visualize co-immunoprecipitation of transgenic HDAC3 with
NCOR1/2, was achieved by using Karin buffer and lysis of the cells by sonication (compare
section 3.1.2.5). 1 mg of protein extracts from HDAC3 KO cells, KO HDAC3 WT cells and
KO HDACS3 Cl cells was used for IP, using the NCOR1 ab24552 antibody. As background
control served KO HDAC3 WT cells and WT cells, which were incubated with the IgG
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antibody. The precipitated proteins were analysed by Western blot assay and the

deacetylase activity was measured by HDAC activity assay.
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Fig. 24: Optimized NCOR1 Co-repressor Co-IP of cell expressing transgenic HDAC3 (WT & CI) in HDAC3
KO background. 1 mg of cell lysate obtained by sonication in Karin buffer was used for IP. A) Western blot
analysis of cell lysates prior and after IP. VINCULINwas used as loading control. Secondary antibody detection
on blots was done with a light chain antibody. B) Bar charts showing absolute deacetylase activity of
precipitated FLAG-tagged transgenic HDACs towards histones in CPM (counts per minute) obtained after Co-
IP. n=1

Incubation of the blot in rabbit secondary antibody leads to detection of the rabbit 1gG,
which was used as secondary antibody in the IP. To prevent detection of the IgG heavy
chain, which runs approximately at 50 kDa (HDAC3 appears also at 50 kDa) on the
membrane, a light chain secondary antibody was used. NCOR1 and VINCULIN were
detected on a 7% gel while HDAC3 and FLAG-HDAC3 were detected on a 12% gel.

Concerning the Western blot analysis (Fig. 24 A), on the 7% blot NCOR1 could be
detected. It seems to appear as double band again in NCOR1 precipitated samples from
WT, KO HDAC3 WT and KO HDAC3 CI. In the HDAC3 KO precipitate only a smear is
visible. VINCULIN detected in the INPUT lysates shows that similar amounts of the
samples were used for the Co-IP. Also, the transgenic HDACS3 proteins were clearly
detected in the INPUT lysates. It seems that transgenic HDAC3 was also detected in this
experiment in NCOR1 precipitates from KO HDAC3 WT and KO HDAC3 Cl, although the
bands are faint. Since detection of FLAG-HDAC3 did not work with the M2-FLAG antibody,
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we used an alternative antibody recognizing the M2 FLAG-tag (DYKDDDDK Tag, Cell

signaling).

The most surprising result is the fact, that the IgG ctrl IP of KO HDAC3 CI cells has the
highest activity (Fig. 24 B). With 244 CPM it is as high as the activity of NCOR1
precipitated KO HDAC3 CI cell lysates, which had 219 CPM. Together with the same
observation of the IgG ctrl IP of WT cells, where the deacetylase activity with 78 CPM is
as high as it is in WT cells which were precipitated for NCOR1, it can be said, that IP of
these samples for NCOR1 remain problematic and further optimizations are necessary.
Additionally, the measurable activity in precipitated samples disappeared, when the IgG
ctrl was taken in to account as background, For the NCOR1 precipitated endogenous
HDAC3 this is not surprising, since activity measurement of endogenous HDAC3 was
almost not possible, when it was precipitated itself in HDAC3 endogenous IP (section
3.1.2).
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3.3. Transcriptome analysis of cells expressing transgenic
class | HDACs and cells treated with HDAC inhibitor

Previously, our lab generated gene expression data with HAP1 cell lines which carry
HDAC transgenes or are HDAC KOs and additionally with treated HAP1 WT cells (Verena
Moos, in collaboration with Michael Schuster from CeMM). Briefly, HDAC KO, KO HDAC
WT and KO HDAC Cl cells, WT HDAC CI, and HAP1 control cells were cultivated in equal
conditions and harvested for RNA-seq. Simoultanously, WT cells were subject to treatment
with the HDAC inhibitors MS-275 (class | HDACI, Entinostat) and JQ12 (HDAC1/2 inhibitor,
[186]) with either 1 uM or 3 uM for 24 hours [167]. A part of the rawdata was used in this
master thesis and analyzed to explore the similarities and differences between the
generated cell lines (with focus on HDAC KO & WT HDAC ClI) and WT cells which were
treated with HDAC inhibitors. For this purpose, the rawdata was processed through
DEseqg2 and differentially expressed genes were analysed and visualized in heatmaps.
Furthermore, a limited dataset of ChlP-seq data was made available and compared to
RNA-seq data. The data has been deposited to the NCBI Gene Expression Omnibus
(GEO) under GSE193885:
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE193885

3.3.1. Similarity analysis of RNAseq datasets of upregulated genes

Quality assessment of the RNAseq dataset was done before (Michael Schuster, [167]).
Since HDAC 1, HDAC2 & HDAC3 act as gene repressors through corepressor complexes,
a knockout or inhibition of HDACs leads to dysfunctionality of these complexes [47], [187].
Consequently, the direct effect of antagonistic HDAC targeting should be upregulation of
genes, thus the focus of this section are upregulated genes in wildtype background and in
knockouts. To compare the impact of the inactive HDAC transgenes (Cl), HDAC deletion
(KO) or pharmacological HDAC inactivation on the gene expression level, the similarity of
gene sets with significantly upregulated genes in WT HDAC CI or HDAC KO for Class |
HDACs was calculated and compared to each other and to upregulated genes in MS-275
or JQ12 treated WT cells. The comparison is visualized in form of a triangle matrix that
illustrates the similarity between each gene set by the intensity of the square (binary
logarithm of the odds ratio derived from fisher's exact test). The significance of the

similarities is calculated by using fisher’s exact test (Fig. 25).
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Fig. 25: Similarity analysis of upregulated genes upon introduction of mutant class | HDACs (Cl =
catalytically inactive) into WT cells, compared to HDAC KO cells and WT cells treated with MS-
275/JQ12. HDAC inhibitor treatments were done with each 1 uM concentration. Colour key values are binary
logarithm of the odds ratio derived from fisher’s exact test. P-values have been masked for better visibility and
can be found in the supplementary material 5.2.

At first sight it can be already seen that the cell lines into which HDAC1, HDAC2 and
HDACS inactive transgenes were introduced possess a higher similarity to HDACi-treated
cells compared to their respective HDAC1, HDAC2 and HDAC8 KO counterparts. These
KOs show a relatively low similarity. A special case is HDAC3. There the KO looks slightly

more similar to the inhibitor treatments than the cells with the HDAC3 CI.

A more detailed look reveals the overlap of HDAC1 mutant transgene and HDAC2 mutant
transgene expressing cells to each other and to MS-275 and JQ12 treated cells which is
plausible since they participate in the same HDAC complexes like NuRD, CoREST or
SIN3A. Further, the very high overlap of similarity between both the HDAC1 and HDAC2
mutant transgene cell lines might be due to a high degree of overlapping functions of
HDAC1 and HDAC2. It has been shown that they can partially compensate each other’s
loss [112].
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A surprising fact is the similarity between WT HDAC1/2 Cl and WT HDACS CI cell lines,
and even more similarity between HDAC1 KO and HDACS8 KO.
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3.3.2. Similarity of WT HDAC CI cells to HDAC KO cells

As a first step on gene expression level, we compared the upregulated genes in cells

expressing the catalytic inactive HDAC variant to the genes in the respective KO cell line.

The analysis showed that for HDAC1 transgene expressing cells more than 80% of the
genes which are significantly upregulated upon expressing the catalytic inactive HDAC1
transgene are at the same time not upregulated in the HDAC1 KO cells. The same analysis
for HDAC2 cells with the inactive HDAC2 transgene shows that this number is at 60%,
compared to HDAC2 KO cells. While, as recognized in the previous section already,
HDAC3 KO gives the opposite picture: From the genes which are upregulated by
expressing the inactive HDAC3 transgene, only 39% of the genes are not upregulated in
the KO while the other 61% of the genes are upregulated by inactive HDAC3 transgene
expression. Interestingly, in HDACS8 a similarly high number of genes as in HDAC1 can
be found to be upregulated only in in the cell line with the catalytically inactive HDACS8
variant if compared to the HDACS8 KO cell line (Table 6).

HDAC KO %

WT HDAC CI | HDAC KO downregulated or | down or
upregulated | unchanged unchanged
HDAC1 861 702 82%
HDAC2 1490 891 60%
HDAC3 855 330 39%
HDACS 724 588 81%

Table 6: Numbers of genes which are significantly upregulated in WT HDAC CI cells and comparison
of the same genes in HDAC KO cells. The numbers in the column “HDAC KO % down or unchanged” show
the amount of downregulated or unchanged genes compared to the total amount of deregulated genes. Model
for analysis in DEseq?2 takes into account WT HDAC CI, KO HDAC cells and HDACi (1 uM MS-275 or JQ12)
treated WT cells with reference to gene expression levels in WT HAP1 cells. Thresholds for significance:
log2fold-change > 1, adjusted p-value < 0.1

The top 90 of upregulated genes in HAP1 cells into which either catalytically inactive
HDAC1, HDAC2, HDAC3 or HDACS8 was introduced (WT HDAC CI) are depicted in
heatmaps in Fig. 26 A-D.

