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Abstract 

 

Class I HDACs such as HDAC1 and HDAC2 play a major role in the regulation of the cell cycle, 

proliferation and differentiation in the mammalian organism. Knockout studies in mice have 

demonstrated the importance of HDAC1 and HDAC2 for proliferation and differentiation in 

different cell types and organs. The mammalian skin is a multifunctional organ consisting of 

three layers. The uppermost, multi-layered part, epidermis, serves as the interface between 

the body’s inner and outer environment. The epidermis represents a suitable system for the 

observation of genetic manipulations due to immediate visual manifestation of the phenotype 

and is an excellent model for the well-orchestrated regulation of proliferation, differentiation 

and cell death.    

The aim of this master project was the set-up of a model system based on the newly created 

human keratinocyte cell line NHEK/SVTERT3-5 to characterize the regulatory function of class 

I histone deacetylases. To this end, we investigated the expression of class I HDACs during 

proliferation and differentiation of NHEK/SVTERT3-5 cells. HDAC1, HDAC2 and HDAC3 

expression was found to be downregulated during differentiation, whereas HDAC8 levels 

increased in differentiated keratinocytes. In parallel, acetylation levels of H3K56 increased, 

while H4K8 acetylation decreased during differentiation. The class I-specific HDAC inhibitor 

MS-275 led to upregulation of the CDK inhibitors p21 and reduced proliferation of pre-confluent 

keratinocytes NHEK/SVTERT3-5 cells. Differentiated keratinocytes showed higher sensibility 

towards MS-275 resulting in increased cell death. One important goal of this project was the 

generation of a novel genetically engineered model system that mimics the effect of an 

HDAC1-specific inhibitor via CRISPR/Cas9 gene editing. By screening several hundred single 

clones we managed to create cell lines expressing catalytically inactive HDAC1 or wild-type 

HDAC1. Furthermore, we abolished the expression of endogenous HDAC1 in different 

NHEK/SVTERT3-5 cell lines by shRNA-mediated knock-down.     

These novel keratinocyte cell systems will allow the comparison of effects of the class I-specific 

HDAC inhibitors with individual inhibition of HDAC1 in the presence and absence of 

endogenous HDAC1 in growing and differentiated human keratinocytes. The data from these 

experiments with human cells will complement and extend results from previous mice studies 

and might provide a rationale for the development of isoform-specific HDAC inhibitors. 
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Zusammenfassung 

 

Klasse I Histondeazetylasen (HDACs), wie HDAC1 und HDAC2, spielen eine bedeutsame 

Rolle in der Regulation des Zell-Zyklus, der Proliferation und der Differenzierung von 

Säugetierzellen. Knock-out Studien in der Maus haben die Bedeutung von HDAC1 und 

HDAC2 für die Proliferation und Differenzierung von unterschiedlichen Zelltypen und Organen 

dargelegt. Die Haut der Säugetiere stellt ein multifunktionelles Organ dar, und besteht aus drei 

Kompartimenten. Die äußerste, mehrschichtige Epidermis dient als Grenzfläche zwischen 

dem Körperinneren und der Außenwelt. Die Epidermis stellt ein sehr gut geeignetes System 

für genetische Manipulationen dar, da sich diese sichtbar darstellen und leicht zu beobachten 

sind. Aus dem Grund wird die Haut oft als Modell für die Untersuchung der Proliferation, 

Differenzierung und Zelltod angewandt.  

Das Hauptziel dieses Masterprojektes war die Schaffung eines auf der kürzlich generierten 

menschlichen primären Keratinozyten-Zelllinie NHEK/SVTERT3-5 basierenden 

Modellsystems zur Charakterisierung der regulatorischen Funktion von Klasse I HDACs. Zu 

diesem Zweck untersuchten wir zuerst die Expression dieser Enzyme während der 

Proliferation und Differenzierung der Keratinozyten-Zelllinie. Die Expression von HDAC1, 

HDAC2 und HDAC3 wurde im Laufe der Differenzierung reduziert, während HDAC8 in 

differenzierten Keratinozyten raufreguliert wurde. Gleichzeitig waren die Azetylierungslevels 

von H3K56 in differenzierten Keratinozyten erhöht, während die H4K8-Azetylierung während 

der Differenzierung sank. Behandlung mit dem für Klasse I Deazetylasen spezifischen HDAC-

Inhibitor MS-275 resultierte in erhöhter Expression des CDK-Inhibitors p21 und reduzierter 

Proliferation von präkonfluenten Keratinozyten. Differenzierte Keratinozyten zeigten ein 

dosisabhängiges Auftreten von Zelltod nach Behandlung mit MS-275.    

Ein wichtiges Ziel war die Schaffung von transgenen NHEK/SVTERT3-5 Zelllinien, die aktives 

oder katalytisch inaktives HDAC1 Enzym exprimieren mittels der CRISPR/Cas9-Technologie.  

Nach Screenen von Hunderten Einzelklonen gelang es uns, NHEK/SVTERT3-5 Zelllinien, die 

FLAG-getaggtes aktives oder katalytisch inaktives HDAC1 Enzym exprimieren, zu etablieren. 

Zusätzlich konnten wir endogenes HDAC1 in verschiedenen NHEK/SVTERT3-5 Zelllinien 

mittels shRNA-Knockdowns ausschalten.  

Diese neuartigen Zellsysteme werden uns erlauben, die Effekte der HDAC Inhibitor 

Behandlung mit denen der genetischen Inaktivierung von HDAC1 zu vergleichen. Diese 

Analysen werden die Erkenntnisse von vorangegangenen Maus-Studien erweitern und eine 

Grundlage für die zukünftige Entwicklung von Isoform-spezifischen HDAC Inhibitoren bilden. 
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the number of publications published in this field has drastically risen. Nowadays the 

epigenetics attempts to explain the link and mechanisms between environmental influences 

(nutrition, exercise, pesticides, tobacco smoke, heavy metals, environmental pollutants etc.) 

on the gene regulation and development of diseases (cardiovascular, autoimmune, 

neurological and cancer etc.) to improve their prophylaxis and treatment. 1996 the geneticist 

Arthur Riggs proposed the new definition of the term “epigenetics” as “the study of mitotically 

and/or meiotically heritable changes in gene function that cannot be explained by changes in 

DNA sequence” (CSHL, 2004) which is still in use today. 

1.1.2. Epigenetics 

How is possible that identical twins do not look the same if they possess the same genetical 

material? Why some lifestyle habits can increase/decrease disease incidence? What causes 

the cells to differentiate? The answers to questions like these, epigenetics try to answer. 

Therefore, throughout the decades identical twins were used for studying these phenomena 

hence they possess the same genetical material (genotype) but differ in their phenotypes 

(appearance, disease susceptibility). A large twin study with 80 participants (age range from 

3-74 years) from Spanish National Cancer Centre (CNIO) (Fraga et al., 2005) on changes in 

DNA methylation and histone H3 and H4 acetylation patterns showed that identical 

(monozygotic) twins are in early ages epigenetically identical. However, with increasing age, 

these patterns change, especially if the twins do not live in the same environment. As a result, 

the differences in phenotype between the twins are more remarkable. The importance and 

heritability of the epigenetic marks were shown in the studies of individuals who were born 

during the famine (1944-1945) in Western Netherlands also known as “Hongerwinter”. 

Individuals, who were prenatally exposed to famine had lower birth weight and were shorter. 

Later in their lives, they were more frequently suffering from obesity, hypertension, breast 

cancer, diabetes type II, and psychiatric diseases. Additionally, the offspring of famine exposed 

babies suffered neonatally from obesity, premature mortality and general poor health (Painter 

et al., 2008). The transgenerational effects of the environment (food availability) and the 

heritability of the epigenetic makeup were shown by Överkalix study (Bygren et al., 2014). 

Överkalix is a small parish located in the northernmost province of Sweden. Existence in this 

subarctic area highly depended on the harvest. This study showed that, if the paternal 

grandmother experienced fluctuations in food availability during the early childhood her 

granddaughter was affected by increased cardiovascular mortality later in life. However, not 

only the lack of food but also the increased intake of some foods or supplements could affect 

the epigenome and health of the offspring. DNA methylation is one of the epigenetic 

mechanisms of gene regulation. The increased intake of methyl donors like folic acid, vitamin 

B12 and methionine alters these methylation patterns of the DNA. A recent study by Ryan et 

al. (Ryan et al., 2017) indicated that the offspring of male mice fed with methyl-donor rich diet 
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prior mating had decreased learning ability and impaired memory. These are only a few 

examples that illustrate why studying epigenetics is relevant. Finally, the understanding of 

epigenomes (or” epigenetic code”) and their function could considerably improve 

comprehension of disease formation, its prevention and treatment. 

1.1.3. Organization of genetic material 

By definition, epigenetic changes do not involve changes in the genetic material. DNA 

(deoxyribonucleic acid) serves as a carrier of all genetic information of the cell in the form of a 

nucleotide sequence. For gene expression, this information is transcribed into RNA 

(ribonucleic acid) and lastly translated into proteins (or different types of RNAs) which have 

structural and functional roles in the cell. The DNA molecule is a long polymer; in the stretched 

form, its length would be in total around 2 meters. To fit this large molecule into only a few 

microns large cell nucleus (3-10 µm), the DNA needs to get highly compacted. In eukaryotic 

cells, the first level of DNA compaction is the spooling of DNA around the histone core that 

reduces its length for one-third. Histones are highly conserved basic proteins that are enriched 

for lysine and arginine amino acids. Structurally they are made of two domains: the histone 

fold motif and 15-30 unstructured N-terminal tails which can be covalently modified (Kimura, 

Matsubara, & Horikoshi, 2005). The histone fold consists of three alpha-helices flanked by 

shorted loops (Alva, Ammelburg, Söding, & Lupas, 2007). The histone core is made up of four 

histone proteins: H2A, H2B, H3, H4. Two copies of each dimer, H2A-H2B and H3-H4, are 

combined in an octamer with 147 base pairs of DNA wrapped around (Tsankova & Nestler, 

2010). This basic unit of DNA compaction is called a nucleosome. Linker DNA and histone H1 

connect the adjacent nucleosomes. 

 

 

 

 

 

 

 

Figure 1: The nucleosome; the fundamental unit of the chromatin consists of four pairs of histone proteins, H2A, 

H2B, H3, H4, that build the histone core around which the DNA is spooled. Histone tails are the targets of different 

types of histone modifications. Figure taken from Tsankova & Nestler, 2010. 
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Between the DNA and the histone core, many types of interactions are established, like for 

example, hydrogen bonds, hydrophobic interactions, and, in particular, salt bridges. The 

positive charge of the arginine and lysine side chains in histone proteins neutralizes the 

negative charge of the DNA phosphodiester backbone. During the interphase, the DNA is 

organized with the corresponding histone and non-histone proteins in a loose form known as 

chromatin. However, during the mitosis or meiosis, the chromatin is compacted into more 

tightly packed chromosomes. The chromatin can adopt two structures. The open 

transcriptionally active form of the chromatin is euchromatin. Heterochromatin is tightly packed 

chromatin, mostly gene-poor region of chromatin where gene expression cannot occur. There 

are two types of heterochromatin: constitutive and facultative heterochromatin. The first type 

occurs in the regions of centromeres and telomeres. The second one can be found randomly 

in between euchromatic regions; its formation depends on the developmental or physiological 

state of the cell. The best example for the facultative heterochromatin is the X chromosome of 

female mammals. To maintain the cell homeostasis and to adapt to constant endogenous and 

environmental changes the cells need to react quickly by adjusting their gene expression 

program. Therefore, is crucial that DNA is stored in the manner to be briskly available for 

transcriptional machinery (reviewed by Alberts et al., 2015). 

 

Figure 2: Levels of DNA packing. The first level of DNA compaction is the nucleosome. In the nucleosome DNA 

is wrapped around octameric histone core. Higher orders of DNA compaction are called "beads on the string",  

solenoid/30 nm fibre and chromatin loops. During the mitosis, DNA is in the most compacted form called 

chromosomes. Figure taken from Alberts et al., 2015. 
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1.1.4. Epigenetic modifications 

Gene expression consolidates highly dynamic and complex processes that are regulated at 

many levels. There are three main mechanisms of gene expression control: DNA methylation, 

histone modifications, and non-coding RNA expression that can target specific mRNAs 

(Handy, Castro, & Loscalzo, 2011; Perri et al., 2017). 

1.1.4.1. DNA methylation 

One of the most important processes during early development is the erasure and the 

establishment of new DNA methylation patterns. These patterns are crucial for further cell 

differentiation of multipotent cells. Moreover, DNA methylation is of great importance in X-

chromosome inactivation, genomic imprinting, silencing of mobile elements (transposons), 

cancer, ageing (Horvath, 2013), and in gene repression. During the methylation, methyl- 

groups (CH3-) are transferred to 5’ ends of cytosines by enzymes called DNA 

methyltransferases (Dnmt). Dnmt3a and Dnmt3b are responsible for de novo methylation and 

the Dnmt1 for the replicative maintenance methylation. In contrast, removal of methyl groups 

can occur actively or passively, like for example, through spontaneous deamination of 

methylated cytosine into thymine (Schübeler, 2015). Actively, the Tet enzymes (Tet 1-3) 

remove methyl groups from methylated cytosines. In somatic cells methylation is naturally 

found at CpG sites; these are pairs of cytosine and guanine nucleotides. Distal promoter 

regions of mammalian genes usually contain CpG islands which are sequences of clustered 

CpG sites. These CpG islands are at least 200 bp long, and they are made from 50 % or more 

of cytosine and guanine nucleotides (Illingworth & Bird, 2009). In general, DNA methylation is 

associated with gene silencing (Schübeler, 2015).  

1.1.4.2. Histone modifications 

Histone post-translational modifications of unstructured N-terminal histone tails or specific sites 

of globular histone core cause changes in chromatin structure, transcriptional activity and other 

processes involving chromatin. The nature of change is determined by the type of modification 

and its position. During the last decades, many histone modifications like histone methylation, 

acetylation, phosphorylation, crotonylation, sumoylation, ubiquitination, propionylation, 

butyrylation, formylation, citrullination have been identified. The first discovered and best-

studied modifications are methylation and acetylation. Due to the improved sensitivity of 

advanced methods such as mass spectroscopy, new histone modifications can be easily 

detected and identified. Although, the interpretation of these new histone marks and their 

cross-talk remains poorly understood (Izzo & Schneider, 2010). 
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Figure 3: Lysine side chains can be modified by different covalent post-translational modifications. The 

figure shows acylations that were recently discovered by mass spectrometry. Figure taken from Kingston, Tamkun, 

Baulcombe, & Dean, 2014. 

Histone methylation 

Histone methyltransferases (HMT) methylate lysine, arginine, and histidine amino acid 

residues of preferably histone H3 and H4 N-terminal tails. Lysine residues can be mono-, di-, 

or tri-methylated, whereas arginine residues can be mono- and di-methylated (Izzo & 

Schneider, 2010). Methylation does not alter the charge of the modified histones (Bannister & 

Kouzarides, 2011). The biological outcome depends on the position, amino acid, degree of 

methylation, and cross-talk with other histone modifications and relies on the recognition by 

reader proteins. These proteins contain either chromo, Tudor or PHD domains (Adams-Cioaba 

& Min, 2009). Some methylation marks are associated with transcriptional activation, like for 

example H3K4, H3K36, and H3K79, other with transcriptional repression, H3K9, H3K27, 

K3K64, H4K20, H1.4K26 (Ciccone & Chen, 2009), although methylation is in general related 

to transcriptional silencing. For almost 30 years methylation was considered as an irreversible 

modification until 2004, when the first histone (lysine) demethylase LSD1 was discovered (Shi 

et al., 2004). Histone methylation is of relevance in neurological research, especially memory 

formation (Gupta et al., 2010), genomic imprinting (Ciccone & Chen, 2009), and cancer. 

