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1. Introduction 

1.1. Protein quality control 

Human cells are in a constant state of equilibrium, in which proteins are newly 

synthesized and degraded. This state of protein homeostasis is also called proteostasis. 

For it to be realized, cells need mechanisms that control processes concerning 

translation of new proteins and protein quality control. 

In an average human cell, more than 10,000 different proteins are synthesized, each 

with a specific native structure and function. Proteins are macromolecules consisting of 

an amino acid sequence, which is encoded in their genes. After translation, this 

polypeptide chain is folded to form secondary and tertiary structures and eventually 

native conformation. Considering the Anfinsen hypothesis (Anfinsen 1973), this process 

follows the global free energy minimum resulting in the ultimate native confirmation of a 

protein, which is also the most thermodynamically stable (Varela, England, and 

Cavagnero 2019) (see figure 1). However, due to the high number of possible 

conformations of each protein, the process of protein folding is prone to errors.  

Figure 1: Protein folding and misfolding energy landscape.  

During protein folding, unfolded proteins may have to surpass high free energy stages to “fall” 
into the folding funnel and reach their native conformation, thereby minimizing their free energy 
level. Molecular chaperones help to prevent trapping of partially folded proteins in low energy 
states. In case of protein misfolding, aggregated proteins can reach low free energy states and 
even form highly stable amyloid fibrils. (Adapted from book chapter: Riemer et al. 2021 “Protein 
folding and misfolding: Deciphering mechanisms of age-related diseases” in book “Proteostasis 
and Proteolysis”) 
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There are different systems in place to ensure correct protein folding. Molecular 

chaperones play a key role as they monitor correct protein translation and facilitate the 

folding process starting at the ribosome. As the nascent chain emerges, molecular 

chaperones help protect exposed hydrophobic residues and prevent protein misfolding 

or PTMs that tag the protein for degradation (Hartl 1996). Protein degradation itself is 

achieved through the Ubiquitin-Proteasome-System (UPS) or autophagy.  

The UPS is a system in which proteins get targeted for degradation with polyubiquitin 

chains. This can be due to misfolding or damage of the protein, or in line of regulatory 

processes to prevent an imbalance or unproductive surplus of proteins. In this case, 

Ubiquitin (Ub) molecules are added in a process called ubiquitination, which will be 

described in more detail below (see section 1.3). Ub-molecules can then be recognized 

by Ub-receptors that are part of the proteasome. This leads to the start of the degradation 

process where the protein is threaded through the proteasome and cleaved into 

polypeptides (Ross and Pickart 2004). Those oligomeric peptides can further be used to 

synthesize new proteins or to be presented on a major histocompatibility complex I (MHC 

I) at the cell’s surface, which plays a key role in immune response. There are Ub-

receptors that are integral part of the proteasome subunits, which can detect Ub-

structures near the proteasome. However, there are also non-integral or soluble Ub-

receptors which can detect ubiquitinated proteins that are further away and shuttle them 

towards the proteasome. These receptors can also be called proteasome shuttling 

factors. 

1.1.1. Proteasome shuttling factors HR23A and HR23B 

Figure 2: Schematic structure of HR23A and HR23B. 

Structural domains of protein shuttling factor HR23A and HR23B. Both proteins contain one UbL, 
2 UbA and one STI domain (also XPC binding domain). (Adapted from poster: Kulka, L., Riemer, 
J.-E. et al. 2020 at Cold Spring Harbour conference: Protein homeostasis in health and disease) 

Proteasome shuttling factors are proteins that can bind ubiquitinated proteins and 

facilitate their transport towards the proteasome. In order to do so, they contain Ubiquitin-

Like domains (UbL) which can directly interact with the Rpn10 subunit of the proteasome 

(Heinen et al. 2011) and activate it at the same time, influencing the rate of protein 

degradation (Collins and Goldberg 2020). The other crucial structure are Ubiquitin-



 3 

associated domains (UbA), which can bind polyubiquitin chains (Su and Lau 2009) that 

for example are attached to proteins that are targeted for degradation.  

The shuttling factors that were investigated in this study are human Rad23A (HR23A) 

and human Rad23B (HR23B) (Elsasser et al. 2004), homologues of Rad23, a protein 

discovered in Saccharomyces cerevisiae for its function in nucleotide excision repair 

(NER) (Sugasawa et al. 1996). Both proteins contain two C-terminal UbA domains and 

one N-terminal UbL domain (see figure 2). Additionally, they each contain a stress 

inducible domain (STI) (or xeroderma pigmentosum C protein (XPC) binding domain) 

(Kim et al. 2005). HR23A consists of 363 amino acids and is therefore smaller than 

HR23B with 409 amino acids (Yokoi and Hanaoka 2017). Also, it was shown that HR23B 

exists in 10 fold higher concentration in human cells compared to HR23A (Okuda et al. 

2004). 

Figure 3: Proteasome shuttling factors facilitate the degradation of misfolded proteins. 

Proteasome shuttling factors HR23A and HR23B mimic soluble proteasome receptors and 
facilitate the transport of ubiquitinated proteins towards the proteasome. The polyubiquitin chain 
is detached and the target protein degraded. (Adapted from poster: Kulka, L., Riemer, J.-E. et al. 
2020 at Cold Spring Harbour conference: Protein homeostasis in health and disease) 

As mentioned above, HR23A and HR23B are human homologues of Rad23, a protein 

involved in NER. In 1996 Sugasawa et al. found that is forms a complex with XPC and 

stabilizes it during its function in DNA repair (Sugasawa et al. 1996). This function was 

also discovered in HR23A and HR23B and is mostly linked to the STI domain (Araki et 

al. 2001). Later, HR23A and HR23B’s functions in the UPS and in protein quality control 

were discovered. It has been shown that HR23A and HR23B can facilitate the transport 
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of misfolded proteins towards the proteasome (New et al. 2013) and interaction with 

prominent examples of misfolded proteins have been established (Haenig et al. 2020).  

What is not yet known is what impact this function has on misfolded proteins in age-

related neurodegenerative diseases, whether HR23A and HR23B can replace each 

other’s function and how these proteins influence the general state of proteostasis in a 

cell.  

1.2. Protein misfolding, aggregation and age-related 
proteinopathies 

Due to changes in the amino acid chain or the cellular environment of a protein, the 

folding dynamic may change and protein misfolding can occur. Misfolded protein species 

can originate from native proteins but also develop out of intermediate folding stages 

(Clark 2004). The free energy of a protein is determined by intramolecular interactions 

of amino acid residues. Any change in the amino acid chain due to mutations, PTMs or 

non-genetic alterations can therefore influence the folding funnel and possibly create a 

new global free energy minimum. This way, proteins can get trapped in new, partially 

folded stable states. Multiple partially folded or misfolded proteins can interact and lead 

to the formation of aggregates as they often expose hydrophobic residues on their 

surface (Liu and Eisenberg 2002). On top of that, through nucleation processes, these 

aggregates can also initiate the development of pre-amyloid oligomers, which can grow 

into mature amyloid fibrils. Amyloid fibrils are highly organized and consist of cross β 

structures, a perpendicular arrangement of β-strands along the fibril axis. These 

aggregates or amyloid structures can be even more stable than native proteins, making 

spontaneous disassociation into monomers unlikely (Lashuel et al. 2002). 

With age, PQC systems can deteriorate in function, increasing their likelihood to reach 

capacity. As a consequence, protein misfolding and aggregation can occur increasingly 

and cause pathogenic effects. This becomes apparent when investigating protein-

misfolding diseases also called proteinopathies. Here, protein misfolding leads to a 

number of different toxic processes including aberrant synaptic signalling, 

neuroinflammation or oxidative stress (Sweeney et al. 2017). These mechanisms are 

very diverse and seem to differ depending on the misfolded protein itself. Prominent 

examples of this include alpha synuclein in Parkinson’s disease (PD), amyloid-β and Tau 

in Alzheimer’s disease and Htt in Huntington’s disease (HD). 
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1.2.1. Huntington’s Disease (HD) 

Huntington’s disease is a proteinopathy belonging to the group of tandem repeat 

disorders which affects 4-10/100,000 people and is characterized by abnormal motor 

movements (chorea), personality changes, dementia and early death. Research has 

found that a mutation in the Htt gene (also known as IT-15 gene) occurs, increasing the 

amounts of CAG repeats. This results in an elongated glutamine stretches in exon 1 of 

Htt, the protein it is coding for. When a certain threshold of glutamine repeats is passed 

(>36 repeats) (Chen and Wolynes 2017), it leads to a change in folding behavior and 

ultimately to misfolding and aggregation of the protein. Htt itself is a large protein with an 

estimated mass of 350 kDa. It is expressed in all human cells, with higher expression 

levels in brain tissue. It has been linked to several functions, especially involving brain 

development, interactions with apoptotic cascades and cytoskeletal-related proteins, 

although its primary function remains unclear (Barron, Hurley, and Parsons 2021).  

Figure 4: Htt with physiological and pathological number of glutamine repeats. 

In the mutated IT-15 gene, CAG repeats increase, leading to a pathological elongation of the 
polyglutamine stretch in Htt. At a threshold of > 36 repeats, this leads to misfolding of the protein 
and the development of HD. This figure depicts the simplified structures of a part of exon 1 of Htt 
with a (1) physiological number of glutamine repeats and (2) a pathological number of glutamine 
repeats. (Adapted from poster: Kulka, L., Riemer, J.-E. et al. 2020 at Cold Spring Harbour 
conference: Protein homeostasis in health and disease) 

Aggregated Htt forms inclusions and has been shown to interfere with neuronal 

functions, which can be toxic for the cell. The exact pathogenesis of HD is multifactorial 

and still subject of a lot of research. It has been found that the formation of aggregates 

and insoluble protein inclusions are vital for the onset and progression of symptoms of 

HD (Shacham, Sharma, and Lederkremer 2019). On top of that, the CAG repeat length 

even influences the age of onset. Andrew et al. have shown that the age of onset, which 
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is usually between 35-50yrs is inversely proportional to the CAG-repeat length (Andrew 

1993).  

Subject of further investigations is the toxicity of soluble compared to stable amyloid 

fibrils of Htt. Some theories suggest that the formation of amyloid structures and 

organization in inclusions might be a protective mechanism of the cell, because it 

reduces the amount of toxic soluble Htt species (Arrasate et al. 2004). It further has been 

found that cell toxicity in neurons does not correlate with the number of inclusions 

(Saudou et al. 1998).  

Although most hypotheses focus on the toxicity of mutated Htt, due to its connection to 

neuroprotective mechanisms, the possibility of toxic loss of Htt function is also subject of 

research. Complete knockout of wild type (WT) Htt in mice for example lead to embryonic 

death (Nasir et al. 1995), which shows how vital it is in embryonic development. 

1.3. Post translational modifications 

During and after translation, proteins can get modified. These modifications are called 

post-translational modifications (PTMs) and can change the folding dynamic and function 

of a protein. Common PTMs that will be investigated in this study include acetylation and 

ubiquitination. 

Ubiquitination is a PTM which plays a vital part in the UPS and autophagy. The 

modification of proteins with single or multiple Ub molecules can target them for 

degradation (Komander and Rape 2012). The process is highly regulated and occurs 

with the help of three different enzymes, E1, E2 and E3 ligases (Pickart 2001). Here, 

Ubiquitin molecules are mostly covalently attached to lysine(K)-48-residues, but linkage 

may also occur on methionine or cysteine residues (Komander and Rape 2012). 

The second PTM this study is focusing on is acetylation, which is one of the most 

prevalent PTMs. Here, acetyl groups can either get added to lysine residues or to the N-

terminus of a protein. K-acetylation can occur post- or co-translationally and is executed 

through histone acetyltransferases. Removal of acetyl groups can be achieved by 

histone deacetylases (HDACs). The term “histone”-acetyltransferases/ deacetylases 

refers to the fact that these enzymes mainly act on histone proteins and therefore play a 

part in the regulation of transcription. They do, however, modify all other kinds of proteins 

as well. Generally, the additional acetyl groups lead to a neutralization of the positively 

charged amino acid lysine. This change can influence the relaxation of chromatin and 

therefore on transcription but can also alter folding behavior of a protein (Olzscha et al. 