The analysis of deregulated genes upon introduction of catalytically inactive HDAC into
HAP1 cells and comparison to knock outs of the respective HDAC isoform show the
distinct difference of which genes are upregulated depending on whether HDAC is

rendered dysfunctional or is knocked out.
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Fig. 26: Clustered heatmaps of top 90 upregulated genes for A) WT HDAC1 CI, B) WT HDAC2 ClI, C) WT
HDAC3 Cl and D) WT HDACS8 ClI cell lines. The log2fold changes of genes from HAP1 cells carrying catalytic
inactive HDAC were ranked top to bottom and visualized in a heatmap beside of gene log2 fold changes of
corresponding HDAC KO cells. Red colour shows log2fold changes above 1 (upregulation). Blue colour shows
log2 fold changes under -1 (downregulation). Yellow colour shows log2 fold changes between -1 and 1 (no
significant change).
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3.3.2.1. Common impact of catalytic inactive HDAC1 and HDAC2

Next, we had a closer look at the genes which are only upregulated if the inactive HDAC
transgene is introduced into cells but are not upregulated in the respective knock out cells.

A subset of these genes could be regulated directly via the HDAC'’s catalytic activity.

HDAC1 and HDAC?2 are part of common co-repressor complexes such as Sin3, CoOREST

and NuRD [178]. Thus, they were analysed together.

In the case of WT HDAC1 Cl and WT HDAC2 Cl, there are a total of 1291 genes which
are upregulated only upon catalytic inactive HDAC. 702 in case of WT HDAC1 CI and 891
in case of WT HDAC2 CI. 302 genes share an upregulation in cells which express either
the inactive HDAC1 variant or the inactive HDAC2 (Fig. 27 A). These genes are enriched
for pathways regulating neuronal functions (Fig. 27 B). This reflects previous findings that
HDAC1 and HDAC?2 play a crucial role in the neuronal system [166], [167].
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Fig. 27: Analysis of genes that show upregulation exclusively upon introduction of catalytic inactive
HDAC1 or HDAC2, respectively. A) 702 genes are upregulated in WT HDAC1 ClI cells, 891 genes are
upregulated in WT HDAC1 CI cells. From these gene sets 302 common genes are uprequlated due to
expression of catalytic inactive HDAC1 or HDAC2. B) Gene ontology analysis of biological processes for
enriched genes shows that especially neuronal functions are affected by catalytic inactive HDAC1 or HDAC2
(ENRICHR / GO2023).
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3.3.3. Effects of inactive HDAC3 transgene and HDAC3 KO

It was observed in the course of this thesis and in cell proliferation and apoptosis data from
the lab of Susanna Chiocca that deletion of HDAC3 or introduction of the HDAC3 inactive
transgene into HDAC3 KO cells has a higher impact on cell proliferation and viability than

deletion or mutant transgene introduction of other class | HDACs [167].
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Fig. 28: Gene ontology analysis of biological processes where upregulated genes are enriched. A) Upon
catalytic inactive HDAC3 introduction into HAP1 WT cells B) Upon HDAC3 KO. p-value was used for ranking
and determination of significance. (ENRICHR / GO2023).

This was especially visible for the HDAC3 KO cells expressing the inactive HDAC3
transgene. They were growing significantly slower and had to be split only 1-2x per week,
while the other cell lines had to be split 3-4x per week. The focus in this section lies in the
directly derived modified HAP1 clones which are either HDAC3 KO or WT HDAC3 CI.

There, gene ontology analysis of Biological Processes of upregulated genes in these cell
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lines was of great interest to zoom into genes which are directly affected by catalytically

and non-catalytically functions of HDAC3.

Analysis of upregulated genes upon HDAC3 catalytic inactive transgene expression points
towards enrichment of many genes regulating processes of signal transduction especially
through inhibition of phosphorylation and stress responses which can activate apoptosis
(Fig. 28 A).

In a GO analysis of upregulated genes in WT HDAC3 CI cells the term "Negative
Regulation Of Protein Autophosphorylation (GO:0031953)" shows the highest statistical

enrichment with the following genes:

ERBB receptor feedback inhibitor 1 (ERRFI1) acts on MAPK and AKT signalling pathways
in tumours with high EGFR levels and inhibits growth [188].

The transmembrane receptor endoglin (ENG) as important enzyme in angiogenesis and
modulator of TGF-Beta plays a two-sided role in cancer which depends on the affected
cell line [189].

Caveolin-1 (CAV1) is found in the cell membrane and inhibits activation of EGF and PDGF,
subsequently contributing to apoptosis [190]. NACHT, LRR and PYD domains-containing
protein 12 (NLRP12) can form an inflammasome as part of immune answer to certain
infections. Further, it inhibits ERK and AKT in tumor tissue and was shown to prevent colon

cancer [191].

CAV1 and NLRP12 are also part of the GO term “Negative Regulation Of Intracellular
Signal Transduction (G0O:1902532)". Together with them, there are 7 other upregulated
genes which also belong to this ontology: Dual specificity phosphatase 6, 13 & 26 (DUSP6,
DUSP13, DUSP26) are regulators of the MAPK pathway members where they
dephosphorylate members of the MAPK pathway and subsequently inhibit proliferation
[192].

Diacylglycerol kinase gamma (DGKG) has multiple roles: While in Acute Myeloid
Leukemia high expression of DGKG is associated with a more favourable prognosis [193]

it promotes tumor growth of hepatocellular carcinoma [194].

Ventricular zone-expressed PH domain-containing protein homologue 1 (VEPH1) has a

suppressive role in patients with gastric cancer via the Hippo-YAP pathway [195].

Further enriched are DNA damage-inducible transcript 3 (DDIT3) and DNA damage-
inducible transcript 4 (DDIT4). DDIT3 is an important protein in the cell's stress response

and regulates apoptosis pathways and cell cycle arrest [196]. DDIT4 responds also to
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stress and its overexpression leads activation of apoptosis pathways. It has been shown
that the diabetes drug Metformin triggers cell cycle arrest via DDIT4 and thus inhibits tumor
growth [197].

DDIT3 is also enriched for "Intrinsic Apoptotic Signaling Pathway In Response To
Endoplasmic Reticulum Stress" (GO:0070059). ChaC glutathione specific gamma-
glutamylcyclotransferase 1 (CHAC1), which is part of this GO term is found downstream
of DDIT3. High expression levels of CHAC1 are associated with apoptosis [198]. Recent
studies found that metformin suppresses tumour growth in gastric cancer via CHAC1
[199].

Since gene regulation by HDAC3 seems to be influenced only to a certain degree by only
the catalytic function of HDAC3 (compared to the effect in HDAC3 KO cells), we were
highly interested in an analysis of the upregulated genes in HDAC3 KO cells. In the GO
analysis of upregulated genes in HDAC3 KO (Fig. 28 B) the biological process "Negative
Regulation Of Blood Coagulation" show the most significant enrichment of genes. Similar

processes are in the top 10 of most significant terms.

The term "Regulation Of Cell Migration" share many genes which are enriched as well in
"Regulation Of Blood Coagulation", but contains also genes which are enriched in
"Enzyme-Linked Receptor Protein Signaling Pathway" and "Positive Regulation Of Protein

Kinase B Signaling".

"Enzyme-Linked Receptor Protein Signaling Pathway" is enriched for the genes for Colony
stimulating factor 1 receptor (CSF1R), Platelet-derived growth factor receptor beta
(PDGFRB), gene rearranged during transfection (RET) & epidermal growth factor receptor
(EGFR).

CSF1R is especially expressed in myeloid cells and is important for keeping up
differentiation, proliferation and survival of these [200]. The receptor tyrosine kinase
PDGFRB gene lies alongside of the CSF1R gene on human chromosome 5 (CIT). Both
genes are proto oncogenes [201]. Deletion of the region with those both genes on
chromosome 5 play a role in development of 5g- syndrome which leads to myelodysplastic
syndrome (MDS). This can be treated by lenalidomide (promotes degradation of proteins
through E3 ubiquitin ligase) that supresses accumulation of malignant cells with the

chromosome 5g-deletion [202].

The RET gene encodes another proto-oncogene [203]. EGFR is associated with

numerous cancers [204].
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RET and EGFR are also part in "Positive Regulation Of Protein Kinase B Signaling". EGF
itself, which is also upregulated, belongs also to this ontology. Additionally, chemokine (C-
X3-C motif) ligand 1 or Fractalkine (CX3CL1) and Endoglin (ENG) are enriched for this

term.

Taken together, these results suggest, that many genes which are upregulated in WT
HDAC3 CI contribute to apoptosis and inhibition of proliferation. On the other hand, the
effects of genes upregulated in HDAC3 KO are bivalent. Quite a number of them are

known as proto-oncogenes.
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3.3.4. Mimicking MS275 treatment with mutant class | HDACs
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Fig. 29: Genes that are upregulated after 24h MS-275 treatment (3 uM). Gene expression levels are
compared to those of WT HDAC CI cells and to HDAC KO cells. A) Top 120 genes represented in a heatmap.
B) Common genes of each cell line with the MS-275 treatment. C-E) GO biological processes Top enriched
terms (ranked by p-value, ENRICHR / GO2023)

9

[¢e]



The direct comparison of genes that are upregulated upon 3 yM MS-275 treatment to cells
expressing class | mutant HDACs and to class | HDAC KO cell lines suggests a higher
resemblance of WT HDAC1 Cl and WT HDAC2 ClI cell lines to the HDACi treatment than
their respective knock outs HDAC1 KO & HDAC2 KO (Fig. 29 A). In fact, from totally 3’126
upregulated genes in the MS-275 treatment, 1077 are also upregulated in WT HDAC2 ClI.
665 genes are shared with WT HDAC1 CI (Fig. 29 B). Analysing the genes which are
upregulated through MS-275 and in WT HDAC1 CI or WT HDAC2 CI for gene ontologies
(Fig. 29 C & D) shows high enrichment of genes for terms mainly connected to the nervous

system.