Histone acetylation 

Histone acetylation was first described in 1964 in the paper from Allfrey and Mirsky (Allfrey, 

Faulkner, & Mirsky, 1964), although the enzymes responsible for this modification were not 

known until the 1990s. Acetyl groups from acetyl-CoA are transferred to ε-amino side chains 

of the lysines on the N-terminal histone tails. All core histone proteins can be acetylated, 
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although the acetylation of histone H3 and H4 is characterized in more detail than of histone 

H2A and H2B (Ruijter, Gennip, Caron, Kemp, & Kuilenburg, 2003). Acetylation of the basic 

lysines in histone tails neutralizes their positive charge and consequently reduces the 

electrostatic affinity of histones for the negatively charged DNA (Gregory, Wagner, & Hörz, 

2001; Moser, Hagelkruys, & Seiser, 2014). As a result, the DNA is more accessible for binding 

of transcription factors, RNA polymerase and other reader proteins which contain 

bromodomains. However, acetylation alone cannot cause changes that lead to more loosened 

chromatin and higher transcriptional activity; therefore, ATP-dependent chromatin remodeling 

complexes, like for example SWI/SNF complex, are needed (Gregory et al., 2001). In general, 

histone acetylation is associated with transcriptionally active genes. Later, it became also 

linked to DNA repair, cell-cycle progression, and gene inactivation (Verdone, Caserta, & 

Mauro, 2005). Histone acetylation is a reversible process, which requires enzymes that add 

acetyl groups (“writers”) and their opponents that remove them (“erasers”). The writers are 

called histone acetyltransferases (HATs) or more specifically lysine acetyltransferases (KATs) 

and the erasers histone deacetylases (HDACs). These enzymes show an affinity for both 

histone and non-histone proteins and are evolutionary highly conserved. Both HATs and 

HDACs are part of large multiunit protein complexes that are crucial for their activity and 

substrate recognition. HATs are divided among three major families: MYST and GNAT and 

p300/CBP (Sterner & Berger, 2000), whereas HDACs are classified into four classes 

depending on their homology to yeast enzymes. The altered balance between histone 

acetylation and deacetylation due to the impaired HAT or HDAC activity has been shown in 

many diseases. In many tumors, tumor suppressor genes, like p21, p53 or Rb, are 

hypoacetylated and therefore inactivated. On the contrary, oncogenes are usually found to be 

hyperacetylated in tumors and hence transcriptionally activated. Transcriptionally active 

promoters are usually marked with acetylated H3 at lysine residues 9, 18 and H4 acetylated 

at lysine 12 and 16 (Botchkarev, Gdula, Mardaryev, Sharov, & Fessing, 2012). The importance 

of reversible histone acetylation in the regulation of many cellular processes (Fig. 4) is 

significant. 
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Histone crotonylation 

The recently discovered covalent histone modification by lysine crotonylation shows similarities 

to histone acetylation/deacetylation. This modification is abundantly found in all core histone 

proteins, despite lower concentrations of crotonyl-CoA compared to acetyl-CoA concentration 

(Wei et al., 2017). How the cells use different acyl groups to mark histone lysines is poorly 

understood. The regulation of these highly depends on the metabolic status of the cell. Histone 

acetyltransferase p300/CBP possess also crotonyltransferase function and HDACs (especially 

the class I) act as histone decrotonylases (Sabari et al., 2015; Wei et al., 2017). On the 

contrary, a paper published by Zhao group (Tan et al., 2011) demonstrated that HDAC 1, 2, 3, 

and 6 have little or no effect on lysine decrotonylation. Therefore, they propose that there must 

be distinct enzymes responsible for decrotonylation. Histone lysine crotonylation was found on 

several lysine positions at histones 3 or 4, like for example H3K9, H3K14, H3K56, and H4K8, 

though H3K18 is the most abundant crotonylation mark (Fellows et al., 2018). Transcriptional 

start sites (TSS) are enriched with crotonylation and hence associated with active promoters. 

 

 

Figure 4: Acetylation and deacetylation performed by two antagonistic groups of enzymes, HATs and 

HDACs, have pivotal functions in many cellular processes. Lysine acetylation has a vast effect on the regulation 

of many cellular functions. Figure taken from Yang & Seto, 2007. 
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1.2. Histone deacetylases (HDACs) 

Histone deacetylases (HDACs) or more precisely lysine deacetylases (KDACs) are pivotal 

regulators of chromatin and transcription. Moreover, they are involved in the regulation of 

several cellular processes, like for example cell differentiation, proliferation, apoptosis, cell 

division and DNA repair (Moser et al., 2014). These hydrolases are conserved from archaea, 

bacteria, to eukaryotes and primarily remove acetyl groups from lysine residues. In eukaryotes, 

HDACs are in principle associated with gene silencing. The interest in HDACs increased when 

their role in a variety of diseases (cancer, neurological disorders etc.) was revealed, and when 

they were recognized as potential targets for treatment with small molecule inhibitors. There 

are 18 HDACs known in humans that are divided between two families: the classical HDAC 

family and the SIRT family (Ruijter et al., 2003). The classical HDAC family can be divided into 

three classes. All members of this family contain a zinc ion in their catalytic site. Class I 

comprises HDAC1, HDAC2, HDAC3, and HDAC8 that are homologous to the yeast 

(Saccharomyces cerevisiae) enzyme Rpd3 (Reduced potassium dependency 3) protein. Class 

II is homologous to yeast Hda1 (Histone deacetylase 1) and is subdivided into class IIa 

(HDAC4, HDAC5, HDAC7, and HDAC9) and class IIb which contains HDAC6 and HDAC10. 

HDAC11 is the only member of class IV. The SIRT family or sirtuins that are referred to as 

class III, and do not belong to the classical HDAC family, comprise seven members (SIRT1-

7). This family requires NAD+ for their catalytic activity and does not contain zinc. Some HDACs 

also have few different isoforms due to alternative splicing (Yang & Seto, 2009). Histone 

deacetylases deacetylate beside histone proteins also non-histone proteins which regulate cell 

cycle progression, differentiation, and apoptosis, like for example p21, p53, Rb, E2F, α-tubulin, 

MyoD and many other (Ropero & Esteller, 2007). HDACs cannot directly bind the DNA. 

Therefore, to accomplish their functions, they need to be part of large multiunit co-repressor 

complexes. HDAC1 and HDAC2 can be found as homo- or heterodimers in Sin3, CoREST or 

NuRD complexes. HDAC3 homodimerizes and is part of the NCoR (Nuclear receptor co-

repressor)/SMRT (Silencing mediator of retinoid and thyroid receptors) complex. Homodimers 

of HDAC8 are not part of any complex (reviewed by Moser et al., 2014). 
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Figure 5: HDAC1 and HDAC2 are a part of three different multiunit co-repressor complexes called Sin3, 

NuRD and CoREST. NODE complex comprises HDAC1 or HDAC2 in the embryonic stem cells. MiDAC complex 

was found in mitotic cells. These complexes comprise also SAP30 and SAP18 protein, histone binding proteins 

RbAp46 and RbAp58. (Zhang & Reinberg, 2001). HDAC3 forms homodimers which assemble into NCoR/SMRT 

complex, whereas HDAC8 does not require a complex for its activity after forming the homodimers. Figure taken 

from Moser et al., 2014. 

These co-repressor complexes not only fulfil the structural role, but they also act as interaction 

partners for transcriptional factors (NFκB, Bcl-6, MyoD, c-Myb etc.) and are able to recognize 

DNA regulatory elements (Mariadason, 2008). HDAC1 and HDAC2 can carry out their 

deacetylase activity only as a part of a complex. Localization, as well as tissue expression 

patterns of HDACs, differ within and between classes. HDAC1, HDAC2, and HDAC11 are 

localized primarily in the cell nucleus, whereas HDAC3, HDAC8 and class IIa HDACs shuttle 

between the nucleus and the cytoplasm. HDAC6 and HDAC10 are the only cytoplasmic 

HDACs (reviewed by Ruijter et al., 2003). Moreover, these two HDAC isoforms are the only 

ones to contain two catalytic sites (Dokmanovic, Clarke, & Marks, 2007). In contrast to class I 

HDACs that are ubiquitously expressed, class II and IV have shown tissue-specific expression 

patterns. Ablation of each class I HDAC member results in lethality of mice (Haberland, 

Montgomery, & Olson, 2011). The only member of class IV that belongs to the classical HDAC 

family, HDAC11, shows similarities to both class I and class II in its structure. The exact 

functions of the HDAC11 are not known yet, but some papers describe HDAC11 as most 

effective fatty acid deacetylase (Kutil et al., 2018; Moreno-yruela, Galleano, Madsen, & Olsen, 

2017). Furthermore, HDAC11 probably has a diverse role in immunological processes 

(Yanginlar & Logie, 2018) and in the differentiation of proliferating bone cells (Blixt et al., 2017). 

Class II HDACs are involved in differentiation processes of specific tissues, like for example 

HDAC4 is enriched in bone tissue, HDAC5 and HDAC9 in muscles and heart, HDAC7 in 



20 
 

thymocytes. HDAC6 targets cytoskeletal proteins like α-tubulin (reviewed by Haberland, 

Montgomery, & Olson, 2011). The chaperone 14-3-3 and several phosphorylation events 

enable HDAC class II to shuttle between nucleus and cytoplasm. Sirtuins represent the NAD+-

dependent class III of HDACs that is named after the yeast homolog Sir2 (Silent information 

regulator 2) (Dali-Youcef et al., 2007). Small molecule HDAC inhibitors (HDACi) like 

trichostatin A (TSA) which inhibit classical HDAC family do not inhibit sirtuins. 

 

Figure 6: Domain organization of the HDAC family. Numbers on the right side of the domain layout represent 

the total length of respective HDAC isoform in amino acids. Further right is listed the time of knock-out lethality and 

its cause. Figure taken from Haberland et al., 2011. 

1.2.1. HDAC1 and HDAC2 

HDAC1 and HDAC2 are members of the class I HDACs and exhibit high (87 %) amino acid 

sequence homology in mice (Yamaguchi et al., 2010). The explanation for this high homology 

could be that Hdac1 and Hdac2 probably have arisen from gene duplication and underwent 

only minor divergence (Khier et al., 1999; Moser et al., 2014). HDAC1 and HDAC2 are 

regulators of cell cycle, apoptosis, differentiation and metastasis (Hagelkruys, Sawicka, 

Rennmayr, Seiser 2011). The importance of HDAC1/HDAC2 activity for survival and 

proliferation was shown by the generation of the catalytically inactive HDAC1 and HDAC2 

knock-in mice (Hagelkruys et al., 2016). Hagelkruys et al. have shown that mice which 

heterogeneously expressed catalytically inactive HDAC1 were viable and did not differ from 

the wild-type control mice. However, the heterogeneous expression of catalytically inactive 

HDAC2 led to the death of mice after a few hours after birth. This study led to the conclusion 

that HDAC2 can compensate for a loss of the HDAC1 activity but not vice versa. HDAC1 

knockout mice are not viable and die during embryogenesis before day E10.5 due to 

proliferation failure and growth retardation (Lagger et al., 2002). On the other hand, conditional 

HDAC1 deletion in different tissues (brain, heart, muscles) is not lethal, probably due to the 
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compensatory mechanism by HDAC2. Beside that HDAC1 and HDAC2 are highly similar 

proteins they also share a homologous C-terminal domain with phosphorylation sites for casein 

kinase 2 (CK2) (Yang & Seto, 2009). Overexpression of HDAC1 is found in breast, prostate, 

esophageal, gastric, lung and colon cancer and it is in general associated with poor prognosis. 

HDAC1 and HDAC2 are vital for normal differentiation of keratinocytes (Connelly, Mishra, 

Gautrot, & Watt, 2011). A simultaneous double knockout (DKO) of Hdac1 and Hdac2 in the 

epidermis of the mice revealed perinatal lethality and disturbances of ectodermal/epidermal 

development. DKO mice showed impaired stratification of the skin, lack of hair follicles and 

failed limb separation, accompanied by altered histone acetylation patterns, like for example, 

increased acetylation of histone H3K9 (LeBoeuf et al., 2010). The dominant role of HDAC1 in 

the epidermis was identified by conditional 3 allele KO mice (Winter et al., 2013). HDAC1 

promotes proliferation in early embryonic development. In later stages of developing its 

expression is downregulated to allow expression of specific genes needed for proper tissue 

formation (Brunmeir, Lagger, & Seiser, 2009; Tou, Liu, & Shivdasani, 2004). In addition, 

HDAC1 activity is required for replication and might be therefore expressed at lower levels in 

less proliferating, more differentiated cells. 

1.3. Skin 

The skin is the largest organ of the human body and accounts for around 15 % of the body 

mass (Kanitakis, n.d.). The primary function of the skin is protection and separation of the 

body’s inwards from the environment. The undamaged skin provides a barrier which is 

impermeable for biological invaders (viruses, bacteria, parasites), chemical toxins and 

resistant to mechanical stress and UV radiation. Other crucial functions of the skin in the 

maintenance of the body’s homeostasis are thermoregulation, immune defense, synthesis 

(Vitamin D), and sensory perception (S. H. Lee, Jeong, & Ahn, 2006). Structurally the skin can 

be divided into three main regions: epidermis, dermis and hypodermis or subcutis. They differ 

in cellular and tissue composition, but also in their function. The most superficial layer, 

epidermis, is the thinnest with a thickness ranging from 0.4 mm to 1.5 mm (depending on the 

body region). As the outermost layer, it represents the surface between the inner and outer 

body's environment and has a primary protective function. Underneath epidermis lies dermis 

that anchors epidermis and helps in thermo- and water regulation, due to the presence of blood 

and lymph vessels. Hypodermis consists mainly of adipose tissue that functions as a cushion, 

energy storage and insulating layer. Furthermore, this layer connects the skin with the bones 

and muscles and is highly vascularized, and plaited with nerves (Chu, n.d.). 
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resistance to mechanical stress due to many desmosomes that connect the neighboring cells 

and give the cells spindle-shaped appearance (Chu, n.d.). The last epidermal layer still 

containing living cells is the granular layer. The thickness of this layer varies depending on the 

body part and normally consists of two to three cell layers (Holbrook, 1989) however, it can be 

up to 10-times thicker on palms and soles. Keratinocytes in stratum granulosum change their 

shape from polyhedral to flattened and contain in their cytoplasm basophilic keratohyalin 

granules that are characteristical for this layer. Keratohyalin granules consist of cysteine- and 

histidine-rich proteins, like profilaggrin and involucrin. Profilaggrin is a precursor of filaggrin 

which is produced after the cleavage by serine proteases. The primary function of filaggrin is 

to crosslink the keratin filaments by disulfide bonds in the process of keratinization. The 

activation of the enzyme transglutaminase in the upper granular layer helps to covalently 

crosslink the non-keratin proteins in the formation of the cornified envelope (Candi, Schmidt, 

& Melino, 2005; Kopan, Traska, & Fuchs, 1987). Involucrin is responsible for the formation of 

the imperishable cell envelope underneath the plasma membrane (Kolarsick et al., 2011; 

McLean, 2016; Speed, n.d.). The degradative enzymes from lamellar bodies become highly 

active in the granular layer and result in the formation of the dead, keratinized cornified cells 

of the uppermost skin layer, stratum corneum. Stratum lucidum is a very thin layer between 

stratum granulosum and stratum corneum and can be found only on palms, soles and digits 

(Shen, Farid, & Mcpeek, 2008). Corneocytes of the cornified layer represent basal cells which 

successfully underwent the process of terminal differentiation. They are elongated, flat, 

nucleus-free horny cells filled with keratins and embedded in the lipid matrix (“bricks and 

mortar” model) produced mainly by lamellar bodies (Harding, 2004). The seemingly dead layer 

of cells fulfils many important functions, like providing a resistant barrier that enables protection 

against mechanical stresses, invaders, and excessive water loss but it also serves as a 

sensory interface between inner and outer body environment. Moreover, it plays a role in innate 

and adaptive immunity. The cornified layer is built of approximately 15 cell layers (palms and 

soles approximately 200 layers) (Kabashima, 2016). To prevent the exaggerated cornification, 

cells from the most outward cell layer are shed in the process of desquamation that is enabled 

by prior degradation of corneodesmosomes (Kolarsick et al., 2011). 
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Figure 8: Layers of the epidermis. The epidermis consists of four or five cell layers of keratinocytes depending 

on the anatomical position. Basal cells mitotically divide and produce supplies of new cells which enter the process 

of terminal differentiation. Throughout this process, the shape and role of the keratinocytes progressively change. 