2017). 



 7 

Histone deacetylase inhibitors (HDACi) suppress the function of HDACs, which leads to 

hyperacetylation. One example of a pan-HDACi is the drug Vorinostat (the commercial 

name for suberoylanilide hydroxamic acid (SAHA)), which has been approved for the 

treatment of primary cutaneous t-cell lymphoma (Mann et al. 2007). Treatment of cells 

with this HDACi has been shown to induce aggregation of Htt and furthermore 

impairment of the UPS (Olzscha et al. 2017; New et al. 2013). Interestingly, the 

previously mentioned proteasome shuttling factor HR23B has been shown to be a 

sensitivity marker for HDACi treatment (Khan et al. 2010). It could be observed that high 

levels of HR23B lead to more rapid apoptosis whereas cells with lower HR23B levels 

were more likely be degraded via autophagy (New et al. 2013). 
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2. Aims of research 

The aim of this study is to investigate whether the proteasome shuttling factors HR23A 

and HR23B can recognize misfolded proteins in age-related neurodegenerative 

diseases and facilitate their proteasomal degradation. For this purpose, the protein Htt 

will be investigated in its physiological and pathological form. The expression of Htt will 

be established in human cells and aggregate formation will be verified by different 

aggregate stains. It is to be investigated whether HR23A and HR23B influence aggregate 

morphology and distribution. On top of that a possible protein-protein interaction between 

the shuttling factors and Htt will be researched.  

Concerning the further characterization of HR23A and HR23B, their role in proteostasis 

and their influence on cell morphology and cell cycle will be investigated. In this context, 

the influence of PTMs, especially acetylation, will be analyzed using HDACi treatment. It 

is to be researched whether HR23A and HR23B modulate the effect of HDACi treatment 

on proteostasis. Furthermore, it will be explored whether acetylation at lysine residues 

which might compete with ubiquitination leads to a modulation of the degradation of 

misfolded proteins. 

Human cell cultures such as the U2OS cell line (human bone sarcoma epithelial cells) 

will be used as a model for the study. In these cells, the protein Htt, as well as the 

proteasome shuttling factors HR23A and HR23B will be co-expressed. In addition, 

CRISPR/Cas9 generated U2OS knockout cell lines of HR23A and HR23B will be 

investigated in this context and further characterized. Protein biochemical methods will 

be used to analyze the distribution and expression of HR23A and HR23B in the different 

cell lines, as well as their influence on cell morphology, cell cycle and translation rate. 

The analysis of morphology and distribution of Htt aggregates will be performed by 

immunofluorescence and filter retardation assay. Evidence of an interaction between the 

proteasome shuttling factors and pathological Htt will be analyzed using CO-IP. To 

investigate the influence of acetylation on the function of HR23A and HR23B, cells are 

treated with the pan-HDAC inhibitor Vorinostat. 
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3. Material and methods 

3.1. Materials 

3.1.1. Equipment and expendables 

Cell culture equipment Source 

Centrifuge Universal 320 
Andreas Hettich GmbH & Co. 

KG, Tuttlingen, Germany 

Countess™ Automated Cell Counter 
Thermo Fisher Scientific Inc., 

Waltham, USA 

GFL Waterbath 1003 

GFL Gesellschaft für 

Labortechnik mbH, Burgwedel, 

Germany  

Heraeus HeraCELL incubator 
Thermo Fisher Scientific Inc., 

Waltham, USA 

Sterile bench Aura 2000 M.A.C.  
EUROCLONE S.p.A., Milan, 

Italy 
 

Expendables Source 

Cannula BD Microlance™ 3 (27G) 
Becton Dickinson GmbH, 

Heidelberg, Germany 

Cannula sterican®, 20G 
B. Braun SE, Melsungen, 

Germany 

Cell culture cryogenic tubes 
Nunc™/ Thermo Fisher 

Scientific Inc., Waltham, USA 

Cell culture microplate cover 
Greiner Bio-One International 

GmbH, Kremsmünster, Austria 

Cell culture microplate, 96 well 
Greiner Bio-One International 

GmbH, Kremsmünster, Austria 

Cell scraper 28 cm 
Greiner Bio-One International 

GmbH, Kremsmünster, Austria 
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Cellstar® cell culture dish (10 cm, 14.5 cm) 
Greiner Bio-One International 

GmbH, Kremsmünster, Austria 

Cellstar® cell culture flask (250 ml, 550 ml) 
Greiner Bio-One International 

GmbH, Kremsmünster, Austria 

Countess™ cell counting chamber slide 
Thermo Fisher Scientific Inc., 

Waltham, USA 

Coverslip Menzel™ 24x60 mm 
VWR International, Radnor, 

USA 

Erlenmeyer flask DURAN® 500 ml Schott AG, Mainz, Germany 

Filter Easystrainer™ for 50ml falcons (40 µm) 
Greiner Bio-One International 

GmbH, Kremsmünster, Austria 

Filter Filtropur S (0,22 µm) 
Sarstedt AG & Co. KG, 

Nümbrecht, Germany 

Glass flask KIMAX™ (50 ml, 100 ml, 250 ml, 500 

ml, 1 l) 

Thermo Fisher Scientific Inc., 

Waltham, USA 

Gloves Vasco® Nitril non-sterile 
B. Braun SE, Melsungen, 

Germany 

Microplates for Operetta® CLS™ PhenoPlate™ 

(96-Well) 

PerkinElmer Inc., Waltham, 

USA 

Nunc™ Lab-Tek™ Chamber Slide System (8-well) 
Thermo Fisher Scientific Inc., 

Waltham, USA 

Pasteur pipettes glass (230 mm) 

Dr. Ilona Schubert 

Laborfachhandel, Leipzig, 

Germany 

Pipette tips (5-300 µl) 
Brand GmbH & Co. KG, 

Wertheim, Germany 

Pipette tips gel loader (1-200 µl) 
Sarstedt AG & Co. KG, 

Nümbrecht, Germany 

Pipette tips SafeSeal filter (10 µl, 200 µl, 1 ml) 
Biozym Scientific GmbH, 

Hessisch Oldendorf, Germany 
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Pipettes glass (2 ml, 5 ml, 10 ml, 20 ml) 

HBG Henneberg-Sander 

GmbH, Gießen-Lützellinden, 

Germany 

Pipetting aid Automatic-Sarpette® 
Sarstedt AG & Co. KG, 

Nümbrecht, Germany 

Reaction tube (15 ml, 50 ml) 
Greiner Bio-One International 

GmbH, Kremsmünster, Austria 

Reaction tube rack 
A. Hartenstein GmbH, 

Würzburg, Germany 

Reaction tubes (1.5 ml, 2 ml) 
Sarstedt AG & Co. KG, 

Nümbrecht, Germany 

Reaction tubes SafeSeal 1.5 ml 
Sarstedt AG & Co. KG, 

Nümbrecht, Germany 

Whatman™-Paper (3 mm) Cytiva, Marlborough, USA 

 

Membranes Source 

Amersham™ Protran® Western-Blotting-Membrane, 

Nitrocellulose (0.45 µm) 
Cytiva, Marlborough, USA 

Cellulose acetate Membrane filter (0.22 µm) 
Sterlitech Corporation Auburn, 

USA 

 

Microscopes Source 

Axiovert 100 
Carl Zeiss AG, Oberkochen, 

Germany 

Operetta CLS analysis system 
PerkinElmer Inc., Waltham, 

USA 

Telaval 31 
Carl Zeiss AG, Oberkochen, 

Germany 
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Microplate reader Source 

Clariostar® microplate reader 
BMG Labtech GmbH, 

Ortenberg, Germany 

 

Flow cytometer Source 

ChemiDoc™ MP Imaging System 
Bio-Rad Laboratories Inc., 

Hercules, USA 

 

Immunoblot Imaging System Source 

BD Accuri C6 
Becton Dickinson GmbH, 

Heidelberg, Germany 

 

Sonifier Source 

Sonopuls™ Ultrasonic Homogenizer Mini20 
BANDELIN electronic GmbH & 

Co. KG, Berlin, Germany  

 

Mixers Source 

Heating magnetic stirrer FB15001 
Thermo Fisher Scientific Inc., 

Waltham, USA 

Vortex Genie 2 Sigma-Aldrich, St. Louis, USA 

Vortex mixer MS2 
IKA®-Werke GmbH & Co. KG, 

Staufen, Germany 

 

pH meter Source 

HI2210 
Hanna® Instruments Inc., 

Woonsocket, USA 
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PAGE equipment Source 

Bio-Dot® Apparatus 
Bio-Rad Laboratories Inc., 

Hercules, USA 

Dual Cool C.B.S. Scientific DCX-700 
Thermo Fisher Scientific Inc., 

Waltham, USA 

Gel Doc XR+ system 
Bio-Rad Laboratories Inc., 

Hercules, USA 

Mini Gel tank 
Thermo Fisher Scientific Inc., 

Waltham, USA 

Mini vertical system C.B.S. Scientific EBX-700 
Thermo Fisher Scientific Inc., 

Waltham, USA 

Novex™ WedgeWell™ 4-20% Tris-Glycine gel 
Thermo Fisher Scientific Inc., 

Waltham, USA 

Universal heat sealer ES 300 
Geho Pack Service GmbH, 

Heidgraben, Germany 

 

Pipettes Source 

Eppendorf Reference 2 Variable Volume Pipettor, 

volumes: 0.5-10 µl, 2-20 µl, 10-100 µl, 100-1000 µl 
Sigma-Aldrich, St. Louis, USA 

Transferpipette multi-channel pipettor 30-300 µl 
Brand GmbH & Co. KG, 

Wertheim, Germany 

 

Scales Source 

MC1 
Sartorius AG, Göttingen, 

Germany 

MXX-2001 
Sartorius AG, Göttingen, 

Germany  
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Spectrophotometer Source 

NanoDrop 2000 
Thermo Fisher Scientific Inc., 

Waltham, USA 

 

3.1.2. Chemicals and reagents 

Chemical/ reagent Source 

0.5% Trypsin EDTA (10x) 
Biozym® Scientific GmbH, 

Hessisch Oldendorf, Germany 

2-mercaptoethanol 
Carl Roth GmbH + Co. KG, 

Karlsruhe, Germany 

5-Sulfosalicylic acid 
Carl Roth GmbH + Co. KG, 

Karlsruhe, Germany 

Acetic acid 
Carl Roth GmbH + Co. KG, 

Karlsruhe, Germany 

Agar-Agar 
Carl Roth GmbH + Co. KG, 

Karlsruhe, Germany 

Agarose standard 
Carl Roth GmbH + Co. KG, 

Karlsruhe, Germany 

Albumin Fraction V 
Carl Roth GmbH + Co. KG, 

Karlsruhe, Germany 

Ammonium persulfate (APS) 
Carl Roth GmbH + Co. KG, 

Karlsruhe, Germany 

Ampicillin 
Carl Roth GmbH + Co. KG, 

Karlsruhe, Germany 

Bromophenol blue 
SERVA Electrophoresis 

GmbH, Heidelberg, Germany 

Cycloheximide C1988-1G Sigma-Aldrich, St. Louis, USA 

Dimethyl sulfoxide Sigma-Aldrich, St. Louis, USA 

Dimethylformamide Sigma-Aldrich, St. Louis, USA 
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DMEM (Dulbecco’s modified Eagle’s medium) 
Gibco™ 

Thermo Fisher Scientific Inc., 

Waltham, USA 

Enhanced chemiluminescence (ECL) SelectTM 

Western Blotting 
GE Healthcare, Chicago, USA 

Ethanol 
Merck KGaA, Darmstadt, 

Germany 

Ethidium bromide solution (1%) 
AppliChem GmbH, Darmstadt, 

Germany 

Ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-

tetraacetic acid (EGTA) 