For HDAC3 the upregulated genes of HDAC3 KO cells are more similar to those
upregulated by MS-275, compared to cells expressing catalytically inactive HDAC3
transgene. 962 genes are upregulated in both HDAC3 KO cells and MS-275 treated cells.
Gene ontology analysis for gene enrichment in biological processes reveals that the cell’s
response to calcium and signalling of neurons is affected (Fig. 29 E). Further,
immunoglobulin assembly and mediated immune system responses with the very seems
to be changed. The similarity of WT HDACS8 ClI cells to MS-275 treated cells is less high
compared to other cell lines, but still higher than of the respective HDAC8 KO to MS-275

treated.

Altogether it can be said that the introduction of catalytic inactive HDAC 1/2 (Cl) into WT
cells mimics the treatment with MS-275 better than the HDAC1/2 KO cells. The same is
through for WT HDACS8 CI. For HDACS3 it can be said that it forms a small exception within
the class | HDACs and the KO mimics MS-275 treatment better than the introduction of a
catalytically inactive HDAC3.

3.3.5. ChIP-seq dataset

Beside of RNA-seq also ChIP-seq data were generated in our lab. At the time point of data
analysis, only ChlP-seq data from class | HDAC KO cells was available, thus, in this thesis
the ChlP-seq data from the KO cell lines was compared to the RNA-seq data of HDAC KO
cells and the KO cell lines were also compared to MS-275 treated cells. The overlap
between genes which carry the active marker H3K27ac in their regulatory region with the
same genes upregulated in the RNA-seq dataset would support the feasibility of the

particular experiment.
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Very good similarity could be seen between the ChIP-seq and RNA-seq data sets of each
HDAC KO, which is true for up- and downregulated genes (Fig. 30). The overlap of the
ChIP-seq data from the HDAC KOs to the RNA-seq data of the inhibitor treated cells is
low, similar as seen in the RNA seq experiments with HDAC KO cells in the previous
section (3.3.1). Opposite to the RNA seq data for the HDAC3 cell line data, no overlap can
be seen between H3K27ac marks of HDAC3 KO and MS-275 treated cells. Also, the RNA

seq and CHIP seq data sets of MS-275 treated cells do not show consistency.

Overall, the datasets for class | HDAC KO cells are consistent, while the data of MS-275
treated cells show no significant overlap of genes with the H3K27ac mark and a

corresponding deregulation of the genes.
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Fig. 30: Similarity analysis between RNA-seq data (right) and ChIP-seq data (bottom) of class | HDAC
KO cell lines and 1 uM MS-275 treated cells. Colour key values are binary logarithm of the odds ratio derived
from fisher’s exact test. The p-values have been masked for better visibility.
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3.4. Transfection of fetal liver cells harbouring mutant HDAC1

transgene with an AML oncogene

To further investigate the effects of mutated HDACs, we wanted to establish a cellular
model system for acute myeloid leukemia which allows observations also in vivo in mice.
Since fetal liver cells can be transfected with an acute myeloid leukemia oncogene (MLL-
AF9) it would allow a pretesting of the cells ex vivo, and potential interesting effects can
then be tested in follow-up experiments by injecting oncogenic fetal livers cells back into

mice.

Mice carrying transgenic, mutated HDAC1 in the safe harbour locus RosaZ26, were
provided by Lena Hess (see also Master thesis and PhD thesis [169], [170]) Upstream of
the HDAC1 mutant transgene a B-geo-polyA STOP cassette is integrated which can be
removed upon expression of the Cre-recombinase due to flanking loxP sites (attL/attR)
(Fig. 31). Downstream of the transgene follows an IRES-EGFP fluorochrome sequence.
Importantly, upon expression of transgenic HDACs, EGFP expression is also induced.
This facilitates detection of transgene expressing cells via fluorescence microscopy or flow

cytometry.

ROSA26 5° HDAC FLAG p<@illly IRES-EGFP [l ROSA26 3°

l Cre Recombinase

ROSA265‘ 8 CAG HDAC FLAG <@l 5 IRES-EGFP Rl ;| ROSA26 3°

Fig. 31: Scheme of HDAC transgene in ROSA26 safe harbour locus. Modified scheme provided by Lena
Hess (PhD thesis, 2022).

Mx1-Cre+ mice were obtained from the Dagmar Stoiber-Sakaguchi lab (Sophie Edtmayer)
and were crossed with our HDAC1 transgenic mice to receive mice with a Rosa26 Hdac1
Cl TG/+ Mx1 Cre+ genotype.

The plasmid MAIV (MLL-AF9-IRES-Venus) with the oncogene MLL-AF9 was a kind gift of
the Zuber lab [153]. Since the plasmid carries the VENUS fluorochrome which is detected
in the same channel as the EGFP fluorochrome downstream of the HDAC transgene, the
Venus sequence had to be replaced with another fluorochrome. We decided to substitute
it with mCherry since it would not shine into the GFP channel [205].
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3.4.1. Cloning

Cloning of the mCherry sequence into the MAIV vector was done by cutting the mCherry
sequence out of the Rosa26 IRES_mCherry vector (obtained by Terezia Vcelkova) and
cloning into MAIV vector (Fig. 32). No unique restriction sites shared by both vectors
upstream and downstream of the desired gene sequence were existing. Especially on the
Rosa26 IRES mCherry vector many sites were found several times, which made a
preliminary step of PCR necessary to add an adapter onto the mCherry sequence. 2
strategies were performed. Basic (standard) cloning is shown only briefly since it was not
possible to clone the desired construct through this strategy (3.4.1.1). The strategy of TA-
cloning will be shown in more detail, this strategy allowed successful cloning of mCherry
into MAIV (section 3.4.1.2).
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Fig. 32: Maps of plasmids used in this thesis. A) Rosa26_IRES-mCherry contains the desired sequence
for the mCherry fluorophore. B) MAIV contains the MLL-AF9 oncogene and the Venus gene. Venus has to be
replaced on this vector by mCherry. EcoRI and Xhol were used as restriction enzyme cutting sites.

3.4.1.1. Basic cloning

Since MAIV carries several unique restriction enzyme (RE) target sites upstream and
downstream of the Venus sequence (which has to be replaced), it was decided to add the
sequences for these RE sites with adapters during PCR amplification to the mCherry
sequence (The both possibilities of taking the mCherry sequence with or without the
upstream IRES sequence were). The chosen RE sites were EcoR/ upstream of IRES and
Venus, BstXl between IRES and Venus (directly upstream of Venus) and Xhol

downstream of Venus.
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Two forward and two reverse primers were designed:

Concerning the design of the first forward primer, which contains parts of the IRES
sequence as well as of the mCherry sequence (between IRES and mCherry), it has to be
noted, that the IRES sequence and the mCherry sequence are separated by only 6bp,
thus the mCherry fwd primer is overlapping with both the IRES and the mCherry sequence.
The primer was designed in a way, that after restriction enzyme digestion with BstX/ the
ATG-codon for methionine (important for translational start) would not be disrupted and

the sequence stays in frame.

The second forward primer IRES_mCherry fwd has the addition of the EcoR/ RE-site

towards the 5’-end as adapter to the sequence and lies upstream of IRES.

Both the reverse primers (mCherry rev 1 and mCherry rev 2) contain the RE-site for Xhol/
at their 5’-end.

The primers were tested in a gradient PCR to obtain the optimal annealing temperature

for amplification of the desired DNA fragment without offsite effects (Fig. 33).
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Fig. 33: Agarose DNA gel electrophoresis of temperature gradient PCR to determine the optimal
annealing temperature of primer pairs used for cloning. The first number depicts the forward primer 1)
mCherry fwd and 2) IRES_mCherry fwd, the second number depicts the reverse primer 1) mCherry rev1 and
2) mCherry rev2. 1 kb Plus DNA Ladder (NEB) was used as gene ruler.
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All four primer combinations were tested with and without Dimethyl Sulfoxide (DMSO).
DMSO is known to lower the melting temperature and hereby also serves to prevent
annealing [206]. The expected fragment sizes were confirmed in all 4 combinations.
mCherry fwd in combination with mCherry rev1 or mCherry rev2 were expected to have a
length of 727 bp or 719 bp, respectively. The primer including the IRES sequence
(IRES_mCherry fwd) was expected to give the longer stretches of 1353 bp in combination
with mCherry rev1 and 1345 bp in combination with mCherry rev2.

The combination of IRES _mCherry fwd and mCherry rev2 gave the best and very clean
results with an annealing temperature of 65°C. This primer combination was chosen to be

used subsequently.

The PCR with the plasmid ROSA26_IRES_mCherry with the above-mentioned primer
combination (IRES_mCherry fwd & mCherry rev2) was performed and the linear sequence

product PCR_ROSA_IRES_mCherry was purified by gel extraction.

Both PCR_ROSA_IRES_mCherry and MAIV were then digested with EcoRI/ and Xhol.
The digestions were gel purified after running an agarose gel (Fig. 34) and cutting out the
bands

MAIV PCR_ROSA_IRES_mCHERRY

10 kbp

3000 bp

1500 bp
1200 bp

1000 bp

Fig. 34: Agarose DNA gel electrophoresis blot with products from digestion with EcoRI and Xhol applied to
the MAIV vector (first 2 lanes) and the mCHERRY vector with previously added restriction sites via PCR (last
2 lanes). The marked lanes were cut out and purified. 1 kb Plus DNA Ladder (NEB) was used as gene ruler.

with the expected size (around 10 kbp for MAIV (without Venus), 1300 bp for
PCR_ROSA_IRES_mCherry).