To ensure the normal layering and functionality of the skin, the autopoiesis1 needs to be maintained. Figure taken 

from Wickett & Visscher, 2006. 

1.3.2. Keratinocytes are expressing keratins and other proteins during 

differentiation 

The major constituent of keratinocytes is keratin, which represents around 60-85 % of 

keratinocytes’ dry mass (Elaine Fuchs, 1995; Wickett & Visscher, 2006). Keratins are water-

insoluble proteins with a molecular weight of 40-70 kDa that dimerize to form the intermediate 

filaments, which together with microtubules and actin microfilaments build the cytoskeleton 

(Eichner, Sun, & Aebi, 1986). Keratins belong to a multigene family, and in humans, 54 keratin-

encoding genes were identified (Moll, Divo, & Langbein, 2008) from which approximately 25 

are expressed (Elaine Fuchs, 1988). In general, two types of keratinocytes are distinguished. 

When synthesized, the acidic, negatively charged type I pairs with basic, positively charged or 

neutral type II keratin. The favorable charge interaction of type I and type II keratins enables 

assembling of two α-helices to the coiled-coil structure of the intermediate filaments with a 

diameter of 10 nm. On the other hand, keratins of epidermis, hair, and nails are referred to as 

α-keratins with the molecular mass of 40-70 kDa and 8 nm diameter, whereas β-keratins of 

scales and feathers are only 3 nm thick and consist of smaller proteins with the molecular mass 

between 10-20 kDa (Fuchs, 1988). Keratins in the epithelial tissues are expressed in pairs, 

however, their expression patterns vary among different cell types and stages of differentiation 

(Keratins, 2016). For example, type II keratin 5 (58 kDa) and type I keratin 14 (50 kDa) are 

typically expressed by basal cells of stratum basale, type II keratin 1 (67 kDa) and type I keratin 

10 (56 kDa) by the upper spinous and granular cells (Fuchs, 1994). The previously mentioned 

                                                
1 Autopoiesis represents a system that can self-maintain. 
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2011). The fact that HDACis induce cell cycle arrest, differentiation or apoptosis of cancer cells 

in vitro and in vivo impelled the HDACi research for cancer treatment even more (Eckschlager, 

Plch, Stiborova, & Hrabeta, 2017).  

HDACis are small molecular compounds of natural or synthetic origin. Their chemical structure 

comprises of a Zn2+-binding domain, a linker and a hydrophobic group which allows 

interactions with proteins. Class III (sirtuins) are not inhibited by this type of HDACis. Based 

on their chemical properties they are grouped into five classes: short-chain fatty acids inhibitors 

(valproic acid (VPA), sodium butyrate), benzamides (entinostat (MS-275)), epoxyketones 

(trapoxin), hydroxamic acids (SAHA, trichostatin A (TSA)) and cyclic tetrapeptides 

(depsipeptide) which efficacies in HDAC inhibition range from milli-, to micro- and nanomolar 

doses in vitro (Katoch, Dwarakanath, & K Agrawala, 2013). Some other components like 

sulfonamide- and benzofuranone-containing molecules, α/β-peptides, and boronic acid-based 

structures were also described as HDACi (Marks, 2010). In general, two types of HDACis are 

distinguished: pan-HDACis and isoform-selective HDACis. Pan-HDACis (SAHA, TSA) are 

non-selective inhibitors that inhibit all Zn2+-containing HDACs (primarily class I, II). The major 

drawback for usage of pan-HDACis is the low target specificity of these inhibitors, affecting 

many off-target proteins (transcription factors, signalling mediators, non-histone proteins etc.) 

and pathways with the result of causing side-effects, like cardiotoxicity (Gryder, Sodji, & 

Oyelere, 2013). Nowadays the research is focused on discovery and development of selective 

HDACis that inhibit only specific HDACs, like for example only class I HDACs or even isoform-

specific, for example solely HDAC1. 

HDACis show promising results in treating hematological malignancies and very low or no 

efficacy in solid tumor treatment (SAHA, depsipeptide). Recently there are four FDA approved 

HDACis used in clinical cancer therapy: vorinostat (SAHA, approved 2006), romidepsin 

(depsipeptide/FK228, approved 2009) both approved for treatment of the cutaneous T cell 

lymphoma (CTCL); belinostat (PXD101, approved 2014) for treatment of relapsed peripheral 

T cell lymphoma and panobinostat (LBH589, approved 2015) for treating multiple myeloma 

(Chun, 2015; Singh, Bishayee, & Pandey, 2018). Vorinostat, belinostat and panobinostat 

inhibit HDAC class I, II, and IV, whereas romidepsin inhibits only HDAC class I. Currently, there 

are around 20 compounds from all chemical classes in different clinical phases in testing to 

get approval for therapy use (Singh et al., 2018). Moreover, also other natural compounds from 

different terrestrial and marine sources (bacteria, fungi, plants) are getting more and more 

attention due to their potential HDAC inhibitory effects and ubiquitousness. For example, 

butein, kaempferol (from Aloe vera) and resveratrol (from Veratrum grandiflorum or red 

grapes), or vitamin E and biotin, all of them exhibit HDAC inhibition and are found in our diet 

(Dashwood & Ho, 2008; Orlikova et al., 2012; Venturelli et al., 2013). Although the approved 
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HDACis demonstrated the most favorable risk-to-benefit ratio, their application elicits adverse 

effects (toxicities), like for example nausea, vomiting, diarrhea, headache, anorexia, phlebitis, 

asthenia etc. (Subramanian, Bates, Wright, Espinoza-Delgado, & Piekarz, 2010). 

Combinational therapies where HDACi are combined with other chemotherapeutic agents or 

radiotherapy are achieving promising results but also the development of isoform-specific 

HDACis is getting augmented attention.  

1.4.1. HDACi mechanisms of action 

Cell cycle arrest 

The most prominent effect of HDACi treatment is cell cycle arrest by induction of p21 

expression. p21 (also known as cyclin-dependent kinase inhibitor 1 or p21waf1/cip1) is a universal 

cyclin kinases inhibitor that inhibits all members of the cyclin/CDK family (Xiong et al., 1993). 

HDAC1 reduces p21 expression. Both HDAC1 and p53 compete for the binding to the p21 

promoter, whereas p53 promote p21 expression (p53-dependent response) and lead to 

inhibition of the cell cycle and differentiation (Inhibitor et al., 2003; Newbold, Salmon, Martin, 

Stanley, & Johnstone, 2014). Treatment with HDACi prevents HDAC1 to bind to the p21 

promoter and causes acetylation of the p53 that prolongs its half-life and thus increases p21 

transcription (Eckschlager et al., 2017). 

Induction of apoptosis 

HDAC inhibitors regulate the expression of pro- and anti-apoptotic genes and caspases that 

can induce apoptosis via the intrinsic or extrinsic apoptotic pathway. The intrinsic 

mitochondrial-induced apoptotic pathway is activated by increased transcription of pro-

apoptotic genes like Bim, Bax, Bid, and Bad that cause the destruction of the mitochondrial 

membrane and consequently the release of cytochrome c which leads to the formation of 

apoptosome and activation of caspase 9 (Kroemer, Galluzzi, & Brenner, 2007; Mrakovcic, 

Kleinheinz, & Fröhlich, 2017). The extrinsic apoptotic pathway is launched by death receptors 

like TRAIL, Fas, TNF, TLA1 and their ligands (Hyun-Chung & Suk-Chul, 2011). Moreover, 

HDACis downregulate the expression of anti-apoptotic genes like BCL2A (Bolden et al., 2013). 

Activation of autophagy 

Autophagy enables cells the targeted degradation of cell components that are no longer 

needed (long-lived proteins) or are defective (misfolded proteins, malfunctioning organelles) 

by engulfing and fusing them with lysosomes into autolysosomes where the breakdown takes 

place. HDAC inhibitor studies have shown that HDACi can induce autophagy by acetylation of 

ATG (Autophagy-related) genes or by inhibiting the mTOR (mechanistic target of rapamycin) 

pathway. mTOR is the most important suppressor of autophagy, therefore, its inactivation by 

phosphorylation is of great importance in the autophagy induction of autophagic protein kinase 

ULK1 (Unc51 like autophagy activating kinase 1) (Gammoh et al., 2012). The HDAC inhibitor 
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SAHA (vorinostat) promotes induction of autophagy by both mentioned ways, either by 

repressing the mTOR pathway or by activating the expression of ATG genes (Eckschlager et 

al., 2017; Gammoh et al., 2012; Shulak et al., 2014). 

Anti-angiogenic effect of HDACi 

HDACis also exhibit anti-angiogenic effects. Growing tumors are in need to get more blood 

supply to survive. Therefore, the building of new blood vessels from pre-existing ones 

(angiogenesis) is one of the crucial cancer hallmarks (Hanahan & Weinberg, 2011). HDACis 

can modulate the down-regulation of pro-angiogenic genes, like vascular endothelial growth 

factor (VEGF) and endothelial nitric oxide synthase (eNOS) that have a highly mitogenic effect 

on endothelial cells (Eckschlager et al., 2017). On the other hand, HDACis promote acetylation 

of hypoxia-induced factor 1α (HIF-1α) which causes its destabilization. HIF-1α is one of the 

major transcription factors (up-)regulating the expression of genes, like VEGF, involved in 

neovascularity as a response to hypoxic conditions (Ellis, Hammers, & Pili, 2010; Lin, 

McGough, Aswad, Block, & Terek, 2004). 

The above-described actions of HDACis on tumor growth and progression are the most 

promising effects evoked by HDACi treatment (as monotherapy or in combination with other 

drugs). Besides these effects also some other, like the modulation of immune system/response 

(Haumaitre, Lenoir, & Scharfmann, 2009; Schotterl, Brennenstuhl, & Naumann, 2015), non-

coding RNAs and stem cells were observed. 

1.4.2. Entinostat (MS-275, SNDX-275) 

In our experiments, we used the synthetic benzamide HDACi MS-275 for the treatment of 

keratinocytes. This chemical compound shows an anti-tumorigenic effect by inducing cell cycle 

arrest, differentiation and apoptosis (“Definition of entinostat - NCI Drug Dictionary - National 

Cancer Institute,” n.d.). MS-275 inhibits class I HDACs, preferable HDAC1 and HDAC3 and 

shows no inhibition of HDAC8 (“MS-275 A HDAC1 and HDAC3 inhibitor | Sigma-Aldrich,” n.d.). 

MS-275 is currently in phase II of clinical testing for malignant melanoma, colorectal and 

endometrial cancer, Hodgkin's disease, leukemia, pancreatic and ovarian cancer, renal cell 

carcinoma and non-small cell lung cancer, and in phase III for breast cancer (“Entinostat - 

Syndax Pharmaceuticals - AdisInsight,” n.d.). In general, this HDACi is well tolerated, although 

following side effects of MS-275 therapy were observed: thrombocytopenia, anemia, vomiting, 

fatigue, hypophosphatemia and neurotoxicity. The half-life of MS-275 is relatively long, on 

average between 34 to 80 hours (Surolia & Bates, 2018), and the drug is soluble in DMSO. 

1.5. Aim of the study 

The class I HDACs, especially HDAC1 and its paralog HDAC2 have been shown to be 

essential regulators of epidermal differentiation and homeostasis (Markova, Karaman-
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Jurukovska, Pinkas-Sarafova, Marekov, & Simon, 2007; Winter et al., 2013). Knockout studies 

have shown the importance of HDAC1 and HDAC2 for the viability of ES cells and mice. The 

mammalian skin is a multifunctional organ consisting of three layers. The uppermost, multi-

layered part, epidermis, serves as the interface between the body’s inner and outer 

environment. The skin is a suitable organ for observations of genetic manipulations due to 

immediate visual manifestation of genetic changes and is an excellent model for the well-

orchestrated regulation of proliferation, differentiation and cell death. 

The aim of this master project was to characterize the newly created human keratinocyte cell 

line NHEK/SVTERT3-5 with respect to the regulatory function of class I histone deacetylases. 

To this end, we investigated the expression of class I HDACs in proliferating and terminally 

differentiating primary human keratinocytes. 

Next, we examined the effects of class I-specific HDAC inhibitor MS-275 on HDAC activity, 

histone acetylation and crotonylation, class I HDACs and p21 RNA and protein expression 

keratinocytes during proliferation and differentiation of these cells. 

Additionally, we created a novel genetically engineered cell lines that mimic the effect of an 

HDAC1-specific inhibitor. This was achieved by the generation of NHEK/SVTERT3-5 cells 

overexpressing catalytically inactive HDAC1 or wild-type HDAC1 as control via CRISPR/Cas9. 

Furthermore, we wanted to abolish the expression of endogenous HDAC1 in wildtype 

NHEK/SVTERT3-5 cells and NHEK/SVTERT3-5 cells overexpressing catalytically inactive 

HDAC1 by targeted shRNA knockdown. The final goal of this master project was the 

comparison of the effect of the class I isoform-specific HDAC inhibitor MS-275 with individual 

inhibition of HDAC1 in the presence and absence of endogenous HDAC1 in growing and 

differentiated human keratinocytes. 

The obtained data from these experiments with human cells complement and extend results 

from previous mice studies and might provide a rationale for the development of isoform-

specific HDAC inhibitors. 
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homeostasis. The depleted medium was aspirated, and cells were washed once with 1x PBS. 

Cell detachment was achieved by incubating the cells with 1x Trypsin-EDTA (Gibco® Life 

Technologies) for 2-72 minutes in the incubator. Gentle tapping of the flask or pipetting the 

Trypsin-EDTA solution on cells helped by detachment. When > 90 % of cells detached, 

Trypsin-EDTA was diluted with medium3 (double amount of Trypsin-EDTA) or neutralized by 

Trypsin inhibitor (PAN-Biotech GmbH). Dissociated cells were transferred into 15 ml sterile 

tube and centrifuged at 0.4 rcf for 3-5 minutes at RT. The supernatant was cautiously aspirated, 

the cell pellet resuspended in appropriate volume of medium (depending on the splitting ratio) 

and seeded in the cell culture flask. 

2.1.3. Cell counting 

In some cases, an exact number of cells needed to be seeded or frozen, therefore cells were 

counted by using 0.4 % Trypan blue solution (Thermo Fisher Scientific) and Countess® 

Automated Cell Counter (Thermo Fisher Scientific). If necessary, also the cell viability was 

ascertained. The cell suspension was mixed with 0.4 % Trypan blue solution in 1:1 ratio and 

approximately 20 µl were pipetted into a Countess™ Cell Counting Chamber Slide (Invitrogen). 

2.1.4. Cell freezing 

Cells were trypsinized and centrifuged (see 2.1.2. Cell passaging). The cell pellet was 

resuspended in medium and mixed with the same volume of freezing medium (20 % DMSO4 

(Sigma-Aldrich), 80 % medium). Due to the cytotoxicity of the DMSO cells were rapidly 

aliquoted into 1.5 ml cryovials and stored at -80 °C in the freezing container (Nalgene®). The 

next day aliquots were frozen in liquid nitrogen. 