Merck KGaA, Darmstadt, 

Germany 

Ethylenediaminetetraacetic acid (EDTA) 
Carl Roth GmbH + Co. KG, 

Karlsruhe, Germany 

Fetal bovine serum (FBS) Gibco™ 
Thermo Fisher Scientific Inc., 

Waltham, USA 

GeneJuice® Transfection Reagent 
Merck KGaA, Darmstadt, 

Germany 

Glycerol  
Carl Roth GmbH + Co. KG, 

Karlsruhe, Germany 

Glycine 
Carl Roth GmbH + Co. KG, 

Karlsruhe, Germany 

Hepes 
Merck KGaA, Darmstadt, 

Germany 

Hoechst H33258 
Merck KGaA, Darmstadt, 

Germany 

Kanamycin 
Carl Roth GmbH + Co. KG, 

Karlsruhe, Germany 

L-glutamine 
Merck KGaA, Darmstadt, 

Germany 

Lysogeny Broth Base (LB Broth Base) 
Thermo Fisher Scientific Inc., 

Waltham, USA 
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MG 132 
Merck KGaA, Darmstadt, 

Germany 

Milk powder 
Carl Roth GmbH + Co. KG, 

Karlsruhe, Germany 

Monopotassium phosphate 
Carl Roth GmbH + Co. KG, 

Karlsruhe, Germany 

Mounting media Dako 
Agilent Technologies Inc., 

Santa Clara, USA 

N-Ethylmaleimide Sigma-Aldrich, St. Louis, USA 

Natriumorthovanadate 
Bio-Techne® Corporation, 

Minneapolis, USA 

Nonylphenoxypolyethoxyethanol (NP-40) 
Merck KGaA, Darmstadt, 

Germany 

Paraformaldehyde 
Carl Roth GmbH + Co. KG, 

Karlsruhe, Germany 

Penicillin-G Sigma-Aldrich, St. Louis, USA 

Phenylmethylsulfonylfluoride (PMSF) Sigma-Aldrich, St. Louis, USA 

Ponceau (S) solution 
Carl Roth GmbH + Co. KG, 

Karlsruhe, Germany 

Potassium chloride Sigma-Aldrich, St. Louis, USA 

Propidiumiodide Sigma-Aldrich, St. Louis, USA 

Protease Inhibitor Cocktail Sigma-Aldrich, St. Louis, USA 

Puromycin P8833 Sigma-Aldrich, St. Louis, USA 

Rotiphorese® Gel 30 (37,5:1) 
Carl Roth GmbH + Co. KG, 

Karlsruhe, Germany 

SOC Outgrowth-Medium 
New England Biolabs®, 

Ipswich, USA 

Sodium acetate 
Carl Roth GmbH + Co. KG, 

Karlsruhe, Germany 
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Sodium deoxycholate 
Carl Roth GmbH + Co. KG, 

Karlsruhe, Germany 

Sodium dodecyl sulfate (SDS) 
Carl Roth GmbH + Co. KG, 

Karlsruhe, Germany 

Streptomycin Sigma-Aldrich, St. Louis, USA 

Suberanilohydroxamic acid (SAHA) 
Hölzel Diagnostika Handels 

GmbH, Köln, Germany 

Tetramethylethylen-1,2-diamine (TEMED) 
SERVA Electrophoresis 

GmbH, Heidelberg, Germany 

Trichloroacetic acid 
Carl Roth GmbH + Co. KG, 

Karlsruhe, Germany 

Triton X-100 
SERVA Electrophoresis 

GmbH, Heidelberg, Germany 

Trypan Blue stain 0.4% 
Thermo Fisher Scientific Inc., 

Waltham, USA 

Tween 20 
Carl Roth GmbH + Co. KG, 

Karlsruhe, Germany 

X-34 

Prof. Dr. Heidi Olzscha, 

Institute for Biochemistry, 

Medical School Hamburg 
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3.1.3.  Media and stock solutions 

3.1.3.1. Lysis buffers 

 

 

 

3.1.3.2. Media and stock solutions 

 

 

Cytosolic lysis buffer 
pH 7.4 

Nuclear lysis buffer 
pH 7.4 

Radio immune 
precipitation assay (RIPA) 

lysis buffer 
pH 7.5 

20 mM Hepes 0.1% TBS-Tween 150 mM  Sodium 
chloride 

10 mM KCl 1% NP40 50 mM  Tris-HCl 

2 mM MgCl2 0.5%  Sodium 
desoxycholate 0.5% (w/v)  Sodium 

desoxycholate 

1 mM EDTA 0.1%  SDS 1% (v/v)  NP-40 

1 mM EGTA  1 mM  EDTA 

TNN lysis buffer 
pH 

   

50 mM TrisHCl    

0.5% NP-40    

150 mM NaCl    

20 mM MgCl2    

Blocking solution 
Blotting Buffer 

pH 8.5 
Culture media for U2OS, 

HR23BKO, HR23AKO 

1x PBS H2O DMEM 
1-5% (w/v) BSA or milk 

powder 10 mM TRIS 10%(v/v) FBS 

 150 mM Glycerol 1% (v/v) P/S 
 10% (v/v) Ethanol 1% (v/v)  L-glutamine 
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Cryoconservation media Fixing solution 5x Laemmli SDS sample 
buffer 

FBS 1x PBS H2O 

10% (v/v) DMSO 4%(w/v) Paraformald
ehyde 1% (w/v)  SDS 

    63 mM  Tris-HCl 

    25%  Glycerol 

    5% (v/v)  2-mercapto-
ethanol 

   0.01% (w/v)   Bromophenol 
blue 

10x Phosphate buffered 
saline (PBS) 

pH 7.4 
Permeabilizing solution Ponceau (S) solution 

H2O 1x PBS H2O 

8% (w/v) Sodium 
chloride 0.5% (v/v) Triton-X-

100 0.2% (w/v) Ponceau (S) 

0.2% (w/v) Potassium 
chloride   0.3% (v/v) Trichloro-

acetic acid 

1.15% (w/v) Na2 HPO4   0.3% (v/v) Sulfosalicylic 
acid 

0.2% (w/v) KH2PO4     

      

Protease inhibitors Running buffer for SDS-
PAGE SDS Collecting Gel 

1:500 
Protease 
inhibitor 
cocktail 

H2O H2O 

500 µM PMSF 192 mM Glycine 4% Acrylamide 

100 µM 
Sodium 
ortho-
vanadate 

25 mM TRIS pH 
8.5 377 mM TRIS pH 6.8 

5 µM SAHA 0.1% (w/v) SDS 0.05% (w/v) SDS 

5 µM MG132   0.8% (v/v) APS 

400 µM  N-ethyl-
maleimide   0.08% (v/v) TEMED 
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3.1.4. Enzymes 

Enzyme Source 

RNase Sigma-Aldrich, St. Louis, USA 

 

3.1.5. Cell lines 

Cell line Description Source 

HR23AKO 

Stable HR23A knockout cell 

line generated using CRISPR 

Cas9 in U2OS cells  

Diana Panfilova, AG Olzscha, 

Institute for Physiological 

Chemistry, Martin-Luther-

University, Halle-Wittenberg 

HR23BKO 

Stable HR23B knockout cell 

line generated using CRISPR 

Cas9 in U2OS cells  

Diana Panfilova, AG Olzscha, 

Institute for Physiological 

Chemistry, Martin-Luther-

University, Halle-Wittenberg 

U2OS cells 

ATCC-Number: 

HTB-96 

Humane bone osteosarcoma 

cells 

American Type Culture 

Collection (ATCC) Manassas, 

USA 

 

SDS Separation Gel 
TRIS buffered saline 

(TBS) 
pH 7.6 

TBS-Tween 

H2O H2O 1x TBS 

10 or 12% Acrylamide 0.1% Tween20 0.1% Tween20 

124 mM TRIS pH 
8.8 2.4% (w/v) TRIS   

0.05% (w/v) SDS     

0.4% (v/v) APS     

0.1% (v/v) TEMED     
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3.1.1. Bacteria 

Bacteria Source 

DH5-α competent E. coli 
New England Biolabs®, Ipswich, 

USA 

 

3.1.2. Plasmids  

Name Vector Construct 

Antibiotic 

resistance Source 

pcDNA3 pcDNA3 Empty Ampicillin 

Thermo Fisher 

Scientific Inc., 

Waltham, USA 

Htt20Q pcDNA3 
Exon 1 Htt 20Q 

HA-Tag 
Ampicillin 

Prof. Dr. Heidi 

Olzscha, Institute for 

Biochemistry, 

Medical School 

Hamburg 

Htt97Q pcDNA3 
Exon 1 Htt 97Q 

HA-Tag 
Ampicillin 

Prof. Dr. Heidi 

Olzscha, Institute for 

Biochemistry, 

Medical School 

Hamburg 

peGFP 
peGFP 

C1.1 
Empty Kanamycin 

Clontech 

Laboratories Inc., 

Mountain View, USA 

GFP-Htt23Q peGFP 

Exon 1 

Huntingtin 23Q 

GFP-Tag 

Kanamycin 
Addgene, Watertown, 

USA 

GFP-Htt74Q peGFP 

Exon 1 

Huntingtin 74Q 

GFP-Tag 

Kanamycin 
Addgene, Watertown, 

USA 
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3.1.3. Test systems  

Test system Source 

PierceTM BCA Protein Assay Kit 
Thermo Fisher Scientific Inc., 

Waltham, USA 

PROTEOSTAT® Protein Aggregation Kit 
Enzo Life Sciences Inc., 

Lausen, Switzerland 

PureLinkTM HiPure Plasmid Maxiprep Kit 
Thermo Fisher Scientific Inc., 

Waltham, USA 

ZyppyTM plasmid miniprep Kit 
Zymo Research Europe 

GmbH, Freiburg, Germany 

 
3.1.4. Antibodies 

3.1.4.1. Primary antibodies 

Antibody Species Concentration Order # Source 

-Tubulin Mouse 
1:2000 (WB) 

Milk 1% (w/v) 

MA5-

16308-

HRP 

Thermo Fisher Scientific Inc., 

Waltham, USA 

Actin ab 5 Mouse 
1:5000 (WB) 

Milk 1% (w/v) 
612657 

Becton Dickinson GmbH, 

Heidelberg, Germany  

Amyloid 

fibrils 
Rabbit 

1:1000 (WB) 

Milk 1% (w/v) 

ab12646

8 

Abcam®, Cambridge, Great 

Britain 

GAPDH Mouse  

1:5000 (WB) 

Milk 1% (w/v) 

1:80 (IF) 

sc 

47724 

Santa Cruz Biotechnology Inc., 

Dallas, USA 

GFP HRP Mouse 

1:1000 (WB) 

Milk 1% (w/v) 

8 µg (IP) 

1181446

0001 

Merck KGaA, Darmstadt, 

Germany 

HA Mouse 1:50 (IF) 2367S 

Cell Signaling Technology®, 

Danvers, United States of 

America 
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HA Rabbit 1:50 (IF) H6908 
Merck KGaA, Darmstadt, 

Germany 

Histon H3  Rabbit  
1:1000 (WB) 

Milk 1% (w/v) 
14-494 

Cell Signaling Technology®, 

Danvers, USA 

HR23A Rabbit 

1:50 (IF) 

1:500 (WB) 

Milk 1% (w/v) 

HPA026

418 

Merck KGaA, Darmstadt, 

Germany 

HR23B Rabbit  

1:1000 (WB) 

Milk 1% (w/v) 

1:100 (IF) 

2-4 µg (IP) 

ab86781 
Abcam®, Cambridge, Great 

Britain 

IgG Isotype 

Control  
Rabbit   31235 

Thermo Fisher Scientific Inc., 

Waltham, USA 

IgG Isotype 

Control 
Mouse   31903 

Thermo Fisher Scientific Inc., 

Waltham, USA 

Oligomer 

fibrils A11 
Rabbit 

1:1000 (WB) 

Milk 1% (w/v) 

AHB005

2 

Thermo Fisher Scientific Inc., 

Waltham, USA 

Puromycin 

clone 

12D10 

Mouse  
1:2000 (WB) 

Milk 1% (w/v) 

MABE3

43 

Merck KGaA, Darmstadt, 

Germany 

 

3.1.4.2. Secondary antibodies 

Antibody Species Concentration Order # Source 

Anti-mouse 

FITC 
Goat 1:800 (IF) A16067 

Thermo Fisher Scientific Inc., 

Waltham, USA 

Anti-rabbit 

Dylight 649 
Goat 1:300 (IF) 