The digests were ligated with both ratios 3:1 and 4:1 (fragment:vector) and the ligated
plasmid, supposably MAIM, was directly used for transformation of DH5a-F’ E.coli. After
colonies were obtained successfully, a colony PCR was used to check for the correct

insertion of mCherry into the vector (Fig. 35 B). The first primer pair
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(MAIVmCHERRY_CPCR_fwd1 & MAIV_CPCR_rev1) replicated the sequence (Fig. 35 A)
of 211 bp from the ligation product (supposably MAIM) which originated from the picked
colonies. For both fragment:vector ratios 3:1 and 4:1 half of the colonies (4 out of 8) were
tested positive for the ligation product with primer pair 1 (Fig. 36 A). Disturbing was the
fact, that the sequence also replicated from the plasmid without the insert, MAIV, with this
primer pair. The second primer pair did not show any replication in the colony PCR for any

of the colonies.

Nevertheless, 2 colonies from each the newly cloned plasmid (MAIV_PCR_ROSA 1 & 2)
and 2 colonies with the original MAIV plasmid were cultivated and purified. The obtained
RNA from MAIV_PCR_ROSA colonies had a very low concentration (10.9 ng/pl and 8.9
ng/ul) while the RNA obtained from MAIV colonies yielded a concentration of 228 ng/ul
and 230 ng/ul.

The product from the cloning process was checked with RE-digest using Stul/, which
should cut the desired plasmid containing mCherry (MAIM) into 3 fragments (with a size
of 6327 bp, 4490 bp and 222 bp, Fig. 36 B) and the original plasmid with Venus (MAIV)
only into 1 big, linearized fragment. The cut fragment of MAIV is visible on the gel (Fig. 36
C), since the band is slightly higher than the circular MAIV. But the lane which is supposed
to show the MAIM plasmid harboured only a slightly visible band and around 10 kbp that

was uncut, which indicates that the mCherry sequence was not present in this vector.
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A MAIV_CPCR_fwd1
GTCAAGACCACCTACAAGGC()

ACGCTGAGGTCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCCTACA
' I f ' y |

} } 1 } t t

TGCGACTCCAGTTCTGGTGGATGTTCCGGTTCTTCGGGCACGTCGACGGGCCGCGGATGT
insert from PCR_ECoR1_XhoL Primer2(Rosa26_IRES._... >

>

ACGTCAACATCAAGTTGGACATCACCTCCCACAACGAGGACTACACCATCGTGGAACAGT
' I I f y !

} } } 1 t }
TGCAGTTGTAGTTCAACCTGTAGTGGAGGGTGTTGCTCCTGATGTGGTAGCACCTTGTCA
insert from PCR_EcoR1_Xhol Primer2(Rosa26_IRES._... >

>

ACGAACGCGCCGAGGGCCGCCACTCCACCGGCGGCATGGACGAGCTGTACAAGTAAagCY
' ' ' A ! i

t t t } t }
TGCTTGCGCGGCTCCCGECEETGAGETEGCCGCCGTACCTGCTCGACATETTCATTECgC

insert from PCR_EcoR1_Xhol Primer2(Rosa26_IRES_... >
T mCHERRY

gCtcgagcacggacatcgacctgcagccaagcttatcgataaaataaaagattttattta
y y 1 y T L

+ + + + t +
cGagctcgtgcctgtagctggacgtcggttcgaatagctattttattttctaaaataaat

insert from PCR_EcoR1_Xhol_Primer2(Rosa26_IRES_...

ggacgtcggttcgaatagctal
MAIV_CPCR_revl

Ligation_EcoRI_XhoI_Primer2_MAIV_mCHERRY
11'039 bp

(7340 .. 7360) MAIV_CPCR_revl

(7149 .. 7169) MAIVMCHERRY_CPCR_fwd1

(6635 .. 6656) MAIVMCHERRY_CPCR_rev2

(5936 .. 5962) MAIV_CPCR_fwd2

Fig. 35: Primer design for Colony PCR. A) Sequence that is covered by the first Colony PCR primer pair.
The second primer pair (MAIV_CPCR_fwd2 & MAIVmCHERRY_CPCR_rev2) is not shown due to lack of
space. B) Visualization of positions of both primers (MAIVmCHERRY_CPCR_fwd1 & MAIV_CPCR_rev1) in
the cloned plasmid MAIM.
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Fig. 36: DNA gel electrophoresis of A) colony PCR to check successful ligation & transformation and C)
control digest (restriction analysis) using Stul to check for presence of mCherry in plasmid. B) Desired outcome
of restriction analysis for MAIV with mCherry insert (MAIM), Stul cuts MAIM into 3 fragments with a size of
6327 bp, 4490 bp and 222 bp. 1 kb Plus DNA Ladder (NEB) was used as gene ruler.

We also tried the cloning strategy using BstX/, but no colonies were obtained after

transformation.

3.4.1.2. TA cloning

TA cloning uses the feature of Taq polymerase in PCR to add an adenine base at each 3’-

end of the fragment which has to be cloned. The adenine overhang can easily anneal with
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a 3’ thymine overhang of another strand. The linearized pCR™2.1-TOPO® vector
(Invitrogen, Fig. 37) possesses 3’ thymine overhangs at both ends of the vector which are
covalently bound by topoisomerase |. The topoisomerase | will be released and the desired
DNA strand with 3’ adenine overhangs anneals into the insertion site where the full multiple
cloning site (MCS) will form where several RE sites can be found upstream and
downstream [207]. Also, the presence of the RE site EcoR/ upstream of the insertion site
and Xhol downstream of the insertion site means that the same restriction enzymes which

were used in the classical cloning (section 3.4.1.1) can be used here.

N13 Reverse Primar || Hind Konl  Sacl BamHi  Spel
CAG GAA ACA GCT ATG ACC ATG ATT ACG CCA AGC TTG GTA CCG AGC TCG GAT CCA CTA
GTC CTT TGT CGA TAC TAC TAAR TGC GGT TCG AAC CAT GGC TCG AGC CTA GGT GAT

BstX | BcoRI EO?RI

GTA ACG GCC GCC AGT GTG CTG GAA TTC GCC CT Y DPEIAG GGC GAA TTC TGC
CAT TGC CGG CGG TCA CAC GAC CIT ARG CGG GALY TTC CCG CTT AAG ACG

EotiRV B&lﬂl Ncltl XJ'llaI N&'llchbal Aplal
AGA TAT CCA TCA CAC TGG CGG CCG CTC GAG CAT GCA TCT AGA GGG CCC AAT TCG [ccc TAT
TCT ATA GGT AGT GTG ACC GCC GGC GAG CTC GTA CGT AGA TCT CCC GGG TTA AGC |GGG ATA
'y

T7 Promoter M13 Forward (-20)

Primer
AGT GAG TCG TAT TAC AAT TCA|CTG GCC GTC GTT TTA CGT CGT GAC TGG GAAR RAC
TCA CTC AGC ATA ATS TTA AGT |GAC CGG CAG CAA AAT GIT GCA GCA CTG ACC CTT TTG

Comments for pCR"Z.‘I-TOPO"‘
3931 nucleotides

LacZg fragment: bases 1-547

M13 reverse priming site: bases 205-221
Multiple cloning site: bases 234-357

T7 promoter/priming site: bases 364-383

M13 Forward (-20) priming site: bases 391-406
1 origin: bases 548-985

Kanamycin resistance ORF: bases 1319-2113
Ampicillin resistance ORF: bases 2131-2991
pUC origin: bases 3136-3809

Fig. 37: Vector map of Plasmid pCR™2.1-TOPO® and MCS. The figure was adapted from the TOPO® TA
Cloning® kit from Invitrogen.

IRES_mCherry was amplified with the same set of primers as in the basic cloning strategy
(IRES_mCherry fwd and mCherry rev 2). The amplified product PCR_IRES_mCherry was
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directly used without purification since it might interfere with the 3’-overhangs and was
ligated into the pPCR™2.1-TOPO® vector. Then the transformation of DH5a-F’ E.coli was
done with the obtained TOPOmCherry plasmid. Successfully transformed colonies were
blue since a B-Galactosidase gene is present on the plasmid which can be detected by

addition of X-Gal, which is converted by B-Galactosidase.

Transformation efficacy for TOPO_mCherry was low (20-30% of total colonies, not shown
here), but enough (4 blue colonies, not shown here) could be obtained for a colony PCR

and presence of the mCherry gene was confirmed.

After successful cloning of the mCherry sequence into the pCR™2.1-TOPO® vector, this
vector and MAIV were both digested with EcoRI and Xhol. The resulting IRES_mCherry
fragment, as well as the linearized MAIV vector (with Venus cut out) were gel purified and
used in the subsequent ligation reaction, resulting in the MAIM vector and a control
relegation of MAIV. The transformation of DH5a-F’ E.coli with MAIM yielded in ~50 visible
colonies after o/N incubation (Fig. 38 A). The transformation with the MAIV relegation
yielded in only a dozen colonies (Fig. 38 B). Colony PCR showed a successful
transformation for 8 of 10 colonies (not shown here). A control digest (Fig. 39 A & B) with
Stul showed positive results for all 8 colonies (3 fragments expected with the lengths 6327
bp, 4490 bp and 222 bp).

Fig. 38: Colonies of transformed DH5a-F’ E.coli with ligated Plasmids. A) Colonies with ligated MAIM
plasmid are seen. B) Control (re-)ligation of the MAIV plasmid.
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Fig. 39: Agarose DNA gel electrophoresis of digested MAIM plasmid from minipreps from 10 different
clones. Digestion was done with Stul. 3 fragments with the lengths 6327 bp, 4490 bp and 222 bp are
expected. A) short exposure of gel to differentiate bands in 3000 bp to 10 kbp range. B) long exposure with
bands visible from 100 bp on. 1 kb Plus DNA Ladder (NEB) was used as gene ruler.