10x PBS 

80 g NaCl 

25.6 g Na2HPO4·7H2O 

2 g KCl 

2 g KH2PO4 

Filled up to 1 L and pH adjusted to 7.4 with NaOH. 

 

2.1.5. Transfection of NHEK/SVTERT3-5 cells 

One day prior to transfection around 0.3 x 106 cells/well were seeded in a 6-well plate. Few 

hours before the transfection the medium was exchanged. Vector DNAs (0.2-1.5 µg) were 

mixed with reduced serum media (Opti-MEM™, Life Technologies) in 1.5 ml sterile tube. The 

FuGENE® HD transfection reagent (Promega) was prewarmed to RT and added to 1.5 ml 

                                                
2 Two minutes for HAP1 cells, seven minutes for NHEK/SVTERT3-5 cells. 
3 FBS inhibits trypsin. 
4 DMSO prevents the building of ice-crystals during the freezing process. 
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sterile tube, containing Opti-MEM and DNA. The transfection mix was incubated for 15 min at 

RT and subsequently dropwise added to cells. The plate was gently shaken to achieve the 

even distribution and incubated for 24 hours at 37 °C, 5 % CO2. The transfection efficiency 

was determined 24 hours after transfection using an inverted microscope in fluorescent mode 

and calculated as a percentage of the total number of cells. 

 

2.2. Work with RNA 

2.2.1. RNA isolation 

RNA was isolated from cells by using TRIzol® reagent (Life Technologies). Before isolation, 

all used surfaces and equipment (pipettes, racks, etc.) were cleaned with 1 M NaOH. Added 

volumes of the solutions during the entire procedure referred to 1 ml TRIzol® reagent. 

The RNA isolation procedure was divided into five steps: cell lysis, phase separation, RNA 

precipitation, RNA wash and re-dissolving of RNA. Firstly, the medium was removed from the 

cell culture vessel (we used 6-well plate), the cells were washed once with 1x PBS (pre-cooled) 

and lysed with 1 ml TRIzol® reagent. Lysed cells were immediately transferred to 1.5 ml sterile 

tube on ice (no scratching needed) and 200 µl chloroform were added. The tube was vigorously 

shaken by hand for 15 seconds, incubated at RT for two minutes and subsequently centrifuged 

at 13.523 rcf for 10 minutes in a pre-cooled centrifuge (4 °C). To precipitate the RNA only the 

upper, aqueous phase was used. Therefore, this phase was transferred to a 1.5 ml sterile tube. 

After addition of 1 µl glycogen and 500 µl isopropyl alcohol, the tube was inverted several 

times, incubated at RT for 10 minutes, and afterwards centrifuged at 13.523 rcf for 10 minutes 

at 4 °C. The supernatant was discarded, the RNA pellet washed with 1 ml of 75 % EtOH and 

centrifuged at 5.283 rcf for 5 minutes at 4 °C. The supernatant was removed, and the pellet 

air-dried for around 10 minutes. The RNA pellet was dissolved in 100 µl sterile dH2O with 

added RNase inhibitor (0.1 µl per 1 ml dH2O; 40 U/µl, Roche). The tube was incubated in a 

thermomixer at 55 °C for 10 min while shaking (300 rpm). For the second precipitation 1 µl 

glycogen, 1/105 volume of 3 M sodium acetate (pH 5.2) and 2.56 volumes of 96 % EtOH were 

mixed with the RNA, and incubated overnight at -20 °C. The next day the sample was 

centrifuged at 13.523 rcf for 30 minutes at 4 °C. Subsequently, the supernatant was discarded, 

and the pellet washed with 1 ml 75 % EtOH by vigorous vortexing. The tube was once more 

centrifuged at 5.283 rcf for 5 minutes at 4 °C, and the supernatant discarded. Finally, the RNA 

pellet was dissolved in 40 µl sterile dH2O supplemented with RNase inhibitor (see above) by 

                                                
5 This volume is referred to 100 µl dH2O used for RNA dissolving. 
6 This volume is referred to 100 µl dH2O used for RNA dissolving. 
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shaking in the thermomixer for 10 minutes at 55 °C. The RNA concentration was measured 

with NanoDrop™ One C (Thermo Fisher Scientific).  

To evaluate the quality and concentration of the isolated RNA, RNA was run on the MOPS gel. 

RNA samples were prepared to contain 500 ng RNA and mixed with 2 µl EtBr-loading buffer. 

The mixture was filled up with dH2O to 10 µl and heated to 65 °C for 5 minutes in the 

thermomixer. Afterwards, the RNA mixture was run on the MOPS gel for 20 minutes at 90 V in 

1x MOPS buffer. The gel was visualized by using the ChemiDoc XRS+ system (Biorad). 

MOPS gel 

1.2 g agarose (SeaKem® LE Agarose, Lonza) 

90 ml sterile dH2O 

10 ml 10x MOPS buffer 

5.2 ml formaldehyde (added after boiling the gel) 

 

10x MOPS buffer  

0.2 M MOPS 

50 mM sodium acetate (pH 5.0) 

10 mM EDTA 

(diluted in dH2O and adjusted to pH 7.0 with NaOH, kept at 4 °C) 

 

RNA loading buffer 

15 ml deionized formamide 

4.8 ml 37 % formaldehyde 

3 ml 10x MOPS 

2 ml dH2O 

2 ml glycerol 

1.6 ml 10 % bromophenol blue 

5 µl EtBr 

 

2.2.2. Reverse transcription 

The reverse transcriptase (RT) enzyme enables synthesis of the complementary DNA (cDNA) 

from an RNA template. 500 ng of isolated RNA was mixed with 4 µl 5x iScript Reaction Mix 

and 1 µl iScript Reverse Transcriptase from the iScript cDNA Synthesis Kit (Biorad). The 

reaction mix was filled up to 20 µl with nuclease-free water (included in the kit). The reaction 

of cDNA synthesis was carried out in a thermocycler according to this scheme: 
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2.3. Work with DNA 

2.3.1. Isolation of genomic DNA from keratinocytes by phenol-chloroform 

extraction 

To isolate the DNA from cells the cell medium was removed, and cells were washed once with 

1x PBS. The cells were scraped off the flask using 5 ml 1x PBS, transferred into a sterile 15 

ml tube and centrifuged at 3428 rcf for 30 minutes at RT. Afterwards, the supernatant was 

discarded, and the cell pellet resuspended in around 250 µl DNA lysis buffer. Lysed cells were 

transferred to a 1.5 ml sterile tube, and 8 µl of proteinase K (20 mg/ml) was added. The tube 

was incubated in the thermomixer at 55 °C overnight slightly shaking (350 rpm). The next day 

proteinase K was inactivated at 95 °C for 5 min and the sample was refilled to 250 µl with dH2O 

(volume loss due to evaporation). 250 µl phenol/chloroform/isoamyl alcohol7 (25:24:1; Sigma-

Aldrich) was added, and the tube was vigorously vortexed. After the centrifugation at 15.871 

rcf for 10 minutes at 4 °C, 200 µl of the upper phase were transferred into a new 1.5 sterile 

tube, 20 µl of 3 M sodium acetate (pH 5.2; Thermo Fisher Scientific), 1 µl glycogen and 500 µl 

96 % EtOH were added and thoroughly mixed. The tube was incubated for ≥ 1 hour at -20 °C 

and centrifuged for 30 minutes at full speed, 4 °C. The supernatant was discarded, the pellet 

was washed once with 1 ml 70 % EtOH and repeatedly centrifuged at full speed for 10 minutes. 

After removal of the supernatant, the pellet was air-dried for around 10 minutes and 

resuspended in 100 µl dH2O by shaking in a thermomixer at 55 °C for 10 min. The DNA 

concentration was measured with NanoDrop™ One C (Thermo Fisher Scientific). 

DNA lysis buffer 

200 mM NaCl 

100 mM Tris (pH 8.0) 

5 mM EDTA (pH 8.0) 

0.1 % SDS 

 

2.3.2. Direct-PCR DNA isolation 

For this procedure, the cell pellet (in 1.5 ml sterile tube) that was obtained from trypsinized, 

washed and centrifuged cells was resuspended in 200 µl Direct PCR® Lysis Reagent (Peqlab) 

supplemented with 4 µl proteinase K (20 mg/ml) and incubated overnight at 56°C, 350rpm. 

Hereafter, the proteinase K was inactivated at 80 °C for 45 min, and the DNA extracts were 

used for PCR. To isolate the DNA from cells attached to a 96-well plate, the medium was 

discarded, and the cells were washed twice with 1x PBS. Afterwards, 100 µl Direct PCR® Lysis 

Reagent with added 2 µl proteinase K was added to each well. The cell culture plate was 

                                                
7 Phenol/chloroform/isoamyl alcohol saturated with 10 mM Tris (pH 8.0), 1 mM EDTA 
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sealed with StarSeal sealing tape (Aluminium PCR Sealing Foil; Starlab) and incubated for 3 

hours at 56 °C. Thereafter, the proteinase K was inactivated at 80 °C for 45 min. 

2.3.3. Polymerase chain reaction (PCR) 

Per reaction 12.5 µl OneTaq® Quick-Load® 2X Master Mix (NEB Inc.) was mixed with 1 µl 

DNA template and 0.5 µl of forward and reverse primer (10 µM). The reaction mix was filled 

up to 25 µl with PCR grade H2O. All PCRs were performed in T100™ Thermal Cycler (Biorad). 

Primer annealing temperatures were determined by gradient PCR. 

PCR program 

Temperature (°C) Time (s) Cycles 

95 300 1 
95 30 NC 
AT 30 NC 
72 240* NC 
72 420 1 
20 ∞ 1 

 

The primer annealing temperature (AT) and the number of cycles (NC) depended on primer-

pair. Elongation time* was adjusted according to the fragment size expected to be amplified. 

2.3.4. Agarose gel electrophoresis 

To confirm the specific amplification of the desired DNA fragment, the PCR product was 

separated on an agarose gel, which concentration (1.2-1.8 %) depended on the fragment size 

of the amplicon. The agarose gel was prepared by mixing and boiling the SeaKem® LE 

Agarose (Lonza Inc.) in 100 ml 1x TAE buffer (for example 1.5 g agarose was weighed for 1.5 

% agarose gel). To visualize the PCR product, DNA stain (peqGREEN 1.5 µl/100ml gel; 

Peqlab) was added to the gel. Since the OneTaq® Quick-Load® 2X Master Mix already 

contained the loading buffer no additional buffer was added to the PCR product. Depending 

on the size of the PCR product, 7 µl of an appropriated DNA ladder (1 kb or 100 bp; NEB Inc.) 

was loaded on the gel. The gel was run for around 45 minutes at 90 V in 1x TAE buffer. After 

the completed run, DNA was visualized by ChemiDoc XRS+ system (Biorad).  

50x Tris-acetate-EDTA (TAE) buffer 

242 g Tris base 

57.1 ml glacial acetic acid 

100 ml 0.5 M EDTA 

Filled up to 1 L with dH2O and stored at RT. 
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2.4. Work with proteins and histones 

2.4.1. Harvesting cells for protein and histone extraction 

Cells were scraped off the cell culture flask on the ice and transferred with the medium into 

sterile 15 ml tube. The tube was centrifuged in a pre-cooled swing-out centrifuge (4 °C) for 5 

minutes at 811 rcf. The supernatant was discarded, the cell pellet was washed with 5 ml 1x 

PBS (for histones 10 mM sodium butyrate added to 1x PBS) and repeatedly centrifuged for 5 

minutes at 811 rcf. Subsequently, the supernatant was completely removed, and the cell pellet 

was frozen in liquid nitrogen (long-term) or stored at -80 °C (short-term). 

2.4.2. Preparation of protein isolates (freeze/thaw method) 

Hunt buffer supplemented with protease inhibitors was used for cell lysis. The cell pellet was 

thawed on ice and resuspended in appropriate volume of the Hunt buffer (150 µl/100 mm dish). 

For lysis, the cells were transferred to a sterile 1.5 ml tube that was snap-frozen in liquid 

nitrogen and thawed (37 °C) for three times, followed by centrifugation at 13.523 rcf for 30 

minutes at 4 °C. The supernatant was transferred to a new sterile 1.5 ml tube, and the 

concentration of the protein isolate was measured using the Bradford assay. After 

determination of the concentration, the supernatant and the pellet were frozen at -20 °C. 

Hunt buffer 

20 mM Tris/HCl (pH 8.0) 

100 mM NaCl 

1 mM EDTA 

0.5 % NP-40 

Protease inhibitors were added before use. 

 

Protease inhibitors 

50x PI (cOmplete protease inhibitor cocktail tablet; 1 tablet dissolved in 1 ml dH2O; Roche) 

100x β-glycerophosphate disodium hydrate  

100x sodium fluoride 

200x aprotinin 

1000x sodium molybdate  

1000x sodium orthovanadate (prior to use activated at 95 °C for 5 minutes) 

1000x PMSF (phenylmethane sulfonyl fluoride) 

 

2.4.3. Histone acid extraction 

Histone extraction was conducted in three steps: cell lysis, acid extraction and acetone 

precipitation. Cell pellet obtained after cell harvest (see 2.4.1. Harvesting cells for protein and 
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histone extraction) was resuspended in 1 ml lysis buffer and centrifuged for 5 minutes at 18.407 

rcf, 4 °C. The supernatant was removed, and the pellet was washed with 1 ml wash buffer four 

times by repeating the centrifugation step and removal of the supernatant. Afterwards, the 

pellet was dissolved in 20-30 µl dH2O (amount depended on the pellet size) and 2 µl of 

concentrated H2SO4 was added. The tube was incubated on ice for one hour and subsequently 

centrifuged for 20 minutes at 18.407 rcf, 4 °C. The supernatant (= 1 volume) was transferred 

to a new 1.5 ml tube, 10 volumes of acetone were added and precipitated overnight at -20°C. 

The next day, the sample was centrifuged for 20 minutes at 18.407 rcf, 4 °C. Subsequently, 

the supernatant was discarded, the pellet air-dried and resuspended in dH2O. Bradford protein 

assay was used to determine the concentration of isolated histones. 

Lysis buffer 

100 mM Tris-HCl 

50 mM sodium bisulfite 

1 % Triton X-100 

10 mM MgCl2 

8.6 % sucrose 

pH adjusted to 6.5 

Protease inhibitors were added before use. 

 

Wash buffer 

100 mM Tris-HCl 

13 mM Na3EDTA 

pH adjusted to 7.4 

Protease inhibitors were added before use. 

 

2.4.4. Extraction of insoluble proteins from keratinocytes 

Lysis protocol using Hunt buffer is suitable only for soluble proteins and ineffective to lyse high 

molecular weight, and membrane-bound proteins such as keratins, involucrin, or filaggrin.  

Therefore, protein pellets that were left over after protein extraction (see 2.4.2. Preparation of 

protein isolates) were separately collected and stored. For lysis, cells were thawed on ice and 

resuspended in SDS lysis buffer using different buffer volumes, depending on the size of the 

pellet (50 µl – 150 µl). The mixture was denatured and reduced at 95 °C for 5 min, by slightly 

shaking at 350 rpm on the thermoshaker, and thereupon centrifuged for 10 min at 18.407 rcf, 

RT. Afterwards, the supernatant was transferred to the new 1.5 ml tube and used for 

Coomassie blue staining or SDS-PAGE. 
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SDS extraction buffer 

2 % SDS 

50 mM Tris-HCl (pH 7.4) 

200 mM DTT (Dithiothreitol, PanReac Applichem, 154,25 g/mol) – due to instability always 
added freshly  

Filled up with dH2O. 

 

2.4.5. Bradford assay 

Bradford protein assay was used to measure the total protein concentration in a solution. 