611-143-

122 

Biomol GmbH, Hamburg, 

Germany 

Anti-rabbit 

FITC 
Goat 1:800 (IF) 65-6111 

Thermo Fisher Scientific Inc., 

Waltham, USA 
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TrueBlot 

Mouse: Anti 

Mouse IgG 

Rat 1:5000 (WB) 
18-8817-

33 

Rockland Immunochemicals, 

Inc., Philadelphia, USA 

TrueBlot 

Rabbit: Anti 

Rabbit IgG 

Rat 1:5000 (WB) 
18-8816-

33 

Rockland Immunochemicals, 

Inc., Philadelphia, USA 

 

3.1.5. Size standards 

Size standard Source 

GeneRulerTM 100bp DNA ladder 
Thermo Fisher Scientific Inc., 

Waltham, USA 

PageRulerTM Plus prestained protein ladder 
Thermo Fisher Scientific Inc., 

Waltham, USA 

 

3.1.6. Software 

Software Source 

BD Accuri C6 Analysis Software 
Becton Dickinson GmbH, 

Heidelberg, Germany 

BD FACSDiva™ Software, Version 9.0 
Becton Dickinson GmbH, 

Heidelberg, Germany 

Chromas 2.6.6 
Technelysium Pty Ltd., South 

Brisbane, Australia 

EndnoteTM 20.2 for Macintosh 
Clarivate Analytics, 

Philadelphia, USA  

Harmony high content analysis software version 

4.8 

PerkinElmer Inc., Waltham, 

USA 

Image Lab™, Version 6.0.1 
Bio-Rad Laboratories Inc., 

Hercules, USA 

ImageJ, Version 1.53a 
National Institutes of Health, 

Bethesda, USA 
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Inkscape version 1.0.1 Inkscape.org 

Microsoft Office 2021 (Excel, PowerPoint, Word)  
Microsoft Corporation, 

Redmond, USA 

MARS Analysis Software, version 3.20 R2 
BMG Labtech GmbH, 

Ortenberg, Germany 

NanoDrop™ 1000, version 3.3 
Thermo Fisher Scientific Inc., 

Waltham, USA 

Origin Pro 2019 
Originlab Corporation, 

Northampton, USA 

Quantity One, version 4.6.2 
Bio-Rad Laboratories Inc., 

Hercules, USA 

ZEN (blue edition), version 2.3 SP1 
Carl Zeiss AG, Oberkochen, 

Germany 
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3.2. Methods 

3.2.1. Molecular biological methods 

3.2.1.1.  Transformation of competent cells 

The transformation of competent E. coli was attained using the heat shock method. Here, 

25 µl of competent cells were incubated with 0.2 µg plasmid DNA for 20 min on ice. Then 

heat shock was performed at 40°C for 50s. Cells were then set on ice for 2 min and 

transferred to 500 µl of pre-heated super optimal broth with catabolites (SOC) media and 

incubated at 37°C for 60 min under soft shaking. 20 µl of the solution were then plated 

onto ampicillin or kanamycin containing LB-agar dishes and incubated at 37°C overnight.  

3.2.1.2. Plasmid preparation 

Plasmid preparation was performed using either mini-preparation Kit (see 3.1.8) or Maxi-

preparation Kit (see 3.1.8) for the DNA yield required. Colonies of competent E. coli were 

selected using a toothpick and incubated in 3 ml (mini preparation) or 200 ml (maxi 

preparation) LB-media with ampicillin or kanamycin in concentration of 100 mg/ml at 

37°C and 300 RPM overnight. The DNA extraction was performed as depicted in the 

manufacturer’s instructions. DNA was diluted in ddH2O and the concentration was 

determined using Nanodrop spectrophotometer. Sequencing was performed by the 

company SeqLab using 12 µl of an 80 ng/µl solution. Analysis of the sequencing data 

was performed using Chromas. 

3.2.1.3. Restriction digest of plasmids 

Restriction digest of plasmids pcDNA3, 20QHtt and 97QHtt was performed using 

restriction enzyme ECO RI-HFm, which has one cleavage sight in pcDNA3 and none in 

the insert sequences. 50 µl of reaction solution were assembled using the components 

water, cut smart buffer (1:10), 1 µg DNA of each plasmid and restriction enzyme (10U). 

The solution was incubated for 1 h at 37°C. Consequently, heat shock was performed at 

65°C for 20 min, which leads to enzyme deactivation. The samples were loaded onto a 

1% agarose gel to perform DNA electrophoresis.  

3.2.1.4. DNA agarose electrophoresis 

In this method, DNA fragments are separated along an electrical gradient depending on 

their size. The chosen agarose concentration of the gel is calculated dependent on the 

size of the tested DNA fragments. In this case, 50 ml of 1% agarose gel was used.  
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0.5 g of agarose was mixed in 50 ml TAE buffer (see 3.1.3.2), brought to a boil and stirred 

until the mixture was even. 1 µl of ethidium bromide was added per 50 ml gel. The gel 

was cooled shortly, then poured into gel chamber and the well comb was set in place. 

15 µl samples were prepared using similar amounts of DNA each and 10x sample buffer 

in dilution 1:10. The gel chamber was filled with 1x TAE-buffer until reaching the loading 

line and the well comb was removed. DNA gene ruler was used as size standard and 

samples were loaded accordingly. Voltage was applied at 80 V for 1 h.  

3.2.2. Protein biochemical methods 

3.2.2.1. Cell lysis of mammalian cells 

Cells were grown to 80-100% confluency and harvested using either a cell scraper or 

trypsin EDTA solution after previously washing the cells with PBS. The cells were 

collected in a falcon tube and centrifuged at 500 g for 3 min. The pellet was washed once 

with PBS and transferred to an Eppendorf tube. The cells were centrifuged at 2,000 g for 

3 min, the supernatant discarded, and the pellet resuspended in cold lysis buffer. A 

variety of lysis buffers were used for different experiments as described in 3.1.3.1. If not 

stated otherwise, 100 µl of RIPA lysis buffer was used. Samples were then incubated at 

4°C on a rotating disk for 1 h. Afterwards, lysates were pulled through a fine needle (27G) 

and centrifuged at 4°C and 16,000 g for 10 min. The supernatant was then transferred 

to a new pre-cooled tube and protein concentration was measured. All protein solutions 

were stored at -20°C.  

3.2.2.2. Protein concentration measurement via BCA assay 

Protein concentration was measured using the bicinchoninic acid (BCA) assay and the 

absorbance of different samples was measured according to manufacturer’s instructions 

at λ = 562 nm. A series of different dilutions of bovine serum albumin (BSA) 2 mg/ml was 

used as a protein standard curve. Dilutions were established using ddH2O in following 

concentrations: 2.0, 1.5, 1.0, 0.75, 0.5, 0.25, 0.125, and 0.025 mg/ml. Measured lysates 

were diluted in a ratio of 1:5 with ddH2O and protein concentrations were determined 

using the quadratic equation of the standard curve. 

3.2.2.3. SDS PAGE 

The sodium dodecyl sulfate polyacrylamide (SDS) gel electrophoresis was established 

in 1970 by Ulrich Laemmli and is used to separate proteins under denaturizing conditions 

according to their mass (Laemmli 1970). When applying an electrical current, proteins 

travel towards the anode, with different speeds depending on their molecular weight. 
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Equal protein amounts were incubated with 5x Laemmli sample buffer at 95°C for 5 min 

and a minimum of 20 µg were loaded onto polyacrylamide gels. Gels consisted of 4% 

collecting gel and 10 or 15% separating gel. For the first 10 min, a voltage of 110V was 

applied, followed by an increase to 160V. As a size standard PageRulerTM Plus 

prestained protein ladder was used.  

3.2.2.4. Western Blot analysis 

In order to detect different proteins, already separated proteins from the SDS PAGE were 

transferred and immobilized on a nitrocellulose membrane (Burnette 1981). After 

equilibration of both the nitrocellulose membrane and Whatman paper with the transfer 

buffer (see 3.1.3.2) the sandwich blot was assembled with specific caution to avoid air 

inclusions. The transfer then occurred under cooling and mixing of the transfer buffer 

and under applied electric current of 300 mA for 80 min. The membrane was hereafter 

stained with Ponceau S solution for 5 min and visualized. Afterwards, the membrane was 

incubated in blocking solution for a minimum of 30 min. The primary antibody was diluted 

in same blocking solution (see 3.1.9.1) and the membrane was incubated with it for either 

2 h at room temperature or overnight at 4°C on a rotation disk. Afterwards, the antibody 

solution was removed using 3 wash steps with 1x TBS for 10 min on a rocking platform 

and the secondary antibody solution was applied (3.1.9.2). It was incubated for 1.5 h at 

room temperature and removed with 2 further wash steps with 1x TBS-T and 1 wash 

step with 1x TBS for 10 min. Chemiluminescence could be detected with the ChemiDoc 

MP Imaging System. Since secondary antibodies are tagged with a peroxidase, the 

chemiluminescent reaction is possible when applying substrate solution GE Healthcare 

Amersham™ ECL Western-Blot-reagent to the membrane. In this case, 1 ml of a 1:1 

peroxide:luminol solution was used.  

3.2.2.5. Cytoplasmic nuclear extraction assay 

In this assay, different types of lysis buffers were used to separate nuclear from 

cytoplasmic protein fractions and analyze the distribution of HR23B across those cellular 

compartments. 1x106 cells U2OS cells were seeded on each 10 cm petri dish and 

incubated at 37°C 5% CO2 for 24 h. The cells were then harvested using 2 ml of 1x 

trypsin EDTA and the pellet was lysed with 100 µl cytosolic lysis buffer (see 3.1.3.1) for 

45 min at 4°C on a rotating disk. Samples were centrifuged at 1,000 g and 4°C for 5 min 

and the supernatant transferred to another tube and incubated in ultrasonic bath for 2 

min. Samples were centrifuged at 16,000 g and 4°C for 10 min and supernatant 

resembled cytoplasmic protein fraction.   
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The remaining pellet was washed twice with ice cold 1x TBS and centrifuged at 16,000 

g for 10 min and the supernatant discarded. Then cells were resuspended in 100 µl of 

nuclear lysis buffer (3.1.3.1) pulled through a fine needle (27G) several times and 

incubated for 30 min on ice. Samples were then sonified with 10% intensity and 5 pulses 

over 10 s) and then centrifuged at 16,000 g and 4°C for 10 min. The supernatant 

resembled the nuclear protein fraction.  

For analysis in Western Blot, protein concentrations were determined using BCA Assay 

(see 3.2.2.2) and equal amounts of both nuclear and cytoplasmic protein fraction were 

combined to create total protein fraction. 12% gels were used for the histone blot and 

10% gels for all other blots. In WB, double the amount of total protein solution was loaded 

to achieve total protein amount. Purity of cytosolic and nuclear protein fraction was tested 

using anti-β-tubulin antibody as a cytosolic protein and anti-histone H3 antibody as a 

nuclear protein. HR23B localization within the cell was analyzed using anti-HR23B 

antibody (for concentrations see 3.1.9.1). Images were quantified using ImageLab 

software and normalized on total protein amount. 

3.2.2.6. Puromycin incorporation assay 

The puromycin incorporation assay is a non-radioactive method to determine translatory 

rates in cells. The principal of this assay relies on the structural similarity of the antibiotic 

puromycin to tRNAs and its function to get incorporated into nascent chains produced at 

the ribosome. This process terminates elongation and the consequent analysis of 

puromycin intensity in cell lysates can be used to determine the translatory rate of the 

cell (Schmidt et al. 2009).  