4 colonies (colonies #2, #3, #6, #8) were sent to sequencing. The following primers were
used: IRES_mCherry fwd & MAIV_CPCR_rev1. For 2 colonies (colony #3 and #6) a 100%
match to the IRES and mCherry sequence was determined. The sequences of the other 2
colonies were not fully covered (low quality, insecurities about bases). For this reason,

only the 2 colonies, whose sequences were fully covered, were chosen for a midiprep.

Interestingly, only the midiprep of 1 picked colony (colony #6) could be confirmed by
restriction enzyme digestion with Stul (Fig. 40 A) and subsequent gel electrophoresis to
provide the correct MAIM plasmid with the mCherry sequence downstream of the MLL-
AF9 gene (Fig. 40 B & C).
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Fig. 40: Restriction analysis of MAIM plasmid of Midi-preps from clones 3 & 6 with Stul. A) Expected
fragments after Stul digestion of MAIM. B) Agarose DNA gel electrophoresis of digested Midi-preps after
running the assay for 40 minutes. C) Same gel as in B after 20 minutes with a long exposure to make lower
bands visible.

3.4.2. Transfection of fetal liver cells

After successful cloning of the MAIM plasmid (section 3.4.1.2), we used the plasmid to
transfect fetal liver cells of mice. The MAIM plasmid contains the MLL-AF9 oncogene with
mCherry as reporter. Hematopoietic stem cells (HSC) make up a big part of fetal liver cells.
Their transfection with the MLL-AF9 oncogene leads to development of HSCs with self-

renewal capacity, reflecting features of AML [208].

In a first step, the transfection protocol was tested. Here, it was important to see whether
the MAIM plasmid provides the sequence and that is is integrated successfully into the
genome of the fetal liver cells. For this reason, fetal liver cells obtained from E13.5 fetuses
which do either not possess the Cre recombinase gene or the HDAC1 CI transgene were
transfected with the cloned MAIM plasmid (mCherry reporter) and as control with the MAIV
plasmid (VENUS reporter). A homogenous population was achieved after 3 weeks with
MAIM (Fig. 41 A). FLs transfected with MAIV show a similar development (Fig. 41 B).
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Fig. 41: Flow cytometry analysis of fetal liver cells transduced with MAIM plasmid or with MAIV plasmid,
respectively. FL05 and FL49 both don’t express cre recombinase and can thus used as controls in future
experiments. Analysis directly after transfection (week 1) and 2 weeks later (week 3) is shown A) FLO5 was
transfected with MAIM, which was cloned in this thesis. The PE channel (661 nm) is used for mCherry B) FL49
which was transfected with MAIV served as control whether the transfection protocol worked. The FITC
channel (488 nm) is used for VENUS (GFP).

After testing of the plasmid, the transfection was done with 3 sets of FLs from littermates
from which one had the Cre recombinase and one didn’t. All cells carry one copy of the
catalytic inactive HDAC1 transgene. Livers were obtained from E13.5 fetuses and

screened for the presence of Hdac1 transgene and Mx7-cre (not shown here).

Transfection and subsequent development of population with the MLL-AF9 oncogene
(mCherry positive) was monitored over the course of 5 weeks. The shift of the mCherry
signal was confirmed for all samples from 10° to 10*. The gating strategy for estimation of
mCherry positive populations is depicted in Fig. 42 A-C. The shift is shown for FL20 and
FL21in Fig. 42D & E.
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Fig. 42: Flow cytometry analysis of fetal liver cells transduced with MAIM plasmid in sample FL20 (Cre-
) and FL21 (Cre+). A-C) Gating strategy to determine mCherry+ cells (Expression of MLL-AF9 oncogene).
The mCherry+ population is marked in the dot plot. D-E) Histogram overlay depicting the population shift over
the weekly development of FL20 & FL21. The PE channel (661 nm) is used for mCherry.

3.4.3. Induction of HDAC1 Cl expression by IFN-B-inducible Mx1-Cre

Black 6 mice (C57BL/6) with the catalytic inactive Hdac1 transgene were provided by my

supervisor Lena Hess. Hdac1 Cl was introduced into the safe harbor locus Rosa26. A

STOP cassette upstream of the Hdac1 transgene prevents its expression in absence of
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the Cre recombinase. A GFP reporter downstream of Hdac1 transgene allows confirmation
of its expression.

IFN-B-inducible Mx1-Cre black 6 mice were a gift from Sophie Edtmayer from the Stoiber-
Sakaguchi lab [174]. After mating of Hdac1 and Mx7-Cre mice, fetal livers from mice at

E13.5 were extracted and screened for Hdac1 and Mx1-cre (not shown here).

Induction of Mx7-Cre with IFN-R leads to removal of the PolyA-stop cassette and

subsequent Hdac1 expression.

The following fetal livers (FL) cells were subjected in tests of inducibility of Mx7-Cre and

subsequent confirmation of HDAC1 Cl expression via flow cytometry (Table 7).

Hdac1 Ci Mx1-Cre
FL5 tg/+ -
FL4 tg/+ +
FL 18 tg/+ -
FL19 tg/+ +
FL 20 tg/+ -
FL21 tg/+ +

Table 7: Hdac1 CI Transgenes in fetal livers (FL) and presence of Mx1-Cre.

After passaging the FLs 4 weeks after transfection with the MLL-AF9 oncogene, the
inducibility of the Hdac1 CI transgene in Mx1-Cre+ cells, by IFN-, was tested. In previous
flow cytometry analysis, we realized that FL19, which is Hdac1 CI TG/+ Mx1-Cre+, showed
an autoinduction of the Hdac1 Cl transgene even without IFN-3. For this reason, the test

was done mainly with the cell lines FL20 and FL21.
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Fig. 43: Flow cytometry analysis of fetal liver cells that have been treated with IFN-B to induce Hdac1
Cl transgene expression. Fetal liver cells were incubated with 1000U IFN-B for 24 hours to activate
expression of Mx1-Cre. FL21 is Mx1-Cre+, FL20 is Mx1-Cre- and serves as negative ctrl A) Analysis 24 h after
treatment. B) Repeated analysis of treated cells and untreated 3 days post treatment. & C) Same analysis 24
h after treatment with Mx1-Cre- FLs as negative control. GFP was measured in the FITC channel.

By flow cytometry analysis (Fig. 43) we determined that IFN-[ led to a significant shift (10-
fold) of GFP expression in the Mx1-Cre+ FL21, while no GFP expression was detectable
in the Mx17-Cre negative FL20. Not all cells were induced after the 24 h treatment with
1000U of IFN-B and the population was rather mixed. Moreover, the available number of
cells for flow cytometry was limited. For this reason, the induced cells were measured
again after 3 days, which showed a shift from 10* to 10° for the induced population, thus
positive for expression of the Hdac1 transgene. Overall, this data shows that the induction
of the mutant HDAC1 construct in the Rosa26 locus is possible in fetal liver cells which
were retrovirally infected with the MLL-AF9 oncogene with help of the MAIM plasmid.
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3.4.4. Detection of HDAC1 protein expression levels and measurement of

total cellular HDAC activity
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Fig. 44: WB analysis and Activity Assay of fetal livers infected with MLL-AF9 and expressing catalytic
inactive HDAC1 from the safe harbor locus Rosa26. A) 10ug of lysate was loaded on a 10% SDS-PAGE
gel per sample. Detection was done with M2 FLAG, HDAC1and HDAC2. Loading of similar amounts was
confirmed with B-Actin. Transgenic HDAC1 bands which are visible above of the endogenous HDAC1 bands
are marked with arrows. B) Bar chart showing HDAC activity of total protein extracts. Fetal livers lysed in Hunt
buffer were incubated 1 h for HDAC activity assay. n=1

The expression of the Hdac1 Cl transgene, following IFN-R induction of Mx7-Cre, was also
observed in WB analysis and the total histone deacetylation activity was measured with

HDAC activity assay. Therefore, an aliquot of FL cells was harvested and lysed.

Expression of transgenic HDAC1 CI could be clearly seen in FL21 and FL19 (Fig. 44 A).
The antibody used for HDAC1 detection (SAT208) can recognize both the transgenic and
endogenic protein. The band of transgenic HDAC1 (larger in size with the attached FLAG-
tag) is visible above of the band of endogenous HDAC1. The expression levels of
endogenous HDAC1 and HDAC2 were not affected. Also, the activity of the samples does
not differ significantly (Fig. 44 B).
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3.4.5. Detection of HDAC2 levels and activity assay
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Fig. 45: WB analysis and Activity Assay of fetal livers infected with MLL-AF9 and expressing catalytic
inactive HDAC2 from the safe harbor locus Rosa26. A) 9 ug of lysate was loaded on a 10% SDS-PAGE
gel per sample. Detection was done with M2 FLAG, HDAC1 and HDAC2. Loading of similar amounts was
confirmed with B-Actin A6316. Transgenic HDACZ2 bands which are visible above of the endogenous HDAC2
bands are marked with arrows. B) Bar chart showing HDAC activity of total protein extracts. Fetal livers lysed
in Hunt buffer were incubated 90 min for HDAC activity assay. n=1

FLs from mice whose Hdac2 CI transgene expression is inducible with IFN-3, were also
retrovirally transduced with the MLL-AF9 oncogene by Lena Hess and Mx7-Cre induced
with IFN-R (PhD thesis Lena Hess, 2022). Similar to FLs expressing Hdac1 Cl transgene,
it was observed that cells spontaneously autoinduced Hdac2 CI transgene expression

without IFN-R treatment.