Protein Assay Dye Reagent Concentrate (Biorad) was diluted 1:5 with dH2O and mixed with 1 

µl sample in 1.5 ml tube. The absorption was measured against the blank value at 595 nm with 

NanoDrop™ One C (Thermo Fisher Scientific) by using cuvettes. Absorption values were 

multiplied with 10 to obtain concentrations in µg/µl. 

2.4.6. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

SDS-PAGE was used to separate molecules by their molecular weight in an electric field. The 

molecules migrate through the polyacrylamide gel; the smallest ones faster than the bigger 

ones. Anionic detergent Sodium dodecyl sulfate (SDS) covers proteins’ intrinsic charges and 

provides them with an overall negative charge. The proteins with the same charge can then 

be separated by their molecular weights. For our purposes, we used 12.5 % or 16 % resolving 

polyacrylamide gels of 0.75 mm thickness. Before loading samples on the gel, samples were 

mixed with the 2x Laemmli buffer and denatured for 5 minutes at 95 °C. The Laemmli buffer 

contains 2-mercaptoethanol that reduces disulfide bonds and consequently, breaks them so 

that proteins become linear. The length of the linearized proteins corresponds to their 

molecular weight. As a marker Precision Plus Protein All Blue (10-250 kDa, Biorad) was used. 

We loaded 7 µl marker and 20 µl sample on a gel and ran the gel in a 1x Running buffer for 

60-75 minutes, at 20 mA. Histones were separated on 16 % gel and proteins on 12.5 % gel. 

Resolving gel 12.5 % 16 % 

30 % Polyacrylamide  4.35 ml 3.73 ml 

1 M Tris (pH 8.8) 3.9 ml 2.6 ml 
H2O 2.1 ml 560 µl 
20 % SDS 52.5 µl 35 µl 
20 % APS 90 µl 56 µl 

TEMED 7.5 µl 5 µl 
 

 

 

 

Stacking gel 5 % 
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30 % Polyacrylamide  510 µl 
1 M Tris (pH 6.8) 375 µl 
H2O 2.1 ml 
20 % SDS 15 µl 
20 % APS 28 µl 
TEMED 7.5 µl 

 

30 % Acrylamide 

30 % acrylamide 

0.8 % N, N’ methylenebisacrylamide 

Resine beads (Biorad) 

Stored at 4 °C, protected from light. 

 

2x Laemmli buffer 

4 % SDS 

20 % glycerol 

10 % 2-mercaptoethanol 

0.0004 % bromphenol blue 

0.125 M Tris-HCl 

 

10x Running buffer 

14.4 % glycine 

3 % Tris-HCl 

1% SDS 

 

2.4.7. Coomassie blue staining 

After the completed run of the polyacrylamide gel, in some cases, the gel was occasionally 

stained with Coomassie blue to detect proteins and visualize their relative amounts. Due to 

high sensitivity, this technique was used to more precisely adjust the loading amount of the 

proteins for SDS-PAGE if the sample volume was scarce. The gel was fixed in 100 ml fixing 

solution for 30 minutes and afterwards stained in 100 ml staining solution for 20 minutes. The 

stained gel was de-stained in Destainer I for 0.5-5 minutes and subsequently in Destainer II 

until only bands, without background, could be seen. Finally, the gel was rinsed twice for 5 

minutes in dH2O and scanned for quantitative evaluation. 
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10x Ponceau S 

30 % trichloroacetic acid 

30 % sulfosalicylic acid 

2 % Ponceau S 

Diluted in dH2O 

 

2.4.9. Antibody incubation 

To prevent the unspecific binding of the antibodies, the blotted membrane was incubated in 

the blocking solution for minimally 30 minutes and thereupon in the primary antibody overnight 

at 4 °C while shaking. The primary antibody was diluted in blocking solution. The following day 

the membrane was washed three times for 5 minutes with 1x PBS/0.1 % Tween-20 and 

afterwards incubated with secondary antibody for at least one hour at RT while shaking. The 

horse-radish peroxidase-coupled secondary antibody was diluted 1:10.000 in 1x PBS/0.1 % 

Tween-20. Ultimately, the membrane was repeatedly washed three times for 5 minutes in 1x 

PBS/0.1 % Tween-20. 

Blocking solution 

1 % Milk powder 

1 % Polyvinylpyrrolidone (PVP) 

10 % 10x PBS 

0.1 % Tween-20 

0.02 % Sodium azide 

Dilutes in dH2O and adjusted to pH 7.4. 

 

Primary antibody Dilution Origin Company 

p21 sc-6246 1:500 mouse Santa Cruz 

p53 do-7 1:20 mouse Seiser lab 

HDAC1 Sat13 1:1000 rabbit Seiser lab 

HDAC1 10E2 1:1000 mouse Seiser lab 

HDAC2 3F3 1:1000 mouse Seiser lab 

HDAC2 7029-50 1:5000 rabbit Abcam 

HDAC3 ab7030 1:2500 rabbit Abcam 

HDAC8 ab187139 1:10.000 rabbit Abcam 

β-actin A5316 1:5000 mouse Sigma 

Lamin B SC-6216 1:1000 goat Santa Cruz 
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DNase1/L2 1:400 goat Anna 

Spiegel* 

DNase1/L2 1:500 rabbit Anna 
Spiegel* 

KRT1 165-P 1:5000 rabbit Covance 

KRT5 1:5000 rabbit Covance 

Loricrin PRP-145P 1:2000 rabbit Covance 

Involucrin 1:1000 rabbit Covance 

H3K56ac ab676307 1:5000 rabbit Abcam 

H4K8ac Sat198 1:20.000 rabbit Seiser lab 

H3 c-terminal ab1791 1:20.000 rabbit Abcam 

H3K18cr ab195475 1:1000 rabbit Abcam 

H4K8cr ab201075 1:1000 rabbit Abcam 

*kindly gift from Dermatology department of the Anna Spiegel Institute (Medical University 

Vienna) 

2.4.10. Immuno-detection by enhanced chemiluminescence (ECL) 

Detection of the requested protein was enabled by a chemiluminescence imaging system 

(Fusion FX, Vilber Lourmat) and by using the Western Blotting Detection Reagents (GE 

Healthcare). Both detection reagents were mixed in a 1:1 ratio and distributed over the 

membrane for approximately one minute. The membrane was wrapped in the transparent 

plastic cover and placed in the imaging system. The photos of the membrane that was exposed 

to the light were taken for different long intervals. 

2.4.11. Activity assay of histone deacetylases 

The proteins were extracted as described in 2.4.2. Preparation of protein isolate (freeze/thaw 

method). The total protein amount needed for this assay was around 20 µg. The protein extract 

was filled up to 20 µl with Hunt buffer containing protease inhibitors (control only Hunt buffer 

with protease inhibitors). 2 µl of 3H-acetate-labeled chicken erythrocyte histone mix was added, 

and the mixture was incubated for one hour at 30 °C while shaking at 300 rpm. Afterwards, 35 

µl Histone Stop Solution and 800 µl Ethyl acetate were added. The 1.5 ml tube was vortexed 

for 15 seconds and centrifuged in a swing bucket centrifuge at 10.000 rpm for 4 minutes. 

Subsequently, 600 µl of the upper organic phase was transferred into a measuring tube with 3 

ml Scintillation solution. The tube was slightly shaken and ready to measure the radioactive 

signal by Liquid Scintillation Analyzer (Packard). 

  

 



44 
 

Histone Stop solution 

0.4 M Sodium acetate 

1 M HCl 

 

Scintillation solution 

5 g/l PPO (2,5-Diphenyloxazole) 

0.5 g/l POPOP ((1,4-bis(5-phenyloxazol-2-yl) benzene) 

Filled up with toluene. 

 

2.4.12. MTS proliferation assay 

MTS assay is a colorimetric method to assess the proliferation or metabolic activity of the viable 

cells. The reduction of the tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; MTS] and an electron 

coupling reagent (phenazine ethosulfate; PES) by NADH or NADPH dehydrogenase enzymes 

into formazan can be measured at 490 nm. The cells were seeded in 96-well plate (around 

4000 cells per well) and incubated at 37 °C, 5 % CO2 overnight. The next day the cells were 

treated with MS-275 HDACi (0.1 µM, 1 µM, 10 µM) for 24h, DMSO was used as a control. After 

24 hours the cell medium was exchanged, and 20 µl of MTS reagent was added to the cells 

for 3 hours, at 37 °C. Afterwards, the absorption at 490 nm was measured with ELISA reader 

(Perkin Elmer). 

 

2.5. Generation of keratinocyte cell lines overexpressing HDAC1 

wildtype and HDAC1 H141A using CRISPR/Cas9 technology 

2.5.1. Electroporation of the NHEK/SVTERT3-5 cells 

NHEK/SVTERT3-5 cells were grown in T175 flasks. When the cells reached around 70 % 

confluency, they were used for electroporation. This method was performed at the Vienna 

BioCenter Core Facilities GmbH (VBCF) by Krzysztof Chylinski and Philipp Czermak. In the 

first attempt, cells were electroporated with plasmids coding for the Cas9 protein, guide RNA 

(gRNA), GFP-Blasticidin resistance plasmid, and HDAC1 (either wild-type or mutant)  

encoding AAVS1-targeting vector (provided by Verena Moos). In the second attempt Cas9 

protein (5 µg), synthetically synthesized gRNA (12 µg) and AAVS1 plasmids coding for HDAC1 

(either wild-type or mutant) were used for electroporation. The cells were electroporated under 

the following conditions: 1150 V, 30 seconds, 2 pulses.  
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The plasmids coding for HDAC1_WT and HDAC1_H141A contain a FLAG-tag in their C-

terminal domain. They were previously shown to work in the HAP1 cell line and were made by 

Verena Moos. 

DNA/RNA Concentration (µg/µl) 

Cas9 0.57 

gRNA 0.56 

GFP-Blasticidin 0.46 

Hdac1_WT 0.67 

Hdac1_H141A (mutant) 1.25 

The concentration of synthesized gRNA (g996; T7-gAAVS): 5.07 µg/µl. 

1. Electroporation 

DNA/RNA Hdac1 WT 
(µl) 

Hdac1 H141A 
(µl) 

Cas9 7.89 7.89 

gRNA 5.36 5.36 

GFP-Blasticidin 1.30 1.30 

Hdac1_WT 4.48 - 

Hdac1_H141A - 2.40 

H2O 0.90 3.00 

 

2. Electroporation 

 Hdac1 WT 
(µl) 

Hdac1 H141A 
(µl) 

Cas9 protein (5 µg) 2.00 2.00 

gRNA 
(g996 T7-gAAVS, 12 µg) 

2.37 2.37 

Hdac1_WT plasmid 14.93 - 

Hdac1_H141A 
plasmid 

- 8 

H2O 13.63 13.63 

10x PBS 1.60 - 

10x Buffer 2.00 2.00 

 

2.5.2. Clonal dilution and expansion of cell lines  

Electroporated cells were selected with Blasticidin for 24 hours and tested for the insert 

presence by nested PCR, and for the successful cut by Cas9 protein using sequencing and a 

PCR. Part of these electroporated cells was frozen, another part was used for PCR tests and 

clonal dilutions. Cells used for clonal dilutions were diluted employing serial dilution method so 

that in each well would have been approximately 5 cells. The cells were seeded in 96-well 

plates and placed in the incubator for a week while being daily observed under the microscope. 

After approximately 10 days, only single-cell colonies were chosen for further cultivation and 

screening. The single-cell colonies were split into three 96-well plates; one plate was used for 

cultivation, the second one for screening, and the third as a backup. After the nested PCR 

screen of the whole cell batch, the single-cell colonies were screened for containing the 
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transgene (either HDAC1 WT or HDAC1 H141A). The PCR positive clones were stepwise 

expanded to 24-well, 12-well and 6-well plate and then additionally screened with another 

PCR-screen for the presence of the transgene with primers binding in different regions of 

AAVS-locus and transgene. Cell clones positive for both PCRs were finally expanded to 60 

mm and 100 mm cell culture dishes. Cellular proteins were extracted and tested for the 

presence of the FLAG-tag protein by Western blot analysis. Cell transfer from one plate to 

other was performed as described in 2.1.4. Cell passaging with minor alterations. Due to small 

volumes, vigorous pipetting of the trypsin solution helped to detach the cells from the well's 

surface. Trypsin should not be applied to the cells for longer than 7 minutes. To prevent cell 

death, trypsin inhibitor was used for trypsin neutralization. The resuspended cells were 

subsequently transferred to 1.5 ml tubes and placed into 15 ml falcon tubes (without cap) in 

the centrifuge. Cells were centrifuged for 5 minutes at 0.4 rcf at RT, the supernatant was 

discarded, and cells resuspended in fresh medium. 10 µl of cell suspension was mixed with 10 

µl 0.4 % Trypan blue solution and pipetted into the cell counting chamber used by counter 

Countess® Automated Cell Counter (Thermo Fisher Scientific). For clonal dilutions, we 

calculated the total number of cells and µl of cell suspension needed, to seed around 5 cells 

per each well. Due to the unequal distribution of seeded cells, not every well contained exactly 

5 cells, moreover some cells also died or did not form colonies. 

2.5.3. Validation of knock-in and screening of cell clones (PCR, Western blot, IF) 

The screening of clones was performed by running different PCRs (nested, indel, and 

screening/direct PCR). All these PCRs were used to test for the presence of the transgene at 

AAVS locus, with the primer pair binding either outside of the likely integrated transgene or 

within it. The difference between a screening and a direct PCR was in primer pairs used. In 

the screening PCR, primer pair bound within the transgene (if inserted), and in the direct PCR 

in the right and left homology arm of the AAVS locus. These two PCRs provided a hint which 

clones could possibly contain the transgene, however, they were sometimes reciprocal. The 

most accurate and reliable methods to detect the inserted transgene were Western blotting 

and immunofluorescence labeling of the expressed FLAG-tagged HDAC1 protein. The 

immunofluorescence technique showed to be the method of choice in High-Throughput-

Screening (HTS). 

2.5.4. Screening of cell clones by immunofluorescence labeling  

This method was established to easier and faster screen for potentially positive single colonies 

(clones) by immune-detection of FLAG-tagged protein in 96-well plate. The cell medium was 

aspirated from the wells, and the cells were washed once with 1x PBS. After removing the 

PBS, the cells were incubated in 4 % paraformaldehyde (PFA) for 20 minutes at 4 °C. The 

PFA was disposed in special waste, and the cells were repeatedly washed twice with 1x PBS, 



47 
 

followed by a 15-minute incubation in 1x PBS/0.1 % Triton X-100 at RT. To block unspecific 

epitopes, 1x PBS/0.1 % Triton X-100/10 % goat serum was added to cells for at least 30 

minutes at RT. Subsequently, the mix of primary antibody (anti-FLAG; 1:500) and 1x PBS/0.1 

% Triton X-100/10 % goat serum was pipetted to the cells, and the plate was incubated 

overnight at 4 °C on a rocking shaker. The next day the cells were washed 3x 10 minutes with 

1x PBS/0.1 % Tween-20 followed by second antibody incubation (Alexa red 11003, goat α-

mouse; 1:500) in 1x PBS/0.1 % Tween-20/10 % goat serum/DAPI (1:2000) for at least one 

hour at RT. Due to the light sensitivity of the secondary antibody, the plate was wrapped in 

tinfoil. After that, the cells were washed again 3x 10 minutes with 1x PBS/0.1 % Tween-20 and 

once with 1x PBS. Immunofluorescence-labeled cells were visualized and photographed using 

an Olympus CKX53 inverted microscope. 

2.5.5. Immunofluorescence labeling of cells grown on coverslips 

The same procedure applies for immunofluorescence staining of cells grown on coverslips. 

The coverslips were additionally mounted onto glass slides with the antifade reagent 

(ProLong™Gold, Invitrogen). Pictures of coverslips were taken using the VS120 virtual slide 

systems (Olympus BX61SV) and Olympus VS-ASV software. 