To ensure even confluency of cells, the seeding amount of different cell lines has to be 

adjusted according to their replication dynamics. In this case, 1x106 cells of U2OS WT 

cells, and 1.5x106 cells of HR23AKO and HR23BKO cell lines were seeded onto two 10 cm 

petri dishes each. Cells were incubated at 37°C and 5% CO2 for 24 h. In order to harvest 

the cells, they were washed 1x with PBS and then incubated with 2 ml of 1x trypsin EDTA 

for 5 min, then resuspended with an equal amount of media and transferred to an 

Eppendorf tube. Samples were centrifuged at 500 g for 3 min and the pellet was 

resuspended in 1 ml media. The cell amount was counted using an automated cell 

counter and equal concentration of cells (1x106 cell in 1 ml media) were established for 

each sample. As controls, U2OS WT cells were used. Control 1 resembles no addition 

of puromycin, control 2 preincubation with 250 µM cycloheximide for 30 min. The different 

samples were incubated with puromycin at 37°C for exactly 10 min each. Following two 

steps of centrifugation at 2,000 g for 3 min and washing with warm PBS. The resulting 

pellet was then shock frosted in liquid nitrogen and lysed using RIPA buffer for 1 h at 
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4°C. Protein concentrations were measured using BCA assay (see 3.2.2.2) and equal 

amounts of each sample were analyzed using puromycin antibody in Western Blot (see 

3.1.9.1 and 3.2.2.4). Actin served as a loading control.  

3.2.2.7. Co-Immunoprecipitation 

To perform co-immunoprecipitation assay 5x106 U2OS cells were seeded on 15 cm petri 

dishes. After incubation at 37°C and 5% CO2 for 24 h, cells were harvested using cell 

scraper and washed 1x with PBS. Cell lysis was then performed using TNN lysis buffer 

(see 3.1.3.1) with protease inhibitors. 2 ml were added to sample and incubated at 4°C 

for 3 h under rotation. Lysates were pulled through a 27G needle, centrifuged at 4°C and 

16,000 g for 10 min and the protein concentration was measured using BCA protein 

assay (see 3.2.2.2). Agarose beads were prepared with 4 wash steps using TNN lysis 

buffer and centrifugation at 8,000 g for 1 min. Equal amounts of lysate were used to 

perform the immunoprecipitation with the target antibody as well as the IgG control. 

Samples were prepared as follows: 100 µl Protein A agarose beads + 4 µg GFP antibody/ 

IgG mouse antibody + 700 µl lysate. This mixture was incubated at 4°C on a rotating disk 

overnight. Then, samples were centrifuged at 8,000 g for 1 min and the supernatant was 

saved as depletion. The samples were then washed 4 times using TNN lysis buffer and 

centrifuged at 8,000 g after each step. The proteins were then eluted using 5x Laemmli 

loading buffer heated to 95°C. Samples were vortexed and centrifuged to 16,000 g twice 

and supernatants saved as IP. Lysate, depletion and IP samples were analyzed in SDS 

PAGE and Western Blot using anti-GFP antibody and anti-HR23B antibody (see 3.1.9.1). 

As secondary antibody TrueBlot Goat-anti-mouse and Goat-anti-rabbit antibodies were 

used in a concentration of 1:5000 (see 3.1.9.2). GAPDH served as a loading control. 

3.2.2.8. Filter retardation assay 

To analyze the amount of Htt and its composition in different aggregate or oligomeric 

species a filter retardation assay was performed. The principle is the filtration of protein 

lysates through different membranes with distinct pore sizes. Lysates are pulled through 

a cellulose acetate (CA) membrane, which can filter aggregated proteins (Sin et al. 

2018), using a vacuum pump that is connected to the filtering apparatus. The remaining 

proteins in the lysate were blotted onto a nitrocellulose (NC) membrane, similarly to the 

one used in WB analysis. This way, aggregates and amyloid structures can be detected 

on the CA membrane, but not on the NC membrane and oligomeric species can pass 

the CA membrane and are therefore detectable on the NC membrane. In preparation of 

the assay, U2OS cells were seeded on 10 cm petri dishes (106 cells each) and 

transfected with different Htt constructs using GeneJuice (see 3.2.3.4). Following 
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constructs were used: H2O, peGFP, GFP-Htt23Q, GFP-Htt74Q. Cells were then 

harvested and lysed using RIPA buffer (see 3.1.3.1) with added protease inhibitors. 

Protein concentration was measured using BCA assay (see 3.2.2.2) and different 

dilutions of the lysates were established. Both membranes were cut to the dimensions 

of the filter apparatus (12x8 cm) and watered with PBS for 10 min. The apparatus was 

assembled, and the NC membrane was placed underneath the CA membrane under 

specific caution to avoid any air inclusions. The vacuum pump was connected, and wells 

were washed with 200 µl PBS. The suction was adjusted accordingly to ensure controlled 

movement of liquids through the membranes. Then 10 µl of each sample and replicate 

was added directly onto the first membrane and vacuum applied. Samples were washed 

twice with 200 µl PBS. Membranes were then set out to dry and eventually incubated in 

specific blocking solution for 1 h at room temperature (see 3.1.9.1). Later, primary 

antibody was added and incubated at 4°C overnight. The secondary antibody was added 

after several wash steps with TBS and the chemiluminescent signal was visualized 

similarly to Western Blot analysis (see 3.2.2.4). 

 

3.2.3. Cell biological methods 

3.2.3.1. Cultivating adherent cell lines 

U2OS cells were cultivated in Dulbecco’s modified Eagle’s media (DMEM) with 10% 

FBS, 1% penicillin/ streptomycin and 1% L-glutamine at 37°C and 5% CO2. Cells were 

split every 2-3 days, when reaching 80-90% confluency. Media was removed and cells 

were washed with 1x PBS and then incubated with appropriate amount of 1x trypsin 

EDTA solution at 37°C for 5-10 min. Detachment of cells was verified using light 

microscopy and cells were suspended in new DMEM media to stop the reaction. Cells 

were diluted 1:2 and transferred to new cell culture flask or dish. PCR was regularly 

performed to check for mycoplasma DNA. 

3.2.3.2. Cryopreservation of mammalian cell lines 

To preserve adherent mammalian cells, they were stored in cryoconservation media at -

150°C. To achieve that, cells were washed and detached from the culture flask as 

described above (3.2.3.1), resuspended in 1 ml freezing media (see 3.1.3.2) and stored 

in cryovials. The number of cells in a 550 ml culture flask was stored in 3 cryovials. These 

were then stored at -20°C for 3 h, then at -80°C for 24 h and finally at -150°C. For 

defrosting, 37°C warm culture media was prepared, and cells were taken out of storage. 

They were put in the incubator at 37°C to defrost quickly and then suspended in 15 ml 
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warm culture media per cryovial. Cells were centrifuged to remove remnants of 

cryoconservation media. Then, cells were resuspended in 10 ml culture media and 

stored in medium culture flask at 37°C and 5% CO2. 

3.2.3.3. Determining cell count 

The cell count was determined using Countess™ cell counting chamber and a trypan 

blue staining. 9 µl of detached cells was resuspended in 1 µl or trypan blue and the 

solution was put onto a counting slide. Total amount of cells, dead cells and alive cells 

were measured according to their staining.  

3.2.3.4. Transfection of mammalian cells using GeneJuice 

The transfection of U2OS cells was performed using the reagent GeneJuice. Cells were 

cultivated and seeded in necessary number on a petri dish or microscopy slide. To create 

the reagent mixture, serum free (Optimem) media was used in which GeneJuice was 

added with a ratio of 1:25. The sample was vortexed and incubated for 5 min at room 

temperature. DNA was added in ratio 1:2 to GeneJuice. The sample was then mixed 

gently and incubated for 15 min at room temperature. To conclude, the sample was then 

gently applied onto cultivated cells in a ratio of 1:10 of new cultivating media.  

3.2.3.5. Cell preparation for flow cytometry and cell cycle analysis 

Cells were seeded on to 6-well plates in appropriate concentration. Culture media was 

collected in a flow cytometry tube, to gather dead and subG1 phase cells. Then, cells 

were washed 1x with PBS and the trypsin-EDTA solution was added. The detached cells 

were added into the FACS tube and centrifuged at 360 g. After decanting the 

supernatant, cells were washed 1x with PBS and the centrifugation step was repeated. 

The supernatant was again discarded, and cells were resuspended flicking the tube in 

remaining PBS. To fixate the cells 1 ml of ice cold 70% ethanol in PBS was added 

dropwise while vortexing the solution. The samples were incubated overnight at 4°C. 

For staining the cells, they were centrifuged at 360 g for 1 min and washed with PBS. 

After a second centrifugation step, the supernatant was decanted and cells resuspended 

in remaining PBS. Add 1 ml of PBS staining buffer containing RNase in concentration 

100 µg/ml and propidium iodide (PI) in dilution 1:25. Cells were incubated in the dark for 

20 min at 4°C. 
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3.2.3.6. Cell cycle analysis of U2OS and HR23A/BKO cell lines using 

flow cytometry 

Cell cycle analysis was performed using flow cytometry and PI staining. PI stains the 

cell’s nuclear chromatin and the intensity of its signal is therefore equivalent of the DNA 

content of a cell (Krishan 1975). The different phases of the cell cycle are characterized 

by varying DNA-contents which allows the categorization of the cells into the 

correspondent phase. 

3x 105 cells of each cell line (HR23AKO, HR23BKO and U2OS) were seeded onto 6-well-

plates and treated with either 0 µM (DMSO), 2.5 µM, 5 µM or 10 µM SAHA for 24 h. 

Afterwards, cells were prepared for flow cytometry and stained for cell cycle analysis as 

described in 3.2.3.5. Cells were then read on FACS using a limit of 20,000 ungated 

events and slow speed. For the analysis 4 different blots were used: 1. Forward scattered 

light (FSL) / Side scattered light (SSL) to gate cells that are not debris, 2. / 3. FL2-A (PI 

excitation) in linear and logarithmic calculation, 4. Dot blot to exclude aggregates FL2-A 

(x) and FL2-H (y). The data was analyzed using BD Accuri C6 Analysis Software and 

statistically evaluated using Origin Pro.  

3.2.3.7. Fluorescent microscopy 

To perform an immunofluorescent staining, cultivating media was removed from the cell 

culture and cells were washed with PBS. Fixation was performed using 4% 

paraformaldehyde (PFA) in PBS for 45 min. The samples were washed with PBS and 

cells were permeabilized adding 0.5% (v/v) Triton X-100 (PBS) for 30 min. Samples were 

washed twice using PBS and 1% bovine serum albumin was added as blocking reagent 

and incubated for 30 min. In the following step, the primary antibody was diluted in 1% 

BSA (dilutions see table 3.1.9.1), added to the sample and incubated for 2 h at room 

temperature. Next, the sample was washed three times in PBS on a rocking platform for 

10 min each. The secondary antibodies were diluted accordingly in PBS (see table 

3.1.9.2), added to the sample and incubated for 1.5 h at room temperature under strict 

light protection. As nuclear stains either Hoechst (1:2000) or PI (1 µg/ml) were used and 

added to the secondary antibody mixture. Afterwards, the sample was washed with PBS 

three times. When using Proteostat® for aggregate staining it was added in dilution 

1:2500 for 30 min. The sample was again washed three times for 15 min using PBS on 

a rocking platform. Consequently, the sample was treated with 4% PFA for another 15 

min. Slides were then dipped in distilled water three times and mounting media and 

coverslip was added. All immunofluorescent staining were stored in the dark at 4°C. 
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Samples were visualized under application of immersion oil using immunofluorescence 

microscope with 63x magnification. 

3.2.3.8. Analysis of CSA of Htt aggregates using ImageJ software 

Using immunofluorescent staining (protocol see 3.2.3.7) Htt aggregates in U2OS, 

HR23AKO and HR23BKO cells were visualized. To measure the cross-sectional area of 

these aggregates ImageJ software was used. This way, aggregates were be measured 

individually using the IF images obtained, which were set to equal scales. There were 

less IF images of HR23AKO samples compared to the other cell lines, which resulted in 

a corresponding difference in number of aggregates measured. The statistical analysis 

of this data was performed using Origin Pro. 