After confirmation of GFP expression by flow cytometry an aliquot of these cells was also
taken to extract proteins, to determine expression of transgenic HDAC2 Cl and to further
estimate the amount of endogenous HDAC1 and HDAC2. The total histone deacetylation
activity of the lysates was also measured by activity assay. Therefore, an aliquot of FL

cells was harvested and lysed.

In contrast to the Western Blot analysis of HDAC1 (section 3.4.4) the transgenic HDAC2
has a much higher expression and seems to slightly lower the expression of endogenous
HDAC2 (Fig. 45 A). HDAC1 expression looks to be same for all samples.
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Concerning deacetylation activity (Fig. 45 B), a slight disruptive trend of HDAC2 ClI in the
total deacetylation activity is visible (FL83 + FL84 and FL87 + FL90) which was not

observed in the analysis of the cells with HDAC1 Cl expression (section 3.4.4).
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4. Summary and Discussion

4.1. Novel model system in HAP1 cells for consistent study of
class | HDACs

A systematic study of all class | HDACs in a single model system has not been done so
far. Comparison of results from different studies can be challenging especially when
models differ. Therefore, our lab established a consistent model in HAP1 cells which
increases reliability and allows for a straightforward review and comparison of different
class | HDAC conditions [167].

The primary goal was to explore the differences between knockout and catalytic
inactivation of class | HDACs and compare them to HDAC inhibitor (HDACI) treatment.
Complete deletion of HDAC1 or HDAC2 leads to the absence of the protein which is
usually found in corepressor complexes such as CoREST, SIN3A and NURD as homo- or
heterodimers. It was observed, that HDAC1 & HDAC2 can compensate each other in the
absence of one of the HDACs in corepressor complexes [112], [160]. However,
catalytically inactivated HDACs are present in the complex, therefore the loss of function
cannot be compensated. For instance, heterozygous catalytic inactivation of HDAC2
causes a more severe phenotype, such as brain dysfunction leading to perinatal lethality,
compared to complete ablation of HDAC2 in C57BL/6 mice [166]. This was therefore called
dominant negative effect. The circumstance that inactive HDACs have this dominant
negative effect in in vivo models led to the hypothesis that the effects of pharmacological
HDAC inhibition could be rather studied in models with catalytically inactive (Cl) HDACs

in contrast to KO models used in other studies [166].

The HAP1 cells used for the class | HDAC models are derived from the near haploid
leukemia cell line KBM7. Through CRISPR/Cas9 targeted deletion of the remaining diploid
genes, the HAP1 cell line was created which is almost perfectly haploid [168]. Thus, further
engineering, to create knockout or knock-in cell lines is relatively straightforward and was
done in collaboration with the company Horizon genomics. For this process,

CRISPR/Cas9 targeting technology was greatly beneficial [209].

HDAC knockout cell lines were generated by CRISPR/Cas9 targeting of respective
sequences and introduction of an indel. Catalytically inactive HDACs were introduced into
both wildtype HAP1 cell lines as well as into the corresponding HDAC knockout cell lines,
as illustrated in Fig. 6 [167].
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Catalytically inactive class | HDACs which carry a point mutation in the catalytic center
(HDAC1 H141A, HDAC2 H142A, HDAC3 H135A, HDAC8 H143A) were introduced each
into HAP1 cells. Additionally, a FLAG-tag was inserted C-terminally of each HDAC
transgene to allow for enrichment through immunoprecipitation (Fig. 6B). The ability of
inactive and FLAG-tagged HDACs to be still incorporated into co-repressor complexes

was checked and confirmed by Western blot analysis and activity assays [166], [167].

The measurement of HDAC activity by using [*H]-acetate-labelled histones as substrate in
these different cell lines is a crucial tool for characterization regarding deacetylation. The
[*H]-acetate is removed in the presence of active deacetylases and the radioactive signal
is measured with a scintillation counter [210]. The usage of this method has the
disadvantage that slightly radioactive material that emits low range 3 particles must be
handled with caution [211] and the incubation time spans about 4-6 hours to reach the
necessary sensitivity. Further, the separation of the generated acetyl group from the
substrate is also time consuming [212]. Nevertheless, this established process was the
method of choice, since it is still cost effective and specificity bias in class | HDACs was
thought to be not all too significant due to the high similarity. Class | HDACs share a very
high similarity in their catalytic domain and thus it would be expected that the activity can

be measured with the [*H]-acetate-labeled histone HDAC activity assay. [117].

In most experiments, 2 ul of [*H]-acetate-labeled chicken erythrocyte histone substrate
were used while in previous studies in the lab 4 ul of histone substrate were used. This

explains the lower HDAC activity measurement values.

4.2. Measurement of endogenous HDACs in HAP1 cells

One of the tasks in this thesis was to optimize IP and activity measurements for class |
HDACSs.

Regarding the optimization process it must be said that the obtained activity levels for
equal amounts of precipitated class | HDACs vary. HDAC1 and HDAC2 are on a similar
level. After a first IP which led to measured results between 800 to 900 counts per minute
(CPM) we tested a fresh aliquot of antibodies, which were previously produced in
collaboration with the Ogris lab. This optimized the signal well over 1100 to 1300 CPM.

Under optimal conditions HDAC3 returns just 1/3 to half of the activity measured in HDAC1
& HDAC2, which impedes already a distinct analysis of HDAC3 activity data. In case of

endogenous HDAC3 the relative activity signal from wildtype cells compared to the signal
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from HDAC3 KO cells could only be increased by a combination of using higher amounts
of protein for immunoprecipitation (IP), more primary antibody and the change of lysis
buffer composition (switch to Karin buffer). 1P3(1,4,5) — Inositol 1,4,5-trisphosphate —
which seems to have a stabilizing effect on HDAC complexes according to studies, was
also tested [137], [180]. Potentially, the interaction between HDAC3 and NCOR1/2 could
be stabilized by providing IP3(1,4,5). But no change of activity measurement could be
observed in this thesis after addition of IP3(1,4,5) into the buffer for lysis and IP. This could
be because the IP3 was already present in the lysate in a concentration high enough were
no further increase of HDAC3 binding to NCOR could be achieved. Stabilizing effects have
been observed in literature also with less salt in the lysis buffer [180]. There was also no
influence of the activity found in this thesis when salt content was reduced to half the
amount (50 mM instead of 100 mM). The opposite was the case, since the switch to Karin
buffer led to a success in better distinction of wildtype cells and HDAC3 KO cells. Its salt
content is slightly higher with 138 mM in comparison to the 100 mM in the Hunt buffer. The
slightly higher salt content provides a better solubility of proteins. EDTA as a chelating
agent is 10x higher in Karin buffer which should support enzyme activity. The same is
supposed to be done by glycerol. Last but not least, the double amount of NP-40 makes
the Karin buffer harsher than the Hunt buffer. All in all, this could lead to a more efficient
extraction of proteins and allows the HDAC3 3G6 antibody to better discriminate and

provide a cleaner pull down which is analysed in HDAC activity assay.

Another important, yet surprising observation was that HDAC3 expression is returning very
early in HDAC3 KO cells in passages as low as p14. This renders some experiments
misleading since this circumstance was not known in the early stage of the experiment for
this thesis. The passage numbers are mentioned in section 3.1.2 about endogenous
HDAC3 optimization for comparison. In the beginning of the section, a Western blot
visualizes the progression of the HDACS3 return from passage to passage.lt should be
pointed out that the company Horizon Genomics (former Haplogen) created a number of
clones from which only one could be obtained with loss of HDAC3 protein. In fact, most
clones analysed by indel sequencing showed in frame indels suggesting a vital function of
HDAC3 in HAP1 cells. Even though it is recommended that in future projects more clones

should be generated and kept as a backup for such cases.

The signal strength from the HDAC activity assay was high enough for HDAC1, HDAC2 &
HDACS, but it was not possible to measure activities above background level for HDACS.
This unexpected result could come mainly from structural deviations which are present
only in HDACS, but not in the other class | HDACs. This might allow for a higher specificity
even without interaction partners, unlike in HDAC1, HDAC2 & HDAC3 [213]. Furthermore
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this specificity allows HDACS to targetnon-histone targets such as p53 rather than histones
[214]. This was also shown by Deardorff et al. where deacetylation of SMC3 by HDACS is
an important factor for dissociation of the cohesin complex at the end of mitosis for renewal
(so it can be localized chromatin in the next cell cycle). The loss of HDACS8 was in this
case linked to Cornelia de Lange syndrome [215]. Data from the acetylome retrieved by
our lab lately has also shown the preference of HDACS to recognize mostly other targets
than histones [167]. The need for a specific substrate for HDAC8 was perceived and we
tried an HDACS kit from Sigma that is based on a peptide substrate which is [R-H-K(Ac)-
K(Ac)-] but the activity levels of HDAC8 were also not sufficient with this kit. Even worse,
the activities of HDAC1, HDAC2 & HDAC3 were obtained on a high level with the HDAC8
kit. Tests with the HDAC3 kit from Sigma which harbors the peptide sequence [R-H-K(Ac)-
] as substrate showed the same results. Due to a lack of means to measure HDACS activity
with a consistent method as it was done with the other class | HDACs, HDACS8 was
excluded from future analysis in this thesis. The development of activity assays with more
specific substrates for HDAC isoforms would be very helpful and broaden the way to better

understanding changes in the cell upon deacetylation.