 

2.6. Work with bacteria 

2.6.1. Inoculation of overnight culture 

Transformed bacterial cells were plated on pre-warmed LB-agar plates with an appropriate 

antibiotic, and incubated overnight at 37 °C. The next day single colonies were picked with a 

pipette tip and dropped into 2-4 ml LB medium supplemented with the corresponding antibiotic. 

These bacterial pre-cultures were incubated at 37 °C in a shaking incubator (180 rpm) for 6 

hours. Afterwards, 100 ml LB medium with the antibiotic were inoculated with pre-cultures and 

incubated at 37 °C, overnight while shaking. The bacterial plates were stored with agar-side 

up at 4 °C. Cloning, transformation and preparation of competent bacteria were done by 

Verena Moos. 

2.6.2. Preparation of bacterial glycerol stocks 

To prepare stocks with bacteria carrying the desired plasmid, 500 µl of bacterial culture was 

mixed with 50 % glycerol in a ratio 1:1 in a cryovial that was subsequently stored at -80 °C. 

This method enables the storage of bacterial stocks for many years. 

2.6.3. Midiprep plasmid purification 

Larger quantities of plasmid DNA were purified and collected using the Plasmid Midi Kit 

(Qiagen) according to the manufacturer’s instructions. Bacterial overnight cultures were 

harvested by centrifugation at 3428 rcf for 15 min at RT. The supernatant was cautiously 
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removed, and the bacterial pellet was resuspended in 4 ml Resuspension buffer. Bacterial cells 

were lysed by addition of 4 ml Lysis buffer and vigorously inverting the Falcon tube several 

times followed by incubation at RT for 5 minutes. Subsequently, 4 ml  Neutralization buffer was 

added, the Falcon tube was repeatedly inverted and incubated on ice for 15 minutes. After 

that, lysed bacterial cells were centrifuged at 22.000 rcf for 30-45 minutes at 4 °C, and 

meanwhile, the purification column was equilibrated with 4 ml Equilibration buffer. The 

supernatant was applied to the column, and the bound plasmid DNA was washed twice with 

10 ml Wash buffer. The DNA was eluted from the column with 5 ml Elution buffer and 

precipitated by addition of 3.5 ml isopropanol and centrifugation at 5000 rcf for 1 hour at 4 °C. 

The supernatant was thoroughly discarded, and the precipitated DNA was washed with 2 ml 

of 70 % EtOH while centrifuging at 5000 rcf for 20 minutes at 4 °C. Ultimately, the supernatant 

was removed, DNA pellet air-dried and resuspended in an appropriate volume (depending on 

pellet size) dH2O. 

LB medium (autoclaved, for 1 liter) 

10 g Tryptone 

5 g Yeast-extract 

5 g NaCl 

Filled up with dH2O, pH adjusted to 7.5 with NaOH. 

 

LB agar 

see LB medium; 15 g/l Bacto agar added. 

Ampicillin (stock 100 mg/ml) 

Final concentration used in LB medium/plates: 100 µg/ml. 

 

2.7. shRNA-mediated knockdown of HDAC1 in NHEK/SVTERT3-5 cells  

Knockdown of targeting endogenous HDAC1 was performed with three different shRNAs in 

NHEK/SVTERT3-5 cells and newly generated NHEK/SVTERT3-5-derived knock-in cell lines. 

The complete procedure of generating these knockdown cell lines was conducted by Oliver 

Pusch (Department of Cell and Developmental Biology, Center for Anatomy and Cell Biology, 

Medical University of Vienna) according to the Wiederschain & Ph, n.d. protocol. Importantly, 

HDAC1 shRNA3 targets only the endogenous but not the transgenic murine HDAC1 mRNA.

  

The creation of knockdown cell line stably expressing the shRNA that binds to the 

complementary mRNA sequence of the target gene requires the following steps to be 

performed (taken from Wiederschain & Ph, n.d.): 
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1. Transformation and amplification of pLKO-Tet-On vector 

2. Design of shRNA oligos 

The oligo sequences used for knockdown of HDAC1 are depicted below and were selected 

from MISSION® shRNA Library (Sigma-Aldrich). 
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Figure 10: Design of shRNAs for HDAC1 knock-down. Black letters correspond to the shRNA sequence in sense 

and anti-sense direction, blue one's label loop sequence, green one's cloning site and red letters mark a spacer. 

3. Oligo annealing and ligation into pLKO-Tet-On vector 

4. Transformation and ligation in competent Stbl3 E. coli cells 

5. Screening for positive clones 

6. Sequencing of positive clones 

7. Lentiviral packaging 

8. Titering of lentiviruses 

9. Infection of target cell line for stable shRNA-expression 

10. Induction of shRNA-expression and knockdown 
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3. Results 

3.1. Characterization of the immortalized human epidermal 

keratinocyte cell line NHEK/SVTERT3-5 

3.1.1. Expression of differentiation markers by NHEK/SVTERT3-5 

Keratinocytes in vivo undergo the process of terminal differentiation that is vital for proper 

layering of the skin (Watt, 1989). The recently created cell line NHEK/SVTERT3-5 possess the 

characteristics of primary keratinocytes. It can inducibly differentiate and displays the 

morphologic features of primary keratinocytes in 2D and 3D culture (Wagner et al., 2018; 

Weinmuellner et al., 2018). Depending on the stage of terminal differentiation, keratinocytes 

express different keratins, which can be used as differentiation markers. According to the 

provider (Evercyte), the NHEK/SVTERT3-5 cell line expresses keratin 1 (KRT1), keratin 2 

(KRT2), keratin 10 (KRT10), and loricrin in a 3D skin model. In our experiments, we confirmed 

the expression of specific differentiation markers also in 2D conditions. 

In vitro, these cells start to differentiate after the proliferation phase (if the cell culture medium 

is supplemented with calcium (≥ 0.1 mM)) at 80 % confluency. At lower Ca2+ concentrations (≤ 

0.1 mM) cells do not start to differentiate (Bikle, Xie, & Tu, 2013). To verify the ability of the 

NHEK/SVTERT3-5 cell line to differentiate, cells were collected at three different time points; 

at 70 % confluency (pre-confluent), on day 5 (d-5) and day 9 (d-9) after reaching the complete 

confluency (day 0). Cells were lysed in Hunt buffer (see chapter 2.4. Work with proteins and 

histones) and centrifuged to obtain the soluble cytoplasmic extract. The pellet was further 

treated with SDS-containing buffer to solubilize also keratins and membrane-bound proteins. 

Cell pellet extracts and whole cell extracts were used to assess the expression of keratin 1 

(early differentiation marker) and DNase1L2 (late differentiation marker) in harvested cells. 

 

Figure 11: NHEK/SVTERT3-5 cell line in pre-confluent (growing) and post-confluent phase (d-5, d-9). Pre-

confluent cells conform to basal cells from the basal layer of the epidermis. These cells are still in the growth phase 

and versatile. d-5 and d-9 cells represent a mixture of basal cells and differentiated cells In vitro. These cells build 

multilayered colonies and express differentiation markers. The upper cells of the colonies are terminally 

differentiated keratinocytes undergoing cell death (Sun & Green, 1976). Magnification: pre-confluent 10x, d-5 and 

d-9 4x.  
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In summary, histone acetylation (Fig. 16) and crotonylation (Fig. 19) have shown diverse 

expression patterns, where some histone lysines display an increase of acetylation or 

crotonylation, whereas others exhibited a decrease or even lack of these post-translational 

modifications. 

 

Figure 19: Immunoblot analysis of histone crotonylation during the keratinocyte differentiation. Changes in 

crotonylation of histones H3 and H4 were observed during keratinocyte differentiation. An antibody against the H3 

C-terminus was used as loading control. 

 

3.3. Inhibition of the catalytic activity of class I HDACs in human 

keratinocytes by MS-275 

3.3.1. Impact on acetylation and crotonylation of histone H3 and H4 

In the first set of experiments, it was aimed to determine the consequences of class I HDAC 

inhibition on the level of histone acetylation and crotonylation. Since histones are direct targets 

of HDACs, these trials should function as controls for the catalytic inhibition of class I HDACs. 

Additionally, the observed results should demonstrate whether histone acetylation can be 

influenced at all stages of differentiation by HDACi. 

The NHEK/SVTERT3-5 keratinocytes were therefore seeded into 15 cm cell culture dishes 

(confluency 30-40 %) and treated with increasing concentrations of the HDACi MS-275. The 

impact of HDACi was tested on both proliferating and differentiating keratinocytes. Accordingly, 

proliferating keratinocytes were treated with vehicle (DMSO) or increasing concentrations of 

MS-275 and harvested after 24 hours at 70-80 % confluency. For treatment of keratinocytes 

undergoing differentiation, cells were grown to 100% confluency and then treated with MS-275 

every second day for in total 5 days (d-5) or 9 days (d-9). After the cell harvest, the 

keratinocytes were prepared for acid histone extraction (see 2.4. Work with proteins and 

histones) followed by Western blot analysis using antibodies against different histone 

acetylation and crotonylation sites.  
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As shown in Figure 20 proliferating keratinocytes responded to increasing HDACi 

concentrations with a dose-dependent increase in acetylation of H3K56 and H4K8. Treatment 

of differentiating keratinocytes with 10 µM MS-275 ended in massive cell death and 

detachment of cells. Therefore, only keratinocytes treated with 1.0 µM and 0.5 µM MS-275 

were further studied. Compared to proliferating cells, differentiated keratinocytes reacted to 

the lowest MS-275 concentration (0.5 µM) with pronounced histone acetylation. However, the 

effects were less noticeable when using 1.0 µM MS-275 concentration. 

 

 

 

 

 

Figure 20: Immunoblot analysis of histone acetylation upon MS-275 treatment in pre-confluent and post-

confluent keratinocytes. An antibody specific for H3 C-terminus was used as loading control. HAP1 WT sample 

was used as a control. 

Treatment with increasing concentrations of MS-275 showed an effect on acetylation of 

histones. Acetylation and crotonylation are functionally similar post-translational modifications, 

and their addition or removal to histone and non-histone proteins is catalyzed by the same 
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enzymes. Therefore, we decided to examine also crotonylation of histones H3 and H4 from 

treated keratinocytes. 

Western blot analysis of lysates obtained from HDACi-treated proliferating keratinocytes 

revealed hardly any regulation of histone crotonylation (H3K18cr, H4K8cr), which contrasted 

with the results found for histone acetylation (Fig. 21). However, when differentiating cells were 

treated with MS-275, H4K8 crotonylation strongly increased. In accordance with histone 

acetylation, the effects were less pronounced when cells were treated with 1.0 µM MS-275. 

Due to the inequalities of loaded histone amounts from late-differentiated keratinocytes (d-9), 

the suggestive increase of crotonylation (H4K8cr) cannot be fully judged. The impact of MS-

275 treatment on the H3K18 crotonylation was found to be modest, as hardly any increase 

could be observed in d-5 keratinocytes. Inequalities in amounts of loaded samples from late-

differentiated keratinocytes (d-9) and in general low signal intensities prevented a clear 

statement about the regulation of H3K18cr in these cells. 
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Figure 23: The metabolic rate of NAD+ to NADH conversion measured by MTS colorimetric assay. The free 

electron is accepted by intermediate electron acceptor (PMS) which can easily penetrate the cell membrane and 

reduce MTS tetrazolium compound to formazan in the cell culture medium. Treatment of cells with HDACi MS-275 

inhibits NAD+ to NADH conversion and cell metabolism with the result of reduced proliferation. Only the highest 

MS-275 concentration led to a significant decrease in cells proliferation. n = 5. P = 0.6153, 0.7565, 0.0103. 

To test whether the treatment of pre-confluent NHEK/SVTERT3-5 keratinocytes with HDACi 

MS-275 can induce changes in gene expression of class I HDACs itself, as well as in HDACs’ 

target genes, the keratinocytes were treated with 1.0 µM and 10 µM MS-275 concentrations 

for 24h and harvested for RNA isolation and further processing. 

The treatment of pre-confluent keratinocytes with 10 µM MS-275 induced HDAC1 mRNA 

expression by 2-fold (Fig. 24, upper panel). On the contrary, mRNA levels of HDAC2 and 

HDAC8 remained unaffected, independently of the MS-275 concentration. This indicates that 

increased levels of histone acetylation upon MS-275 treatment are rather caused by inhibition 

of catalytic activity of HDACs, than by downregulation of these enzymes. Upregulation of p21 

expression in MS-275-treated keratinocytes repeatedly showed the connection between 

HDAC inhibition and modulation of the cell cycle (Fig. 24, middle panel). Genes that are 

associated with cellular proliferation, such as EPGN and KRT5, were found to be 

downregulated upon HDACi treatment. Moreover, KRT1, as a marker for early differentiation 

was found to be downregulated too, indicating that keratinocytes respond to MS-275 treatment 

with increased cell cycle arrest without induction of terminal differentiation. Similarly, 

DNase1L2, a marker for late differentiation was not induced by MS-275 treatment. 
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Figure 25: Immunoblot analysis of HDAC1/HDAC2 and cell cycle regulators (p21, p53) during the treatment 

of proliferating (pre-confluent) keratinocytes with increasing MS-275 concentration. HDAC1, HDAC2, and 

p53 exhibit no regulation on protein level upon increasing MS-275 concentrations. The Western blotting was 

repeated for p21 and p53 (bottom panel), Ponceau used as a loading control. 

The influence of class I HDAC' inhibition during terminal differentiation was investigated by 

observing the cells and taking their photos throughout the treatment. The keratinocytes seeded 

in 6-well plates were treated with MS-275 and daily monitored until their harvest at day 5 or 

day 9 after reaching complete confluency. 

Post-confluent keratinocytes reacted to HDACi treatment differently than pre-confluent, 

proliferating cells. Differentiated cells are more sensitive to the treatment with MS-275 because 

even the lowest HDACi concentration used (0.5 µM) caused the abnormal formation of many 

small autophagic-like vacuoles inside the d-9 keratinocytes (Fig. 27). At 1.0 µM MS-275 

concentration cells started to die massively, and at the highest concentration (10 µM MS-275) 

all cells appeared apoptotic. Nonetheless, it seemed that d-5 keratinocytes were not affected 

at the lowest (0.5 µM) concentration, although the increased death rate was observed at 1.0 

µM and 10 µM MS-275 concentrations. 
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Figure 26: Treatment of post-confluent keratinocytes with increasing concentrations of MS-275 HDACi. d-5 

keratinocytes seemed to be less sensitive to increased HDACi concentration than more differentiated d-9 cells. At 

the highest HDACi concentration (10 µM) both d-5 and d-9 keratinocytes appear apoptotic. Magnification: 10x, 

bright-field. 

 

 

Figure 27: Vacuoles inside d-9 keratinocytes treated with 0.5 µM MS-275 (left) and a respective control 

(right). Magnification: 20x, bright-field. 

To compare the visual changes with molecular ones, we isolated RNA from keratinocytes 

treated with 1 µM MS-275 and analyzed the transcriptional levels of target genes. No samples 

could be obtained from d-5 and d-9 keratinocytes treated with 10 µM MS-275 concentration 

because the cells died before the harvesting day. 