3.2.3.9. Quantitative analysis of immunofluorescent images using 

Operetta 

To analyze a high number of immunofluorescent images automatically, Operetta high 

content analysis system was used. Cells were seeded onto a 96 well plate using 15,000 

U2OS WT cells and 20,000 HR23A/BKO cells for each well. The cells were transfected 

using GeneJuice with 20Q and 97Q Htt and pcDNA3 (see 3.2.3.4) and IF staining was 

performed as described in 3.2.3.7. Two IgG controls were carried along for each 

experiment using IgG anti-mouse and IgG anti-rabbit. For the analysis of the cross-

sectional area of Htt aggregates, the aggregate/cell ratio and the nuclear/ cytoplasmic 

ratio, following antibodies were used: anti-HA antibody to visualize Htt, anti-GAPDH-

antibody to visualize the cytoplasm and cell borders. Proteostat® was used as an 

aggregate stain and Hoechst to visualize the nucleus. As secondary antibodies DyLight 

and FITC were used (for exact concentrations see 3.1.9.1 and 3.1.9.2). The number and 

size of Htt aggregates could then be measured using the feature “find spots” in the 

harmony high content imaging and analysis software. Cells borders and cytoplasmic 

areas were detected using the feature “find cytoplasm” and the anti-GAPDH channel. 

“Find nucleus” was used to count and measure nuclei and their cross-sectional area 

using the Hoechst channel. Statistical analysis was performed using Origin Pro.  

 

3.2.4. Data analysis  

All gathered data was analysed and depicted in graphs using Origin Pro software 

(Version 2019). If not noted otherwise, mean values and their standard deviations are 

shown. Statistical analysis was either performed using Student’s T or One-Way or Two-

Way ANOVA (analysis of variance) and consecutive Tukey test. Results were considered 
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significant when p < 0.05. P-values are indicated by stars in all figures, (*) p < 0.05, (**) 

p < 0.01 and (***) p < 0.005. N.s. indicates p > 0.05. 
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4. Results 

4.1. Subcellular localization and expression levels of HR23A 
and HR23B 

4.1.1. Investigating cytoplasmic and nuclear protein fractions 

The first part of this study focused on the gaining deeper understanding about the 

proteasome shuttling factors HR23A and HR23B and characterize them and their role in 

proteostasis U2OS cells. One of the first questions concerned the expression of 

HR23A/B within the different cellular compartments. Pia Fangmann had shown that 

HR23B may play a role in protein quality control of ribosomal proteins (data not 

published), which raised the question whether it is expressed in the nucleus. To 

investigate HR23B’s subcellular localization, cytoplasmic nuclear extraction assays were 

performed (protocol see 3.2.2.5). The different protein fractions were then analyzed 

using WB and anti-HR23B, anti-histone-H3 and anti-β-tubulin antibody (protocol 3.2.2.4). 

Figure 5: Localization of HR23B using cytoplasmic nuclear extraction assay. 

U2OS cells were lysed with different lysis buffers to extract the nuclear and cytoplasmic protein 
fractions, which were then analyzed in Western Blot using anti-HR23B antibody. Anti-histone-H3 
and anti-β-tubulin were used as controls of the nuclear and cytoplasmic fraction. Panel (A) shows 
respective immunoblots and Ponceau S staining which served as loading control. Estimated 
protein size of HR23B = 58 kDa. In (B) HR23B signal was quantified and normalized on the total 
protein. Mean values and standard deviations are depicted (n = 3). For full size immunoblots see 
appendix (figure 23). 

 
The anti-HR23B immunoblot showed three strong bands at approximately 58 kDa in the 

nuclear, cytoplasmic, and total protein fraction. In the nuclear and total protein fraction 

two additional bands that run lower than the estimated protein size could be detected. 

These lighter bands ran at around 50 kDa and 38 kDa. The HR23B signal in the 

cytoplasmic protein fraction seemed greater than the one in the nuclear fraction, which 

anti-HR23B

n = 3

2

To
ta

l

C
yt

op
la

sm
ic

Nu
cl

ea
r

Ponceau

anti-histone H3

anti-β-tubulin

kDa

250

70

55

35

10

55

A B



 37 

was consistent in all replicates. The quantification of the signals confirmed that HR23B 

is mostly resided in the cytoplasm with 66% and to a minor degree in the nucleus with 

39%. The HR23B signals were normalized on the total protein fraction.  

Successful separation of the cytoplasmic and nuclear fractions could be confirmed with 

anti-β-tubulin and anti-histone-H3 immunoblots. Using Pierce BCA Protein Assay Kit, 

protein concentrations were measured (3.2.2.2) prior to loading the SDS-gels and 

consecutive Ponceau S staining proved homogenous application. 

4.1.2. Immunofluorescence staining of HR23B in U2OS cells 

Figure 6: HR23B localisation in U2OS cells using IF staining. 

This figure shows IF images of U2OS cells, stained with anti-HR23B antibody (red) and Hoechst 
(blue) for nuclear detection. The staining was performed according to the protocol (3.2.3.7). 
Images were visualized using immunofluorescence microscopy and 63x magnification. Scale bar 
shows 20 µm. 
 

Using the same HR23B-antibody as in 4.1.1, immunofluorescent staining was performed 

in U2OS cells (protocol 3.2.3.7). Hoechst served as a nuclear stain. In the images 

depicted in figure 6 HR23B signal was detected in the whole cell, showing the highest 

intensity in the nucleus. This result again confirms the localization of HR23B in the 

nuclear and cytoplasmic compartment of U2OS cells, although pattern of distribution 

seemed to be different from the one observed in 4.1.1. 

4.1.3. HR23A and HR23B expression in knockout cell lines 

The two proteins HR23A and HR23B have both been shown to be able to facilitate 

transport of ubiquitinated proteins towards the proteasome (Chen and Madura 2002). 

Having comparable but not identical structures, it is not yet known to what degree they 

can replace each other in their function. In this assay, levels of expression of these two 

proteins in different cell lines were investigated. In this case, U2OS cells as well as 

knockout cell lines of the two proteins, which were created by Diana Panfilova using 

CRISPR/Cas9 gene editing technology, were used. These cell lines named HR23AKO 

and HR23BKO were used in most of the following experiments.  

Equal amounts of U2OS, HR23AKO and HR23BKO cells were seeded and harvested at 

around 85% confluency. The proteins were extracted during cell lysis (protocol 3.2.2.1) 

HR23BHoechst Overlay
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and equal amounts of protein were used for SDS PAGE and consecutive WB analysis 

(3.2.2.3 and 3.2.2.4). Figure 7 shows anti-HR23A and anti-HR23B immunoblots and 

Ponceau S staining that served as loading controls. In the anti-HR23A blot, a strong band 

was detected in WT as well as HR23BKO cells at approximately 56 kDa. In HR23AKO no 

band could be detected, which confirmed the knockout of the protein. The anti-HR23A 

signal seemed to be similar or less intense in HR23BKO cells compared to the WT. 

The anti-HR23B blot showed multiple bands, the strongest at approximately 58 kDa. 

There was no signal at this position in the HR23BKO cells, confirming its successful 

knockout. The band in HR23AKO cells seemed to be stronger compared to the one in the 

WT. Since this experiment was only performed once, no statistical analysis was carried 

out.  

Figure 7: HR23A/B expression in U2OS, HR23AKO and HR23BKO. 

In this figure anti-HR23A and anti-HR23B immunoblots, and their corresponding Ponceau S 
staining are shown. U2OS and HR23A/BKO cells were grown to 85% confluency, harvested, and 
lysed according to the protocol (see 3.2.2.1). Protein concentrations were measured using BCA 
assay and equal amounts of protein were loaded onto the SDS gel. Analysis was performed in 
WB using anti-HR23A and anti-HR23B antibody. Ponceau S staining served as a loading control. 
N = 1. 
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4.2. Investigating HR23A and HR23Bs influence on cellular 
proliferation, cell cycle progression and translatory rate 

4.2.1. Nuclear/ cytoplasmic ratio of HR23A/BKO cells 

Figure 8: Nuclear and cytoplasmic area of U2OS and HR23A/BKO cells. 

U2OS and HR23A/BKO cells were stained using anti-GAPDH and Hoechst (see 3.2.3.7) and 
visualized using Operetta High content analysis system (see 3.2.3.9). Panel (C) shows an 
example of the IF staining in U2OS cells. Features “find nuclei” and “find cytoplasm” were used 
in Harmony high content analysis software to measure cellular and nuclear surface area. The 
cytoplasmic area was calculated by subtracting nuclear area from cellular area. The cytoplasmic 
area (A) of HR23AKO and HR23BKO cells increased in comparison to the WT HR23AKO (p < 0.005). 
HR23BKO cells have a larger cytoplasmic area than HR23AKO cells (p < 0.005). The nuclear area 
(B) increased in both HR23AKO and HR23BKO cells comparing to the WT (p < 0.05). There was 
no difference in nuclear area between both knockout cell lines. Mean values and their standard 
deviations are shown (n ≥ 100, 3 biological replicates). Statistical analysis was performed using 
Origin Pro, p-values were calculated using One-way ANOVA and consecutive Tukey test. P-
values are indicated by stars, (*) p < 0.05, (***) p < 0.005. N.s. indicates p > 0.05. Scale bar is 20 
µm. 

Hoechst GAPDH Overlay
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While observing U2OS cells and HR23A/BKO cells macroscopically as well as in 

immunofluorescent staining, a change of cell morphology became apparent. In case of 

both knockout cell lines, cells appeared to be larger and abnormally proportioned. A 

change in cell morphology and nuclear/cytoplasmic (N/C) ratio could indicate that the 

cells are responding to other stimuli related to the knockout.  

To quantify this observation, Operetta high content analysis system was used, and the 

cytoplasmic and nuclear surface area of the cells was measured (see figure 8 and 

protocol 3.2.3.9). This allowed the calculation of corresponding N/C ratios in the different 

cell lines. Anti-GAPDH was used to visualize cell borders, Hoechst for nuclear staining 

as shown in Panel (C). Using Harmony high content analysis software the functions “find 

nuclei” and “find cytoplasm” were used to identify the cell compartments and measure 

corresponding surface areas. In another step, the cytoplasmic suface area was 

calculated by subtracting the nuclear area from the area of the whole cell.  

Figure 9: N/C ratio in U2OS, HR23AKO and HR23BKO cells. 

The cytoplasmic and nuclear area of U2OS, HR23AKO and HR23BKO cells was measured using 
Operetta high content analysis (see figure 8 and protocol 3.2.3.9) The N/C ratio was calculated 
for each measurement. Mean values and their standard deviation are displayed here (n ≥ 100). 
HR23A and HR23B knockout showed a decreased N/C ratio compared to WT (p < 0.005). N/C 
ratio was lowest in HR23BKO cells. Statistical analysis was performed in Origin Pro. P-values were 
calculated using One-Way ANOVA and consecutive Tukey test and p-values are indicated by 
stars, (***) p < 0.005.  

Figure 8 shows that cytoplasmic area (A) as well as the nuclear area (B) increased in 

HR23AKO and HR23BKO cells compared to WT (p < 0.005). The cytoplasmic area 

increased to larger extend than the nuclear area, which resulted in a decreased N/C ratio 



 41 

overall in both HR23AKO and HR23BKO cells (see figure 9). This decrease is statistically 

relevant compared to WT cells (p < 0.005). HR23BKO cells showed the lowest N/C ratio 

compared to WT and HR23AKO cells. 

4.2.2. Cell cycle analysis of HR23A/BKO cells 

The difference in N/C ratio in HR23AKO and HR23BKO cells indicated an influence of 

HR23 proteins on cell morphology and cell growth. To investigate this further, cell cycle 

analysis of U2OS cells and HR23A/BKO cells was performed. For this experiment, the 

different cell lines were grown to 85% confluency, then harvested and stained using PI 

according to the protocol (see 3.2.3.5). Intercalating with the DNA structure, PI signal 

could be used to measure the DNA content of each cell in flow cytometry (Krishan 1975). 

The allocation of cells to the different cell cycle phases was then performed as depicted 

in figure 10 panel (B). Markers were placed in the FL2-A blot, dividing the cells according 

to their DNA content (protocol see 3.2.3.6).  

Figure 10 further shows the results of 5 biological replicates, each measuring 20,000 

events. The cell amount of each cell cycle phase was normalized on the total cell count. 

In G1 phase the relative cell amount of HR23A/BKO cells increased. Here, HR23AKO cells 

showed a relative increase of around 8% (p < 0.005) and HR23BKO of 14% (p < 0.005). 