4.3. Comparison of HDAC WT and HDAC CI transgenes in
HAP1 cells

The established system of HDAC transgenes in HAP1 cells in our lab allows for systematic
comparison of class | HDACs. Each cell line (Table 5) expresses another HDAC1-8
isoform either in active (WT) or catalytically inactive (Cl) form. The comparison of cells with
catalytically active versus cells with catalytically inactive HDACs let us directly observe
consequences regarding histone deacetylase activity of HDACs as well as of corepressor
complexes. The protein complexes could easily be pulled down with one antibody against
the FLAG sequence attached to each transgene and ensure similar precipitation efficacy.
Additionally, catalytically inactive HDAC1-8 was also introduced into wildtype HAP1 cells
which enable observation in vitro of the dominant negative effect in a wildtype background

setting.

To start comparisons, the amount had to be determined of how much of each of the
different whole cell lysates (WCL) from HAP1 cells has to be applied in assays and FLAG
immunoprecipitation (IP) to obtain a comparable amount of enzyme to be analysed. From
KO HDAC3 WT WCL the amount to be applied was 10-fold higher than for other WCL
such as KO HDAC1 WT. In most cases, 1000 ug of WCL were used for the IP of KO
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HDAC3 WT. This has displayed as an obstacle to deal with, since pull downs from HDAC3
IPs came regularly with a high background where even R3-Actin or VINCULIN could be
detected on the blot. Independent of this issue, a HAP1 WT control IP with the same
amount of applied WCL as for KO HDAC3 WT was included to subtract the high
background and eliminate the contribution of other deacetylases, nonetheless it is not

ideal.

It has been shown that co-repressor enzymes such as SIN3A, COREST and NURD are
co-precipitated with transgenic HDAC1 & HDAC2, and during this thesis it was tried to
show that NCOR1/2 co-precipitates with transgenic HDAC3. NCOR1/2 could not be shown
successfully on the Western Blot but in retrospective maybe the usage of Karin buffer
could be a way to make NCOR1 or NCOR?2 visible, since traces of the band appeared to
be present on the blot. Another possibility to prove binding of transgenic HDAC3 to NCOR
would be mass spectrometry of enriched NCOR1 or NCOR2.

Also, reversed co-IPs were conducted and were successful for transgenic HDAC1 &
HDAC2 which co-precipitated in SIN3A, COREST and MTA2 (for NURD) IPs. Again, this
has proven difficult with NCOR1/2 for HDAC3. After a few tries and under optimized
conditions with Karin buffer and lysis through sonication, a trace or trend towards a visible
band on Western blot was achieved (see Fig. 24). The application of a light chain antibody
as secondary antibody for detection on Western Blot was another helpful tool which
allowed for usage of detection antibodies that were produced in the same species as the
antibody that was used for the NCOR IP (Rabbit in this case). Further optimizations are
necessary to mediate the possibility of proofing co-precipitation of transgenic HDAC3 with
NCOR1 or NCOR2.

4.4. Transcriptome analysis of cells expressing transgenic
class | HDACs and cells treated with HDAC inhibitor

The biochemical characterization of generated HAP1 cell lines that express transgenic
class | HDACs in catalytically active and inactive form was already informative. To receive
a deeper insight into the regulatory mechnisms, the transcriptome was analysed. Our lab
generated gene expression data with HAP1 cell lines which carry HDAC transgenes or are
HDAC KOs. Additionally, HAP1 WT cells were sequenced after HDACi treatment (Verena
Moos, in collaboration with Michael Schuster, CeMM Vienna). Briefly, HDAC KO, KO
HDAC WT, KO HDAC CI cells, WT HDAC CI, and HAP1 control cells were cultivated in

equal conditions and harvested for RNA-seq. Simoultanously, WT cells were subject to
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treatment with the HDAC inhibitors MS-275 (class | HDACI, Entinostat) and JQ12
(HDAC1/2 inhibitor, [186]) with either 1 uM or 3 uM for 24 hours [167]. A part of the data
was used in this Master thesis and analyzed to explore the similarities and differences
between the generated cell lines (with focus on HDAC KO & WT HDAC CI) and WT cells
which were treated with HDAC inhibitors.

For this purpose a series of R scripts were written. The code was made available on Github

in the following repository:

https://qgithub.com/laubera14/HDAC HAP RNAseq/tree/main

The analysis has focused on upregulated genes since a loss of deacetylation capability
would mainly result in higher gene activity as direct effect. The analysis of transcription
factors which are affected and their indirect effects on gene regulation and non-histone

effects would have gone beyond the scope of this thesis and were therefore not analysed.

The data was available as gene counts for each sample. This was used as input for
DEseq2, which normalizes the gene counts and allow comparison of differential
expression of genes. The reference for changes of gene expression was always HAP1
WT. A similarity analysis (see Fig. 25) of each data set was performed, and it already
underlined the strong similarity of cell lines with catalytically inactive (Cl) HDAC1, HDAC2
and HDACS8 to HDAC inhibitor treatment (MS-275 and JQ12). Catalytically inactive HDAC3
obtained less similarity but therefore there was a strong similarity of HDAC3 KO cells to
MS-275 and JQ12 treatment. Also, HDAC1 Cl and HDAC2 CI cell lines resembled each
other in their data sets which is also true for the knockout forms of HDAC1 and HDAC2.
That makes perfectly sense, since they participate in the same HDAC complexes like
NuRD, CoREST or SIN3A and knocking out the gene for HDAC1/2 or introducing a mutant
transgene affects functions which overlap to a high degree. It was a big surprise though,
that the HDAC8 KO cell line has a strong similarity to the HDAC1 KO. It was proposed
recently, that both HDAC1 and HDACS8 can interact with p53 as a highly important
regulator in the cell and as tumor suppressor one of the most important key players in
cancers [216]. However, to date the interaction between these two HDACs has not been
proven in our lab and could be subject to further investigation. Last but not least, HDAC8
Cl has also a resemblance to HDAC1 Cl and HDAC2 CI which would be also interesting

to investigate.

The similarity analysis gave an important overview and confirmed the assumption that
HDACI treatment can be mimicked by introduction of catalytically inactive HDACs rather
than by HDAC knockout. Further, the comparison of differentially expressed genes from
WT HDAC CI cells to HDAC KO cells showed clear differences. In HDAC1 82% of the
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genes that are upregulated due to HDAC1 CI transgene introduction are unchanged or
even downregulated in HDAC1 KO. For HDAC2 this number is 60%. This means, that
there is a distinct effect on the transcriptome upon HDAC1 Cl or HDAC2 ClI introduction
and it affects different genes, gene sets and pathways than the knockout of HDAC1 or
HDAC2 does. Further, this could support the observation of the dominant negative effect
which has been described in our lab previously in-vivo and is explained by the disruption
of Co-repressor complexes by one mutant HDAC rather than the knockout of one HDAC
since HDAC1 and HDAC2 can compensate each other if one isoform is missing in the cell
(discussed in section 4.1). Finally, the fact that a big partition of genes which are caused
to be upregulated in WT HDAC CI cells are not upregulated in KO cells points towards the
importance of catalytic function of HDAC1 & HDAC2 in Co-repressor complexes and that
the KO is surely distinct from catalytical inactive HDAC introduction. HDAC3 shows the
opposite picture where 61% of the genes respond in the same way no matter whether
HDACS3 is knocked out or is replaced by the catalytically inactive transgene. Finally,
HDACS has a similarly high number of genes (81%) which are not upregulated in HDACS8
KO while they are upregulated in WT HDAC8 CI as in HDAC1 CI. The high portion of
genes that are upregulated in WT HDAC1 Cl and WT HDACS8 CI but not in HDAC1 KO
and HDACS8 KO could give a hint to an interesting overlap of functions or relationship
between HDAC1 and HDACS8 which could be subject to further investigation.

The distinct effect of the introduction of a catalytical inactive HDAC1, 2 or 8 isoform versus
the knockout of the same HDACH1, 2 or 8 isoform has been visualized with help of a
clustered heatmap of the top 90 upregulated genes upon respective transgene introduction
in Fig. 26. The heatmap clearly reflect the numbers of Table 6 which show that HDAC1
and HDACS8 have the highest number of genes (80%) that are upregulated due to
introduction of a catalytically inactive isoform but are not upregulated in the knockout cell
lines of HDAC1 and HDAC8. HDAC2, which has only 60% of genes upregulated
exclusively in the WT HDAC2 ClI, shares 31 genes of the top 90 upregulated genes with
WT HDAC1 CI. WT HDACS8 ClI shares still 12 genes of the top 90 upregulated genes with
WT HDACH1 CI. This is the second highest number of genes from the top 90 upregulated
genes which overlap between two WT HDAC CI lines and underlines again certain
similarities of HDAC1, HDAC2 and HDACS in terms of the catalytic function. While there
are some similarities with gene upregulation between WT HDAC1 CI, WT HDAC2 CI and
WT HDACS ClI, an introduction of inactive HDAC3 shows no relevant similarities to them.

The investigation of common upregulated genes of WT HDAC1 Cl and WT HDAC2 ClI
leaves mostly gene ontologies (GOs) for biological processes which are neurological or
are part of the neuronal system (Fig. 27). The importance of HDAC1 and HDAC2 for the
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neuronal system, especially in ontogenesis has been shown before in our lab [161], [166],
[167].