Analysis of qRT-PCR data showed that MS-275 treatment of d-5 differentiated keratinocytes 

resulted in moderately reduced mRNA expression of HDAC1 (not significant) and significant 

2-fold reduction of HDAC2 and HDAC8. This reduction was further pronounced in d-9 treated 

cells, where mRNA levels of HDAC1, HDAC2, and HDAC8 were respectively reduced 2-fold, 

4-fold and 4-fold. Moderate reduction of mRNA levels was also detected for p21 and EPGN in 
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might also be true for this cell line. Therefore, we tested several common transfection agents 

such as TurboFect™ (Thermo Fisher Scientific), SuperFect® (Qiagen), FuGENE® (Promega) 

and jetPEI™ (Polyplus transfection) for their transfection efficiency. To identify transfected 

cells, a plasmid containing a GFP expression construct fused to a nuclear localization signal 

(NLS) was used. As a result, nuclei adopted green fluorescent color that could easily and 

directly be visualized by an inverted fluorescence microscope. The highest transfection 

efficiency and the lowest cell toxicity for NHEK/SVTERT3-5 keratinocytes were achieved with 

the FuGENE® reagent. Additionally, the best DNA [µg] to transfection reagent [µl] ratio needed 

to be determined. By using the ratio of 2-3 µg of DNA to 6-8 µl of FuGENE® reagent, we 

achieved the highest transfection efficiency that was about 30 % (Fig. 30). 

 

Figure 30: Transfection efficiency of a vector encoding GFP with nuclear localization signal (NLS) in 

NHEK/SVTERT3-5 keratinocytes. As a control, we transfected the keratinocytes with FuGENE reagent without 

the addition of the GFP plasmid. Magnification: 100x. 

3.4.2. FuGENE®-mediated transfection of keratinocytes to overexpress HDAC1 

variants using CRISPR/Cas9 

The goal of this experiment was to create stably transfected NHEK/SVTERT3-5 keratinocyte 

cell lines overexpressing either active HDAC1 WT or inactive HDAC1 H141A enzyme. 

Therefore, we used the FuGENE® transfection reagent and CRISPR/Cas9 tools. The 

keratinocytes were transfected with four different vectors coding for guide RNA (gRNA), Cas9 

endonuclease, blasticidin resistance with GFP, and the respective sequence for FLAG-tagged 

HDAC1 WT or HDAC1 H141A. The guide RNA guided Cas9 endonuclease to protospacer 

(target sequence) and PAM (Protospacer Adjacent Motif) sequence within the AAVS locus 

where the cut was made, and the cassette with the gene of interest could be inserted by the 

homologous recombination (Ceasar, Rajan, Prykhozhij, Berman, & Ignacimuthu, 2016). The 
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H141A) into the AAVS locus. The second small band, which is also present in the negative 

control corresponds to the second unmodified AAVS1 allele. 

 

 

Figure 33: PCR for detection of the integrated transgene in AAVS locus. The primer-pair bound in the left- and 

right-homology region of the inserted cassette. The size of the integrated construct is 3530 bp. If there would be no 

gene insertion, the amplified product would only be 354 bp long (negative Ctrl). The transfected keratinocytes 

contain the gene of interest, either HDAC1 WT or HDAC1 H141A. Pos. control: HAP1 HDAC1 2S. Neg. control: 

HAP1 cells. NTC (Non-template control): ultrapure H2O. Primer pair: AAVS-gRNA-F/R. 

To verify the successful knock-in of NHEK/SVTERT3-5 transfected keratinocytes at the correct 

locus, a nested PCR strategy was used. As shown in Figure 32, a primer pair that binds on the 

one hand in the FLAG region of the insert and on the other outside of the right homology arm 

(RHA) of the AAVS locus was used for the analysis of the transfected cell batch. The presence 

of the bands for HDAC1 WT and HDAC1 H141A in the second nested PCR confirmed the 

gene insertion at the AAVS locus because the 5’ end primers could bind to and amplify the 

region of the insert. 
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Figure 35: Screening PCR of the single cell colonies in the 96-well plate. The size of the amplified PCR product 

is 304 bp. The red rectangles represent the clones which were chosen for FLAG immunoblot detection. Pos. 

controls: HAP1 HDAC1 WT and HAP1 HDAC1 2S. Neg. control: HAP1. NTC (Non-template control): ultrapure H2O. 

Primer pair: qRT_mHdac1_F1/qRT_FLAG_R1. 

Parallel to the screening PCR also the quality control (QC) PCR was run, to assess the quality 

of the isolated DNA.  

 

Figure 36: QC PCR of single cell colonies (clones) to assess the DNA quality. The primer pair used for this 

PCR binds in the genomic DNA and produces the PCR product of 244 bp. Pos. controls: HAP1 HDAC1 WT and 

HAP1 HDAC1 2S. Neg. control: HAP1. NTC (Non-template control): ultrapure H2O. Primer pair: AAVS-gRNA-F/R. 

To screen all single-cell colonies from the 96-well plates, two rounds of screening and QC PCR 

were performed. The clones with the adequate genomic DNA quality and a sign to contain the 
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transgene (encircled in red) were selected and expanded further until they could be grown in 

10 cm dishes. 

 

Figure 37: Screening PCR of the single cell colonies in the 96-well plate. The size of the amplified PCR product 

is 304 bp. The red rectangles represent the clones which were chosen for FLAG immunoblot detection. Pos. 

controls: AAVS HDAC1 WT, HAP1 HDAC1 WT, 4454 (tg/+mouse DNA), HDAC1 AAVS1 HAP. Neg. control: 4454 

and HAP1. NTC (Non-template control): ultrapure H2O. Primer pair: qRT_mHdac1_F1/qRT_FLAG_R1. 

 

 

Figure 38: Screening PCR of the single cell colonies in the 96-well plate. The size of the amplified PCR product 

is 304 bp. The red rectangles represent the clones which were chosen for FLAG immunoblot detection. Pos. 

controls: SVTERT3-5 DNA AAVS-HD1, HAP1 HDAC1 2S. Neg. control: HAP1. NTC (Non-template control): 

ultrapure H2O. Primer pair: qRT_mHdac1_F1/qRT_FLAG_R1. 
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Figure 39: QC PCR of single cell colonies (clones) to assess the DNA quality. The primer pair used for this 

PCR binds in the genomic DNA and produces the PCR product of 244 bp. Pos. controls: SVTERT3-5 DNA AAVS-

HD1, HAP1 HDAC1 2S. Neg. control: HAP1. NTC (Non-template control): ultrapure H2O. Primer pair: 

h_p21_1/h_p21_2. 

Based on screening and QC PCRs single clones were trypsinized and further propagated to 

10 cm dishes. Cells were harvested, lysed and subjected to Western blot analysis to test 

whether cells express FLAG-tagged transgenic HDAC1 variants. However, from the chosen 

clones, none was positive for the FLAG-tag (Fig. 40).  

 

Figure 40: Immunoblot analysis of clones for the presence of the transgene using anti-FLAG antibodies. Pos. 

control: HAP1 HDAC1 WT A11 P7. 

3.4.3. Electroporation-mediated transfection of keratinocytes to overexpress HDAC1 

variants using CRISPR/Cas9 

The endeavor of creating two new cell lines, expressing either HDAC1 WT or HDAC1 H141, 

using the NHEK/SVTERT3-5 keratinocytes and the FuGENE® transfection did not lead to any 

cell clones containing the desired transgene. Therefore, we decided to repeat the process but 

using electroporation instead of the transfection method. The electroporation is a highly 

efficient delivery method and can be used for cells which are difficult to transfect (primary cells) 

or show high rates of cell death due to the toxicity of the transfection agent. Additionally, 
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instead of cas9 plasmid, a cas9 protein was transfected with the goal to increase the likelihood 

of gene targeting (personal information Krzysztof Chylinski, VBC facility).  

The electroporation of vectors coding for gRNA, blasticidin resistance with GFP and the 

desired transgenes coupled to FLAG-tag together with either Cas9 plasmid or Cas9 protein 

was performed by the VBC facility (Krzysztof Chylinski, Philipp Czermak) using conditions 

described in the Material and Methods section. The electroporation was lethal for many cells. 

Remaining cells were treated with blasticidin for 24 hours, resulting in an enrichment of 

successfully transfected cells. Aliquots of the transfected cell batch were collected during 

splitting and tested for successful gene targeting using indel PCR and nested PCR. 

 

Figure 41: Indel PCR shows the successful binding of gRNA and double-strand break by Cas9 endonuclease for 

HDAC1 H141A electroporated NHEK/SVTERT3-5 keratinocytes. 

In the next step, the electroporated cells were tested as a batch for the presence of the 

transgene at the AAVS locus with nested PCRs. The primer pairs used for nested PCR bound 

inside the transgene and outside of the right homology arm (RHA) genomic sequence (Fig. 

32). The bands seen at the second nested PCR confirm the presence of the transgene (either 

HDAC1 WT or HDAC1 H141A) at the AAVS locus of the electroporated NHEK/SVTERT3-5 

keratinocytes. 
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Figure 44: Screening PCR of single cell clones for carrying the HDAC1 H141A transgene. The primer pair 

used, bind to the HDAC1 transgene and the FLAG-tag region, respectively. The expected length of the PCR product 

was 304 bp. 

 

 

Figure 45: QC PCR of clones tested for HDAC1 WT transgene. The primer pair used for this PCR binds to the 

p21 gene. The expected length of the PCR product was 244 bp. 
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Figure 46: QC PCR of clones tested for HDAC1 H141A transgene. The primer pair used for this PCR binds to 

the  p21 gene. The expected length of the PCR product was 244 bp. 

Finally, 9 Hdac1 WT clones and 7 Hdac1 H141A were positive for the respective transgene. 

To confirm the screening results for the seemingly positive clones, some of these clones were 

chosen for another round of screening PCR with different primer pair binding within the LHA 

and RHA of the AAVS locus. 
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Figure 47: Additional screening of seemingly positive clones with direct PCR method (described in chapter 

2.3.2.). The primers bind to the LHA and RHA of the AAVS locus. If the transgene integrated into the locus, the 

PCR product had a length of 3530 bp (red rectangle). 

Because also the direct PCR did not give a reliable proof for successful transgene insertion, 

the decision was made to pick some clones which were positive both in screening and direct 

PCR to detect the FLAG tag of the transgene by Western blot analysis. In this way, we could 

detect the FLAG-tagged HDAC1 protein in clones #A7, #B5, and #H1. 

The immunodetection of the transgene’s FLAG tag revealed that two clones (#A9, #B5) 

expressed HDAC1 WT and that only a single clone (#H1) expressed HDAC1 H141A (Fig. 48). 

In addition, when the blot was re-probed with an antiserum against HDAC1, the presence of 

transgenic HDAC1 variants in the same cell lines was detected. The expression levels of the 

transgenic HDAC1 was slightly higher than the expression of the endogenous HDAC1 protein 

in the non-targeted cell lines. 

To support the Western blot results and to test for the purity of the positive clones the 

immunofluorescence analysis was used by applying the anti-FLAG antibody. 
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Figure 49: Immunofluorescence detection of FLAG-tagged HDAC1 WT and HDAC1 H141A. The first column 

shows colored nuclei of keratinocytes with DAPI staining. The second column shows FLAG-HDAC1 expressing 

nuclei, and the third column displays the merge of DAPI and anti-FLAG pictures. Based on this staining it can be 

concluded that clones #A9 and #H1 indeed express the transgene in all cells. Magnification: 40x. 

As shown in Fig. 49, all cells that displayed a DAPI positive (blue) nuclear signal were also 

found to exhibit a positive nuclear fluorescence (red), conferring 100 % purity of the cell lines. 

The control cell line, #E11, without integrated transgene, showed no red fluorescence signal. 

The above presented immunofluorescent FLAG-positive clones were grown on the coverslip. 

The FLAG-tag positive clone #B5 did not grow on the coverslip, therefore we grew it in 3.5 cm 

dishes, and performed the staining in the dish. 

 

Figure 50: Immunofluorescence detection of the FLAG-tagged HDAC1 WT protein. The #B5 cells did not grow 

on the coverslip, therefore, they were grown and stained with anti-FLAG antibody in the 3.5 cm dish. Magnification: 

10x. 
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The FLAG-tag immunofluorescence staining also visually affirmed the presence of the 

respective HDAC1 transgene in these clones. Moreover, the nuclear signal confirmed the 

correct intracellular localization. 

3.4.5. Impact of overexpression of HDAC variants on the expression of 

endogenous HDAC1 and HDAC2 

As previously seen from the immunoblots, the expression of endogenous HDAC1 and HDAC2 

was slightly reduced upon the overexpression of the respective transgene (HDAC1 WT or 

HDAC1 H141A). The qPCR data showed significantly elevated mRNA levels of HDAC1 in all 

knock-in clones. Interestingly, upon the HDAC1 overexpression, the clones #B5 (HDAC1 WT) 

and #H1 (HDAC1 H141A) demonstrated increased HDAC2 expression. These observations 

are reciprocal with immunoblots (Fig. 48), and with a compensatory mechanism known for 

HDAC1 and HDAC2. The knock-in also affected HDAC8, resulting in induced RNA expression.  

Detection of HDAC1 by an antibody, recognizing the N-terminus of HDAC1, unveiled the 

relationship between reduced expression of the endogenous HDAC1 in response to 

overexpression of the HDAC1 transgene (either HDAC1 WT or HDAC1 H141A). As discerned 

from the immunoblots the expression of the transgene was higher than from endogenous 

HDAC1. A cross-talk between HDAC1 and HDAC2 was previously reported (Winter et al. 

2013). If HDAC1 is ablated, HDAC2 is upregulated to compensate for the loss of HDAC1. 

Likewise, to previous findings, HDAC2 expression is decreased in all three knocked-in cell 

clones, and especially in clone #A9. 

The CDK inhibitor p21 is known as the major cell cycle regulator and its expression has been 

shown to be induced in the absence of HDAC1 (Zupkovitz et al., 2010). qRT-PCR revealed, 

that p21 mRNA is expressed at significantly decreased levels in clones overexpressing HDAC1 

Figure 51: Relative mRNA expression levels of HDAC1, HDAC2, and HDAC8 in cell clones containing the 

respective transgene (either HDAC1 WT or HDAC1 H141A). b2m was used as a reference gene. n = 3. P = < 

0.5.  
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(Fig. 55). The expression of catalytically inactive HDAC1 effectively decreased the total HDAC 

activity. 

 

 

Figure 55: Total HDAC activity of clones expressing HDAC1 transgenes. HDAC1 WT-expressing clone #A7 

showed insignificantly elevated HDAC activity, whereas the only clone expressing the catalytically inactive version 

of HDAC1 (#H1) displayed for 30 % reduced activity compared to control. cpm = counts per minute. n = 3. 

To examine, whether various HDAC activities have an influence also on histone acetylation 

the Western blot analysis was conducted. Therefore, proliferating cell lines were harvested, 

and histones were purified using an acid extraction method as described in section 2.4.3. 

Histone acid extraction. Western blot analysis using H3K56ac and H4K8ac antibodies showed 

increased signals of these histone marks in the clone #H1, overexpressing the catalytically 

inactive HDAC1. Elevated acetylation levels were also seen in HDAC1 WT overexpressing 

#B5 clone. However, the loading control had not been loaded equally, hence the interpretation 

of the immunoblot (Fig. 56) is compounded. 

 

Figure 56: Immunoblot analysis of histone acetylation from transgene-containing cell clones. Increased 

acetylation is caused by an imbalance between HATs and HDACs or if the HDACs are hampered and cannot fulfil 

their function. The expression of the catalytically inactive HDAC1 version in clone #H1 showed increased acetylation 
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Figure 61: Total HDAC activity after knock-down of endogenous HDAC1 in cell lines overexpressing HDAC1 

WT (#B5) or HDAC H141A (#H1). The knockdown experiment did not affect the HDAC activity in the cell line 

overexpressing HDAC1 WT, however, it increased the activity of HDAC1 H141A overexpressing cell line. n = 3, p 

= 0.3584, 0.0464. 

The clones were also characterized by measuring mRNA expression of class I HDACs (except 

HDAC3), p21, EPGN, and differentiation marker DNase1L2. By qRT-PCR, no changes have 

been measured in HDAC1, p21, and DNase1L2 RNA expression in cell lines overexpressing 

HDAC1 WT or HDAC1 H141A compared to their controls. The primer pair used could only bind 

to human (endogenous) HDAC1 sequence, and not to murine overexpressed Hdac1 variant. 