Regarding the S phase, HR23AKO cells showed a 6% decrease (p < 0.005) and HR23BKO 

cells a 9% decrease (p < 0.005) of relative cell amount. In G2 phase relative cell amount 

reduced by 3% (p < 0.005) in HR23AKO and 6% (p < 0.005) in HR23BKO compared to 

WT. In subG1 phase, relative cell amount stayed the same comparing the three cell lines.  
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Figure 10: Cell cycle analysis of U2OS cells and HR23A/BKO cells. 

U2OS and HR23A/BKO cells were grown up to 85% confluency, harvested and then fixed and 
stained for cell cycle analysis (3.2.3.5 and 3.2.3.6). The staining was performed using propidium 
iodide, which intercalates in DNA structures. The DNA content of each cell could then be 
measured using flow cytometry. The relative cell amounts in each cell cycle phase was measured 
using BD Accuri C6 Analysis Software. Panel (A) shows the phase-distribution in U2OS and 
HR23A/BKO cell lines. In (B) the method of dividing the cells according to their DNA content/ PI 
signal is displayed exemplary. Here channel FL2-A is shown, and markers were set to indicate 
the following: M5 marks subG1 phase, M6 G1 phase, M7 S phase and M8 G2 phase. The 
statistical analysis of each cell cycle phase comparing the different cell lines is depicted in (C). 
Mean values and their standard deviations are shown (n = 5). P values were calculated using 
Two-Way ANOVA and consecutive Tukey test. P-values are indicated by stars, (*) p < 0.05, (**) 
p < 0.01, (***) p < 0.005. N.s. indicates p > 0.05. 

 

A B
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4.2.3. Puromycin incorporation assay of HR23BKO cells 

Along with the observations made in 3.2.2, puromycin incorporation assays were 

performed in order to measure the translatory rate in U2OS and HR23A/BKO cells (see 

protocol 3.2.2.6). Puromycin has structural similarities of tRNAs and is therefore 

incorporated into nascent chains at the ribosome depending at the rate of translation. 

Consequently, the intensity of puromycin is proportional to the amount of synthesized 

nascent chains and can be used to measure translatory rates (Schmidt et al. 2009).  

Figure 11: Puromycin incorporation assay of U2OS, HR23BKO and HR23AKO cells. 

Equal amounts of U2OS and HR23A/BKO cells were treated with puromycin for 10 min, then lysed 
and analyzed by WB using anti-Puromycin antibody. Two controls were used, (1) without 
puromycin incorporation and (2) pre-treated with cycloheximide to inhibit translation. Ponceau S 
staining served as loading control (see protocol 3.2.2.6). Results were normalized on Ponceau 
and the puromycin intensity in WT. In panel (A) and (B) the results of WT and HR23BKO cells are 
shown. Mean values (n = 5) and standard deviations are displayed, p values were calculated 
using Origin Pro and student’s T-test. Panel (C) shows additional results of HR23AKO cells that 
were conducted in a different experiment involving HDACi treatment (see 4.4.2). Here, mean 
values (n = 3) and their standard deviations are displayed, statistical analysis was performed in 
Origin Pro and p values were calculated using Two-way ANOVA and consecutive Tukey test. P-
values are indicated by stars, (*) p < 0.05, (**) p < 0.01, (***) p < 0.005. N.s. indicates p > 0.05. 

In the anti-Puromycin immunoblot a strong signal is detectable over the entire lane in 

U2OS WT cells (lane 3). In HR23BKO cells (lane 4) the puromycin signal follows the same 

pattern but the intensity is less strong. Lane 1 and 2 show the negative controls, (1) 

without puromycin treatment and (2) with pre-treatment using cycloheximide. 

The statistical analysis confirmed that puromycin intensity decreases in HR23BKO cells 

compared to WT (p < 0.005), which suggests that the rate of newly translated proteins 

was lower in this cell line. In a different experiment involving HDACi treatment, translatory 

rates of HR23AKO cells were tested, which is displayed in panel (C). Here, no significant 

difference in puromycin intensity and therefore translatory rate could be detected (p = 

0.47). 
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4.3. Analysis of Htt in HR23A/BKO cells 

4.3.1. Immunofluorescence imaging of Htt constructs in U2OS and 
HR23A/BKO cells 

To investigate the influence of HR23A and HR23B on misfolded proteins that are relevant 

in neurodegenerative diseases a cell culture-based model for HD was used. The 

pathologically elongated protein Htt plays a major role in the pathogenesis and 

progression of this disorder (Group 1993; Rubinsztein et al. 1996).  

Figure 12: IF staining of Htt constructs in U2OS cells using X-34 aggregate stain. 

In this figure, IF staining of U2OS cells is shown, which had been transfected with HA-tagged 
Htt20Q and Htt97Q via GeneJuice (protocol 3.2.3.4). Staining was performed using HA-antibody 
(green), PI served as a nuclear stain (red) and X-34 to visualize aggregates (blue) (protocol 
3.2.3.7). As control, pcDNA3 transfected cells were analyzed. Scale bar shows 20 µm. 

PcDNA3 plasmids with constructs of HA-tagged exon 1 of Htt and different glutamine 

repeat lengths were used for our investigations. One with a physiological number of 20 

glutamine repeats (Htt20Q), and one with 97 glutamine repeats (Htt97Q), representing 

pathological elongation. The empty vector pcDNA3 was used as a control.  

In the first experiment (figure 12) IF staining of U2OS cells was performed using anti-HA 

antibody to visualize Htt, PI as a nuclear stain and X-34 to detect β-amyloid structures 

(protocol 3.2.3.7). The cells had previously been transfected with Htt constructs (Htt20Q, 

Htt97Q) and the empty vector pcDNA3 as control using GeneJuice (protocol 3.2.3.4). 

Cells were visualized using immunofluorescence microscopy and 63x magnification. 

Here, the different morphologies of Htt in its physiological and pathologically elongated 

form could be distinguished. Htt20Q showed even distribution within the cell, whereas 

Htt97Q formed perinuclear structures. The latter colocalized with X-34, which confirmed 

them as aggregates.  
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Figure 13: IF staining of Htt constructs in U2OS and HR23A/BKO cells using aggregate 
stain Proteostat®. 

U2OS and HR23A/BKO cells were transfected using GeneJuice (protocol 3.2.3.4) with HA-tagged 
Htt 20Q and 97Q as well as the empty vector pcDNA3. IF staining was performed using anti-HA 
antibody (green), Hoechst (blue) for nuclear staining and Proteostat® aggregate kit (orange) to 
visualize amyloid structures (protocol 3.2.3.7). Controls were pcDNA3 and Htt20Q transfected 
cells. Scale bar shows 20 µm. 

To validate these findings and investigate the role of HR23A and HR23B in the 

aggregation behavior of pathological Htt, another experiment involving the HR23A/B 

knockout cell lines and a different aggregate stain, Proteostat® was performed. U2OS, 

HR23AKO and HR23BKO cells were transfected using Gene Juice (see protocol in 3.2.3.4) 

and IF staining performed consecutively (see protocol in 3.2.3.7). In this case, anti-HA 

antibody (green) was used to visualize Htt and the Proteostat® aggregation kit to detect 

β-amyloid structures (orange). Hoechst served as a nuclear stain (blue). The samples 

were visualized using immunofluorescence microscopy and 63x magnification (see 

figure 13). 

Along with the results in figure 12, physiological Htt20Q showed even distribution 

throughout the cell and Htt97Q formed perinuclear structures. On top of that, the second 

aggregate stain Proteostat® also confirmed those structures to be aggregates. 
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Interestingly, it could be observed that aggregates consistently appeared larger and less 

dense in both HR23A and HR23B knockout cells.  

4.3.2. Quantitative analysis of cross-sectional area of Htt 97Q 
aggregates in HR23A/BKO cells 

To look further into the effect of HR23A and HR23B on the aggregation behavior of 

pathological Htt, the size of the aggregates in the different cell lines was measured. First 

of all, using IF images obtained in 4.3.1, the cross-sectional area (CSA) of the Htt97Q 

aggregates in all cell lines was analyzed manually using ImageJ software (protocol see 

3.2.3.8). The results are shown in panel (A) of figure 14.  

Figure 14: Quantitative analysis of the CSA of Htt97Q aggregates in U2OS and HR23A/BKO 
cells using two different methods. 

The cross-sectional areas of Htt97Q aggregates were measured manually using ImageJ software 
(A) (protocol 3.2.3.8) and automatically using Operetta Hight content analysis system (B) 
(3.2.3.9). Mean values and their standard deviations are shown above. In (A) number of 
aggregates varied between the cell lines (U2OS n = 126, HR23AKO n = 8, HR23BKO n = 58) and 
in (B) n > 361 (3 biological replicated with a minimum of 361 technical replicated each). P-values 
were calculated using One-way ANOVA and consecutive Tukey test. The CSA of Htt97Q 
aggregates is shown to be greater in HR23BKO cells than in U2OS cells using both approaches. 
Comparing the CSA of Htt97Q aggregates in HR23AKO cells with U2OS and HR23BKO cells 
showed an increase in the manual approach (A) and no effect in the automated one (B). P-values 
are indicated by stars, (*) p < 0.05, (**) p < 0.01, (***) p < 0.005. N.s. indicates p > 0.05. 

Different numbers of aggregates in each cell line were measured using this method 

(U2OS n = 126, HR23AKO n = 8, HR23BKO n = 58) and statistically analyzed using Origin 

Pro. The analysis showed that CSA of Htt97Q aggregates increase in both HR23AKO and 

HR23BKO cells compared to WT, showing the highest mean CSA in HR23AKO.  

Having successfully quantified this difference in CSA in the different cell lines, another 

approach of analysis was used to verify the findings. To achieve a more consistent 
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number of aggregates measured in each cell line and to automatize the method, the 

Operetta high content analysis system was used (results shown in figure 14 (B) (protocol 

see 3.2.3.9). U2OS, HR23AKO and HR23BKO cells were seeded onto a 96 well plate and 

transfected with HA-tagged exon 1 of Htt20Q and Htt97Q. Cells were stained using anti-

HA and Hoechst as nuclear stain. Two IgG controls for both mouse and rabbit secondary 

antibodies were established to test for unspecific signals. With the Harmony high content 

analysis software, it was possible to detect the aggregates of Htt97Q using “find spots” 

and measure the CSA with n > 361 in each of 3 biological replicates. 

In HR23BKO cells the mean CSA of Htt97Q aggregates increased compared to WT using 

both methods of quantification. The increase of CSA in HR23AKO cell lines could only be 

detected using relatively small (n = 8) number of aggregates in the manual approach. 

Comparing aggregate CSAs in HR23AKO cells to WT and HR23BKO using Operetta high 

content analysis system showed no difference.  

4.3.3. Analysis of Htt aggregate / cell ratio in U2OS and HR23A/BKO 

cells 

Along with the CSA of the aggregates, the number of aggregates that form per individual 

cell in the different cell lines was analyzed. To realize this, another experiment using 

Operetta high content analysis system was carried out. Here, the cells were stained 

additionally with anti-GAPDH antibody, detecting a housekeeping protein which is 

distributed evenly in the cell. This allowed identification of the cell borders similarly to the 

method in 4.2.1 where this approach was used to measure N/C ratios. Since it was 

possible to identify singular cells using feature “find cells” and Htt97Q aggregates using 

“find spots”, the ratio of Htt97Q aggregates per cell (aggregate/ cell ratio) could be 

measured. 

Figure 15 (A) shows the results of the statistical analysis and (B) an example of the IF 

staining of this experiment. It became clear that the aggregate/ cell ratio increased in 

HR23BKO cells compared to WT (p < 0.005) and HR23AKO cells (p < 0.005). There was 

no increase of aggregate/cell ratio in HR23AKO cells compared to WT (p = 0.62). 
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Figure 15: Analysis of aggregate/ cell ratio in U2OS and HR23A/BKO cells. 