GO analysis of WT HDAC3 CI clustered many genes in significant biological processes
that are known to suppress cell growth and are inhibitory for cancer progression. The
clusters from HDAC3 KO analysis harbor genes which are proto-oncogenes but also
genes that inhibit cancer growth (Fig. 28). First, the importance of distinguishing between
knockout and introduction of catalytically inactive HDAC is illustrated. Second, the data
suggests that a catalytic inhibition of HDAC3 would be the better therapy than a HDAC3
knockout. Interestingly, the data from cell viability analysis, performed by the lab of Susann
Chiocca, shows that contrariwise, growth of HDAC3 KO cells is slowed down significantly,
while growth of WT HDAC3 CI cells is nearly unaffected, compared to HAP1 wildtype cells.
This discrepancy could be explained by the fact that HDAC3 KO cells are normally not
viable and the ability to grow is an adapted feature of our HAP1 cells, which are dependent
on HDAC3 to be viable [167]. Further, HDAC3 has been shown to be essential for DNA
repair and a deletion therefore leads to accumulation of DNA damage and chromatin
structure loss which consequently can contribute to cancer development as shown for

instance in hepatocytes [217].

The analysis of upregulated genes due to HDAC inhibitor treatment, MS-275, compared
to WT HDAC Cl and HDAC KO cells, showed that the WT HDAC2 Cl cells have the highest
similarity to MS-275 treatment (Fig. 29). In general, it was observed that from the genes
which are upregulated in MS-275 treated cells the number of genes which are also
upregulated in the cell lines for HDAC1, HDAC2 and HDACS is higher in the wildtype cells
with the catalytically inactive HDAC than in plain knockouts of these cell lines. As already
mentioned in this section, HDAC3 states an exception, and its knockout has a higher
number of genes upregulated which it shares with the MS-275 treatment than the WT
HDACS3 CI cells. It can be discussed whether this effect could have its seed in a lower
expressed amount of catalytically inactive HDAC3 which would then not be sufficient to
displace endogenous HDACS in the co-repressor complex. Nevertheless, it's the second
highest number of common upregulated genes with MS-275 in this analysis. The
outstanding role of HDAC3 might be due to its (almost) sole importance for the NCOR1

and NCOR2 co-repressor complexes.

Taken together, the role of HDACs in cancer needs to be still elucidated and the
mechanisms of how exactly HDACs influence development of the neuronal system,

synaptic transmission and memory have to be still clarified more detailed in the future.
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Model systems as developed in our lab with catalytically inactive HDAC isomers are

beneficial because of their greater resemblance to HDAC inhibitor treatment.

There was also ChIP-seq data available which was generated by Verena Moos in
collaboration with Michael Schuster from CEMM. One chosen target was H3K27ac which
is a marker for active transcription [218]. At the time of writing this thesis, the data for WT
HDAC CI cells from ChlIP-seq was not available, thus only the data from HDAC KO cells
was taken. The data sets of up- and downregulated genes in these knockout cells were
compared (Fig. 30). A significant overlap could be shown for all HDAC KO isomers. As an
example, it was observed, that in HDAC1 KO cell the genes which carry an upregulated
H3K27ac mark (compared to HAP1 wildtype control) are indeed upregulated according to
RNA-seq data. An overlap was also shown between different HDAC knockouts. For
instance, there is a strong overlap of genes from HDAC 8 KO cells which have the
H3K27ac mark downregulated and genes from HDAC1 KO cells which are downregulated.
Interestingly, the ChlP-seq data from cells treated with MS-275 do not share an overlap
with the same cell in the RNA-seq data. Also, there is only little overlap between MS-275
treated cells and different HDAC KO cells. The reason for that is not fully understood, but
with the knowledge that HDACi treatment mimics rather catalytically inactive HDAC
introduction and not KO, this could be explained in general. Further, up- or downregulation
of genes in MS-275 treated cells could be caused by several indirect effects, independently
of gene/chromatin acetylation and for this reason is probably not reflected in ChiP-seq
data.

4.5. Fetal liver model for study of catalytic inactive HDACs in
AML

To further investigate the effects of mutated HDACs, we wanted to establish a cellular
model system for acute myeloid leukemia which allows observations also in vivo in mice.
Since fetal liver cells can be transfected with an acute myeloid leukemia oncogene (MLL-
AF9) it would allow a pretesting of the cells ex vivo, and potential interesting effects can
then be tested in follow-up experiments by injecting oncogenic fetal livers cells back into

mice.

The plasmid MAIV (MLL-AF9-IRES-Venus) with the oncogene MLL-AF9 was a kind gift of
the Zuber lab [153]. Since the plasmid carries the Venus fluorochrome which is detected

in the same channel as the EGFP fluorochrome downstream of the Hdac transgene, the
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Venus sequence had to be replaced with another fluorochrome. We decided to substitute

it with mCherry since it would not shine into the GFP channel [205].

The first attempt of cloning failed at the ligation stage of the linearized MAIV vector with
the cut fragment which contained the mCherry fluorophore gene sequence. It was not

possible to obtain bacteria colonies which contain the ligated plasmid.

In a second attempt a “helper plasmid”, the linearized pCR™2.1-TOPO® vector from
Invitrogen was used and the mCherry sequence was ligated into the pCR™2.1-TOPO®
vector. A digestion of this vector and MAIV with EcoR/ and Xhol brought the desired result.
Colonies carrying the newly generated MAIM vector were obtained and the plasmid stored
after purifying via Midi-prep until further usage for transduction. The picked clones were a
match in the restriction enzyme analysis (with Stul/, Fig. 40) and a 100% match in
sequencing analysis compared to the predicted sequence (Fig. 35). The sequencing was
done to eliminate last doubts about the presence and right insertion of the sequence, since
the reason for the failure of the first cloning attempt was unknown and could be also had

happened caused by inaccuracies of the provided plasmid sequence initially.

In the beginning, the flow cytometry analysis of transduced fetal livers cells (mostly
hematopoietic stem cells, HSC) was quite promising. As expected, a heterogenous
population for the MLL-AF9 oncogene was observed [174]. About a quarter of the cells
were carrying the oncogene according to mCherry signals. These were the cells which
would be able to replicate and maintain the primary cell culture. In general, there was a
homogenous population in the FLOW analysis with cells carrying the MLL-AF9 oncogene

after 5 weeks, while the shift of the signal was mostly already visible after 3 weeks.

While the FLOW analysis of the GFP reporter showed, that the induction with IFN-3 works
and hence the Hdac1 transgene expression is induced, the problem with many of the
immortalized fetal liver cells was the autoinduction of the Mx7-Cre promoter (see 3.4.3
and Hess, 2022). The most obvious explanation for triggering the promoter would be the
spontaneous production of IFN- of the cells. Attempts of my supervisor, Lena Hess, of
re-cloning the plasmid and repeated transduction of fetal liver cells led to the same result.
So, contamination could be excluded. Another source which was thought of is the viral
transduction process [170]. The murine stem cell virus, MSCV, which is produced by
Platinum-E cells, was used for transduction of the fetal liver cells so they produce the MLL-
AF9 oncogene. MSCV possesses two single stranded RNAs (ssRNA) [219]. This ssSRNA
can be detected by toll-like receptors (TLRs) such as TLR7 [220]. Interestingly, TLR7 is
widely expressed on HSCs and in Acute Myeloid Leukemia (AML) cells [221]. In this case

the remaining virus in cell culture after the transduction process could have had activated
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IFN-R via one of its major pathways, TLR7 [220]. Spontaneous induction of the Mx7-Cre
system in HSCs has been observed already in vivo if mice were subject to undesired
inflammatory processes [222]. The use of the Mx7-Cre promoter system displays a
disadvantage in HSCs. Ideally, it should be exchanged with another system for conditional
transgene expression. To date an alternative is not existing and would have to be yet

developed.

In fetal livers with induced transgene expression of HDAC1 Cl or HDAC2 Cl the expression
levels of HDAC1 and HDAC2 (transgene and wildtype) were estimated on western blot
and a quantification of the total histone deacetylation activity was made. Regarding
expression levels, the introduction of HDAC2 Cl had obviously a higher effect than of the
HDAC1 CI. In HDAC2 CI fetal liver cells there is a trend towards lower deacetylation
activity. This could not be observed in HDAC1 Cl fetal liver cells. That makes sense in light

of the previous results which showed, that HDAC2 CI has the highest disruptive effect.
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5. Supplementary Material

5.1. Immunoprecipitation of class | WT HDAC and HDAC KO

cells
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Preliminary experiment with my supvervisor, Lena Hess for activity measurement of precipitated
endogenous HDACs. Endogenous HDAC1, HDAC2, HDAC3 and HDAC8 enzymes were precipitated from
wildtype HAP1 cells. KO cell lines were included in the experiment as background controls. As additional
negative control sample, mouse and rabbit IgG antibody were used for IP, together with wildtype HAP1 cellular
extract. 700 ug of each whole cell lysate were used for each IP. Bar charts showing absolute deacetylase
activity of precipitated HDACs towards histones in CPM (counts per minute).
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5.2. Gene set overlap matrix with p-values

Color Key
log2(0dds Ratio)

- - = -- 4e-127 HDAC2 CI
o
- - - = -- HDACSE CI
- = = - - - 1e-77 - HDAC1 KO
- - = - - = 5e-48 HDAC2 KO
= HDAC3 KO

o ..

Ja-12
HDACTt CI
HDAC2 CI
HDACS ClI
HDACS ClI
HDAC1 KO
HDAC2 KO
HDAC3 KO

M.S.: Not Significant; --: lgnored

Similarity analysis of upregulated genes upon introduction of mutant class | HDACs (Cl = catalytically
inactive) into WT cells, compared to HDAC KO cells and WT cells treated with MS-275/JQ12. HDAC
inhibitor treatments were done with each 1 uM concentration. Colour key values are binary logarithm of the
odds ratio derived from fisher’s exact test. This is the same figure as Fig. 25, but with p-values in each square
which indicate the significance of the odds ratio between two gene sets.
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