However, HDAC2, as well as HDAC8 and EPGN expression, was significantly upregulated. 
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4. Discussion and Outlook 

 

4.1. NHEK/SVTERT3-5 cell line can differentiate in 2D cell culture 

The NHEK/SVTERT3-5 cell line used in our experiments had been previously used in 3D skin 

models, where it was shown that exhibits high similarity in differentiation pattern to primary 

keratinocytes (Weinmuellner et al., 2018). In our experiments with the NHEK/SVTERT3-5 cell 

line, we demonstrated the ability of these cells to differentiate in 2D cell culture upon increased  

Ca2+ concentration in the medium. The differentiated cells distinguished themselves visually 

from proliferating (pre-confluent) ones in their morphology and capability to form multilayering 

colonies. On the molecular level, mRNA and protein expression of differentiation markers, like 

KRT1 and DNase1L2, were assessed. The post-confluent d-5 and d-9 keratinocytes displayed 

significantly elevated mRNA and protein levels of these two differentiation markers. In 

summary, we could confirm that the NHEK/SVTERT3-5 cell line can also differentiate in the 

2D cell culture. 

4.1.2. Upregulation of the CDK inhibitor p21 correlated with the differentiation of 

NHEK/SVTERT3-5 cells 

Additionally, we investigated the essential cell cycle regulator p21 and a proliferation marker 

KRT5. The cyclin-dependent kinase inhibitor p21 promotes G1 cell cycle arrest and DNA 

repair. In addition, the G1 arrest also enables cell differentiation. Steinman et al. described p21 

upregulation during differentiation of hepatoma and hematopoietic cells. The post-confluent 

NHEK/SVTERT3-5 cells showed significantly increased p21 mRNA levels which suggest that 

the induction of keratinocyte differentiation (genes) is also coupled to the regulation of the cell 

cycle. KRT14 the KRT5 proteins are abundantly expressed in mitotically active, proliferating, 

basal cells, though their expression is gradually decreased, and finally terminated as the cells 

differentiate (Alam et al., 2011). Our qPCR data, however, showed continued expression of 

KRT5 in post-confluent cells. These results could point to a potential regulation on the protein 

level, and to the fact that not all post-confluent cells are terminally differentiated. 

4.1.3. Terminal differentiation of NHEK/SVTERT3-5 cells resulted in changed 

acetylation of H3K56 and H4K8 histone marks 

Increased histone acetylation during cell differentiation is related to decreased levels of HDAC 

expression during transition from proliferation to differentiation, caused by induced expression 

of cell cycle inhibitor(s), like p21 and p27, that promote cell cycle arrest and differentiation 

(Coqueret, 2003). On the other hand, acetylation of de novo synthesized histones at H3K5, 

H4K8, H4K12 and H3K9 and H4K14 is linked to replication and is important for proper histone 

deposition (Benson et al). In accordance with these observations, H4K8 acetylation was 
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decreased in terminally differentiated NHEK/SVTERT3-5 keratinocytes which have exited the 

cell cycle. Acetylation of H3K56 is associated with DNA damage response in cells. Moreover, 

H3K56ac is abundantly expressed in human cells at all cell cycle stages (Das, Lucia, Hansen, 

& Tyler, 2009), and is a relevant target for HDAC1 and HDAC2 (Winter et al., 2013). This 

feature makes the H3K56ac convenient marker of HDAC1/HDAC2-regulated histone 

acetylation. Cell proliferation in pre-confluent cells is related to the higher expression of HDAC1 

and HDAC2. The increased acetylation of H3K56 (Fig. 16) correlated well with down-regulation 

of HDAC1 and HDAC2 expression in post-confluent, differentiating (d-5, d-9) keratinocytes 

(Brunmeir et al., 2009; Tou et al., 2004). 

Our data display increased acetylation of H3K56 and decreased acetylation of H4K8 during 

differentiation of NHEK/SVTERT3-5 keratinocytes. 

4.1.4. HDAC8 expression is upregulated in post-confluent NHEK/SVTERT3-5 cells 

HDAC1 is a crucial regulator of cellular proliferation (especially during development) that 

targets the cell cycle regulator p21. Zupkovitz et al. showed that HDAC1 down-regulates the 

p21 expression and furthermore, the p21 repression can be reversed using the HDACis (Gui, 

Ngo, Xu, Richon, & Marks, 2004). The protein expression of class I HDACs, apart from HDAC8 

was slightly reduced upon the terminal differentiation of cells. However, these observations 

contrast with RNA expression levels, which indicates, that HDAC1 and 2 are downregulated 

at the posttranscriptional level. In contrast, the HDAC8 expression was significantly increased 

both on protein and mRNA level in post-confluent cells. The reason for this occurrence is still 

unknown but has also been described for human primary keratinocytes (Sanford et al., 2016). 

In this study the authors could show that depletion of HDAC8 increases TLR-mediated 

induction of inflammatory cytokine and chemokine expression, indicating an important role in 

repressing inflammatory gene expression. 

4.1.5. H4K8 histone crotonylation is down-regulated during terminal 

differentiation of NHEK/SVTERT3-5 keratinocytes 

HATs such as p300 have been identified as crotonylating enzymes (Sabari et al., 2015), 

whereas besides sirtuins class I HDACs have been shown to act as decrotonylases (Wei et 

al., 2017; Zhao, Zhang, & Li, 2018). Our results showed a decrease in histone crotonylation 

during ongoing terminal differentiation of keratinocytes. Lower levels of histone crotonylation 

(and acetylation), especially at the H4K8, indicate decreased activity of HATs as crotonylating 

enzymes or increasing activity of decrotonylases during keratinocyte differentiation. Further 

studies of this interesting finding are necessary to determine the identity of the responsible 

enzymes, and the biological relevance of the phenomenon. Cell growth and proliferation in 

pre-confluent cells relate to the higher expression of HDAC1 and HDAC2.  
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4.2.2. Effects of class I HDAC inhibition on proliferating keratinocytes 

The pre-confluent and post-confluent (d-5, d-9) cells were treated with rising MS-275 

concentrations. The concentration range was chosen empirically, based on previous studies 

like Rosato, Almenara, & Grant, 2003. Proliferating, pre-confluent keratinocytes did not show 

any morphological changes due to the treatment at any MS-275 concentration. On the 

metabolically level, assessed by the MTS assay, only the highest  MS-275 concentration (10 

µM) significantly impaired cell proliferation. MS-275 did not affect the mRNA levels of HDAC2, 

HDAC8, proliferation marker KRT5, and late differentiation marker DNase1L2. However, 

significant upregulation of HDAC1, p21 and KRT1 on mRNA level was detected, whereas the 

proliferation-promoting gene EPGN remained down-regulated. These findings support the 

results from B. I. Lee et al., 2001 and Rosato et al., 2003, where MS-275 treatment induced 

transcription of p21 and differentiation genes at already low inhibitor concentration (1.0 µM). 

Only the highest (10 µM) MS-275 concentration resulted in a two-fold increase of HDAC1 

mRNA expression. Interestingly, on the protein level, no regulation of the HDAC1 or HDAC2 

could be observed, however p21 expression was increased 

4.2.3. Differentiated post-confluent cells reacted to MS-275 with increased 

sensitivity 

The post-confluent cells grow differently than pre-confluent ones. The post-confluent cells built 

centrically multilayered colonies. This natural behavior of primary keratinocytes during the 

terminal differentiation can also be observed in vitro. Cell treatment with the highest MS-275 

concentration (10 µM) always resulted in cell death. It seemed that with progressing terminal 

differentiation, the sensitivity of the cells to the MS-275 increased. The d-9 cells reacted even 

to the lowest MS-275 concentration (0.5 µM) with the creation of apoptotic vacuoles. The qPCR 

data analysis for post-confluent (d-5 and d-9) cells showed downregulation of HDAC1, HDAC2, 

HDAC8, proliferation (KRT5, EPGN) and differentiation markers (KRT, DNase1L2), and even 

of the differentiation-promoting gene p21. These observations signified the distinct behavior of 

post-confluent cells to MS-275, compared to the proliferating, pre-confluent cells. 

Differentiation-promoting HDACi MS-275 could not induce further differentiation of already 

differentiated cells, however, the increased sensitivity of the cells resulted in cell death at very 

low concentrations. MS-275 inhibited mRNA expression of HDAC1, HDAC2, and HDAC8 two- 

to three-fold. 

4.3. Generation of transgenic keratinocyte-derived cell lines  

With the attempt to generate cell clones expressing either HDAC1 WT or catalytically inactive 

variant, HDAC1 H141A, from the safe harbor locus AAVS, the NHEK/SVTERT3-5 cells were 

transfected with several transfection agents. Out of several tested transfection reagents, 
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FuGENE® was found to be adequate to transfect the cells with sufficient efficiency (about 

30%), and low cell toxicity (previous experiments). 

To screen the single cell clones for the presence of the transgene, the transfected cells needed 

to get seeded in microtiter plates. In our first trial, the diluted cells were seeded into 384-well 

plates. Since the keratinocyte medium did not contain FBS or FCS which neutralize trypsin, 

required to detach the cells, small amounts of trypsin remained in the medium and caused cell 

death. This issue was solved by using the trypsin inhibitor, however, the keratinocytes in 384-

well plate did not detach from the plate, and therefore the expansion of cell clones was virtually 

impossible. Accordingly, in the next transfection trial, we seeded the transfected cells into 96-

well plates. These plates were better suited for visual screening, and the keratinocytes could 

be easier detached, and as a result, more transferred cells survived. In summary, the 

integration of the HDAC1 coding sequence into AAVS locus worked (positive nested PCR), 

and we subsequently identified approximately 44 single cell colonies. Some of them were 

seemingly transgene positive by PCR, however, none of them stably expressed transgenic 

HDAC1 protein. The reason for this low yield could have been the low transfection efficiency 

of human keratinocytes. 

Since we could not obtain any positive clones containing the transgene of interest employing 

the chemical transfection method, we decided to use electroporation to transfect the 

keratinocytes.  

As expected, many cells died after electroporation, and the surviving ones were used for clonal 

expansion in 96-well plates. The electroporation was performed once with Cas9 plasmid and 

once with Cas9 protein. The advantage of the Cas9 protein electroporation should be higher 

efficiency, since the functional protein is already present, and it does not need to be firstly 

transcribed and translated. The first attempt to electroporate the cells with Cas9 protein failed 

because all cells died. At the second attempt, Cas9 plasmid, as well as Cas9 protein, were 

used. From total 528 seeded wells with Cas9 plasmid electroporated cells and 1152 wells from 

Cas9 protein electroporation, we obtained 3 transgene-expressing clones from Cas9 plasmid 

electroporation, two of them contained HDAC1 WT and one HDAC1 H141A. There were no 

transgene-positive clones from Cas9 protein electroporation. Presumably, the keratinocyte cell 

line reacted too sensitive to Cas9 protein electroporation, and therefore all the cells died. 

Eventually, the conditions of this procedure might be optimized.  

The transgene-expressing clones, either HDAC1 WT or HDAC1 H141A, were validated by 

PCRs, FLAG-tag detection using Western blot and immunofluorescent microscopy. HDAC1 

overexpression was in all clones about 2.5-fold higher than in the control cell line (without 

transgene). For screening, we used various types of PCR: nested PCR (batch screen), indel 

PCR, screening and direct PCR. The nested PCR confirmed the presence of the transgene in 
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the AAVS gene locus immediately after electroporation. Indel PCR was done complementary 

to sequencing to verify the proper gRNA binding and Cas9 cut. The screening and direct PCR 

gave us more detailed hints which clone could contain the transgene, however, the results did 

not always match. Western Blotting and immunofluorescence screening (on the coverslip or in 

the 6-well plate) turned out to be the most accurate methods to confirm the presence of the 

transgene. Further development of FLAG-tag detection in 96-well plates by 

immunofluorescence microscopy would enable the accurate screen of thousands of clones at 

the same time and should be considered for the next experiments. 

Previous gene editing experiment using the same HDAC1 constructs in the nearly haploid 

human tumor cell line HAP1 showed on average an efficiency of 2 positive clones out of 10 

screened clones. In summary, human keratinocytes are much more difficult to edit by CRISPR-

Cas9, due to their higher sensitivity to cell dilution and potential induction of differentiation 

during the screening process.  

4.4. Overexpression of catalytically inactive HDAC1 variant significantly 

reduced cellular HDAC activity 

Interestingly, HDAC2 expression had not been downregulated upon HDAC1 overexpression 

as observed in other cell models. As expected, HDAC1 overexpression notably repressed the 

expression of the cell cycle regulator p21 in both HDAC1 WT expressing cell lines (#A9 and 

#B5) but not in the HDAC1 H141A overexpressing #H1 cell line. This cell line displayed a lower 

cellular HDAC activity, and increased histone H3K56 and H4K8 acetylation. This indicates that 

point mutation of histidine at the position 141 to alanine significantly decreased the HDAC1 

catalytic activity. Furthermore, it was demonstrated that HDAC1 greatly contributes to the total 

deacetylase activity of human keratinocytes. 

4.5. Set-up of a specific shRNA-mediated knock-down of endogenous 

HDAC1in human keratinocytes 

With overexpression of the transgene, either HDAC1 WT or HDAC1 H141A, we could observe 

effects on HDAC1, HDAC2, HDAC8 and marker gene expression, as well as on total HDAC 

activity. The goal to create cell lines, mimicking complete inhibition by HDAC inhibitors, could 

be reached by suppressing the expression of the endogenous HDAC1 via knock-down 

approach. Cell lines overexpressing the catalytically inactive HDAC1 H141A, in the absence 

of endogenous wild-type HDAC1, would represent the model where the catalytical function of 

HDAC1 is absent, due to the point mutation, without affecting scaffolding properties for proper 

multisubunit complex functioning.  

Therefore, our first aim was to perform an HDAC1 knock-down in NHEK/SVTERT3-5 

keratinocyte cell line and its comparison to cell line overexpressing catalytically inactive 
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HDAC1 H141A. The knock-down in original NHEK/SVTERT3-5 cell line resulted in almost 

complete repression of HDAC1 translation and its absence as a protein (Fig. 57). Total HDAC 

activity decreased by 50 % compared to the control (shRNA NT). In the next step, the knock-

down was performed in the cell lines overexpressing the HDAC1 WT (#B5) and HDAC1 H141A 

(#H1) and the shRNA targeted human, endogenous HDAC1 instead of overexpressed mouse 

HDAC1 variants. The immunoblot showed a complete absence of the endogenous human 

HDAC1 and approved successful knock-down. Importantly, in both settings, the expression of 

the HDAC1 transgene was not affected by the shRNA. 

 

 

Outlook 

Future experiments should elucidate the behavior of the newly created cell lines during terminal 

differentiation. The data of the pre-confluent wild-type and catalytically inactive HDAC1-

overexpressing cell lines should also be compared to post-confluent cells, to see if catalytical 

inactivity alters the process of terminal differentiation and other cellular processes. To compare 

the data from genetically modified cell lines that mimic targeted and isolated HDAC inhibition, 

the data from MS-275 treatment of the original cell line NHEK/SVTERT3-5 needs be repeated, 

especially the Western blot analysis, due of the inequality of loaded samples. Furthermore, the 

screening for single cell colonies would need to be tested by using the immunofluorescence 

labeling of FLAG-tag in 96-well plates. This procedure would allow for faster screening of 

countless clones without prior PCR screening. Eventually, with the use of these lately 

established procedures, cell lines expressing catalytical inactive isoforms could be generated 

for all the other class I HDACs. 
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5. Appendix 

5.1. Vector map Cas9 

 

 

5.2. Vector map guide RNA (gRNA) 
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5.3. Vector map HDAC1 H141A 

 

5.4. Vector map GFP 
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