The aggregate/ cell ratio of Htt97Q in U2OS and HR23A/BKO cells was measured using Operetta 
high content analysis system (protocol 3.2.3.9). IF staining (B) was obtained using anti-HA to 
detect Htt97Q aggregates and anti-GAPDH to visualize the cytoplasm/ cell borders. Hoechst was 
used as a nuclear stain (protocol 3.2.3.7). The aggregate/ cell ratio was calculated and the mean 
values with their standard deviations are displayed in panel (A) (n = 26). HR23AKO and HR23BKO 
cells showed an increased aggregate/ cell ratio compared to the WT. The data was statistically 
analyzed using Origin Pro, p-values were calculated using One-way ANOVA. P-values are 
indicated by stars, (***) p < 0.005. N.s. indicates p > 0.05. Scale bar shows 50 µm. 

 

4.3.4. Colocalization of Htt and HR23B using immunofluorescence 

In the previous experiments, it was discovered that aggregate size and aggregate/cell 

ratio of Htt97Q changed in HR23BKO cells. This indicated that HR23B had an impact on 

the aggregation behavior of pathological Htt. To investigate whether HR23B and Htt97Q 

might interact with each other, IF staining was performed to colocalize the two proteins. 

U2OS cells were transfected with pcDNA3, Htt20Q and Htt97Q using GeneJuice 

(protocol 3.2.3.4). IF staining was performed using anti-HA (green) to detect Htt, anti-

HR23B (red) to visualize HR23B and Hoechst as a nuclear stain (protocol 3.2.3.7). The 

cells were analyzed using immunofluorescence microscopy with 63x magnification 

shown in figure 16.  

OverlayHtt97Q GAPDHHoechst

A

B



 49 

Figure 16: Colocalization of Htt and HR23B using immunofluorescence. 

U2OS cells were transfected with HA-tagged Htt20Q and Htt97Q and visualized using 
immunofluorescence microscopy and 63x magnification. The empty vector pcDNA3 served as 
control. HR23B could be detected using anti-HR23B (red), Htt with anti-HA (green). Hoechst was 
used as a nuclear stain (blue). Scale bar shows 20 µm. 

As depicted before (see 4.3.1), Htt20Q was distributed evenly in the cell and Htt97Q 

formed perinuclear aggregates. HR23B was both visible in the cytoplasm and nucleus of 

the cell, similarly to the observations made in 4.1.2. Observing the IF image of Htt97Q 

transfected cells an increased intensity of HR23B was noticeable which colocalized with 

the perinuclear aggregates of Htt97Q.  

4.3.5. Co-Immunoprecipitation with GFP-tagged Htt74Q 

To further investigate a possible interaction between HR23B and pathological Htt, co-

immunoprecipitation (CO-IP) was performed. This method can be used to indicate an 

indirect interaction between two proteins using an antibody and agarose beads to 

precipitate the proteins. Kaltenbach et al. had already identified interactors of Htt using 

this method (Kaltenbach et al. 2007).  

Here, a different Htt construct with a GFP tag and 74 glutamine repeats (GFP-Htt74Q) 

as well as the corresponding GFP-antibody were used in order to perform the pull down 

of Htt.   

U2OS cells were transfected with GFP-Htt74Q and peGFP as a control using 

GeneJuice (protocol 3.2.3.4). CO-IP was performed using agarose beads as well as 

anti-GFP antibody and IgG as control (protocol 3.2.2.7). After successful precipitation, 

samples were analyzed using WB and anti-HR23B antibody. In figure 17, immunoblots 

of anti-GFP (A), anti-HR23B (B) and anti-GAPDH (C) are displayed. In the anti-GFP blot, 

several signals could be detected. In the IP and lysate of peGFP transfected cells (lane 

OverlayHtt HR23BHoechst

pc
D

N
A

3
H

tt2
0Q

H
tt9

7Q



 50 

1 and 4), a signal at around 28 kDa and 70 kDa could be observed. The intensity of the 

signals seemed stronger in the IP, indicating successful pulldown. In GFP-Htt74Q 

transfected samples (lane 2 and 6) two signals could be observed. One at 28 kDa and 

one at 55 kDa. The band that ran at 55 kDa showed a strong signal increase comparing 

lysate to IP sample, also indicating effective precipitation of the protein. Negative controls 

with IgG showed no signals.  

Figure 17: Immunoblots of applied CO-IP of GFP-Htt74Q. 

U2OS cells were transfected with GFP-Htt74 and the empty vector peGFP, which served as 
control (protocol 3.2.3.4). The immunoprecipitation was performed using anti-GFP antibody and 
IgG as control (protocol 3.2.2.7). The samples were then analyzed in WB and immunoblots were 
performed using anti-GFP (A), anti-HR23B (B), and anti-GAPDH (C) (protocol 3.2.2.4). In the first 
and second lane, lysates of peGFP and GFP-Htt74Q transfected cells are shown. In third to sixth 
lane IPs were applied and seventh and eighth lane showed the depletion. The anti-GFP 
immunoblot showed the augmented level of GFP-Htt74Q in the IP. HR23B could be detected in 
both cell lysates and the depletion. In the GFP-Htt74Q-IP there was a light band visible running 5 
kDa lower than the estimated protein size of HR23B. 

In the anti-HR23B immunoblot (B) multiple bands with different patterns were visible in 

all lanes. The strongest signals in lysate and depletion samples were detected at around 

58 kDa, the estimated protein size of HR23B. Looking at all IP samples (lane 3-6), there 

was one band at around 100 kDa which appeared in the IP performed with GFP and its 

negative control. In the IP sample of GFP-Htt74Q transfected cells (lane 6) another 

lighter band was visible at around 55 kDa, which did not appear in the negative controls. 

Anti-GAPDH served as a control.  
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4.4. Influence of acetylation on cell cycle and translatory rate 
of HR23A/BKO cells  

In further investigations, the influence of HDACi treatment on cell cycle progression and 

translatory rate in U2OS cells as well as HR23A/BKO cells was analyzed. Multiple 

resources had shown that HR23B can be used as a sensitivity marker for HDACi 

treatment in tumor therapy. This means that high levels of HR23B in a cell lead to more 

rapid apoptosis, when treated with HDACi. Low HR23B expression levels, however, 

correlate with degradation via autophagy (New et al. 2013). We performed the following 

experiments to investigate the influence of HDACi on cell cycle progression and 

proteostasis in WT and HR23A/BKO cells. These experiments provide the basis on which 

further research can be conducted in the future. This might include the interplay of HDACi 

and the UPS as well as their influence on misfolded proteins. 

4.4.1. Cell cycle analysis in U2OS and HR23A/BKO cells upon HDACi 
treatment 

In 4.2.2, cell cycle progression in U2OS and HR23A/BKO cells was investigated, and 

results showed differences in the pattern of relative cell amounts in G1, S and G2 phase. 

In this experiment U2OS, HR23AKO and HR23BKO cells were treated with 2.5 µM, 5 µM, 

and 10 µM of HDACi Vorinostat (SAHA) and DMSO as negative control for 24 h. 

Subsequently, cells were harvested, fixed and stained with PI and analyzed using flow 

cytometry (protocol 3.2.3.5). Cell cycle analysis was then performed using BD accuri 

analysis software, dividing the cells according to their PI signal intensity proportional to 

DNA content (see protocol 3.2.3.6). The cell amounts were then normalized on the total 

cell count resulting in relative cell amounts in %.  

Figure 18 shows the overall distribution of relative cell amounts in all cell cycle phases, 

looking at the different cell lines and SAHA concentrations analyzed in the experiment. 

In this graph, the overall tendencies of change in relative cell amounts could be 

observed. To perform statistical analysis, the relative cell amounts of each cell line, 

SAHA concentration and cell cycle phase were normalized on the DMSO treated sample. 

The results display relative changes of cell amounts of each phase and are shown in 

figure 19 comparing different HDACi concentrations and comparing the effect in different 

cell lines in figure 20.  
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Figure 18: Cell cycle analysis of U2OS, HR23AKO and HR23BKO cells under different 
HDACi treatments. 

U2OS and HR23A/BKO cells were grown to 85% confluency and treated with 2.5 µM, 5 µM, 10 
µM SAHA as well as DMSO as control for 24 h. The cells were then harvested and prepared for 
cell cycle analysis using flow cytometry (see 3.2.3.5 and 3.2.3.6). The DNA content of each cell 
was measured using PI staining and the cell cycle phases were analyzed accordingly using BD 
accuri analysis software. Relative cell amounts were calculated using the total cell count and 
mean values are displayed above (n = 5).  

Firstly, cell amounts of each phase within one specific cell line and varying SAHA 

concentrations were compared (see figure 19). It could be observed that the relative cell 

amount in subG1 phase increased with rising concentration of HDACi treatment in all 

cell lines (fig. 19 panel A). Regarding G1 phase, the relative cell amount decreased in 

each cell line with increasing HDACi concentration (fig. 19 panel B). In S phase, the 

effect of HDACi treatment on the different cell lines seemed to be most diverse (fig. 19 

panel C). In U2OS cells the relative cell amount decreased under HDACi treatment of 

any concentration (p < 0.005). In HR23A/BKO cells the relative cell amount in S phase 

stayed the same or even increased in HR23BKO cells with 10 µM SAHA treatment (p < 

0.005). Lastly, in G2 phase the relative cell amounts increased in each cell line under 

HDACi treatment (fig. 19 panel D). 
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Figure 19: Statistical analysis of cell cycle analysis in U2OS and HR23A/BKO cells under 
different HDACi treatment concentrations. 

This figure shows the statistical analysis of the cell cycle data obtained in 4.4.1. The relative cell 
amounts of each cell cycle phase and HDACi treatment concentration were normalized on the 
DMSO treated control of each cell line. Here, this data is shown comparing the relative cell 
amounts between different levels of HDACi treatments in U2OS, HR23AKO and HR23BKO cells. 
Mean values and their standard deviations are shown (n = 5). Panel (A) shows the change of 
relative cell amount in subG1 phase, (B) G1 phase, (C) S phase and (D) G2 phase. P-values 
were calculated in Origin Pro using Two-way ANOVA and consecutive Tukey test. P-values are 
indicated by stars, (***) p < 0.005. N.s. indicates p > 0.05. 

In a second analysis, relative cell amounts of each phase in U2OS, HR23AKO and 

HR23BKO cells were compared in samples with similar HDACi treatment concentration. 

The results of the statistical analysis are demonstrated in figure 20. Comparing the 

different cell lines, no difference in relative change of cell amount in subG1 phase could 

be observed (fig. 20 panel A). In G1 phase, it was noticeable that in HR23BKO cells the 

cell amount increased to a bigger extent compared to HR23AKO cells (p < 0.05) (fig. 20 

panel B). Comparing both knockout cell lines to the WT showed no effect. In S phase 

(fig. 20 panel C), similar to the analysis depicted in figure 19, the relative changes of cell 

amount deviated in different directions depending on the cell line. In WT cells relative 

cell amount decreased while it stayed almost the same in HR23AKO and even increased 

in HR23BKO cells. This pattern could be observed in all levels of HDACi treatment and all 
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effects in relative change of cell amount showed p-values < 0.005. Lastly, when looking 

at G2 phase no differences between the cell lines could be observed (fig. 20 panel D). 

Figure 20: Statistical analysis of cell cycle phases in U2OS and HR23A/BKO cells under 
HDACi treatment comparing the effect in each cell line. 

The change of relative cell amount in each cell cycle phase and HDACi concentration was 
analyzed and compared between U2OS, HR23AKO and HR23BKO cells. Mean values and their 
standard deviations (n = 5) are displayed. Panel (A) shows subG1 phase, (B) G1 phase, (C) S 
phase and (D) the G2 phase. P-values are indicated by stars, (*) p < 0.05, (***) p < 0.005. N.s. 
indicates p > 0.05. 

4.4.2. Puromycin incorporation assay in U2OS and HR23A/BKO cells 
under HDACi treatment 

In addition to analyzing changes in cell cycle progression upon HDACi treatment, 

translatory rates in U2OS and HR23A/BKO cells were also investigated. To do so, 

puromycin incorporation assays were performed similarly to 4.2.3 (protocol see 3.2.2.6). 

In this case, however, cells were treated with 5 µM Vorinostat (SAHA) and DMSO as 

negative control for 24 h prior to harvest. The level of SAHA concentration was chosen 

due to the results conducted in cell cycle analysis. Here, 24 h incubation with 5 µM 
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HDACi treatment showed the greatest effect with the least impact on cell viability, 

represented by the subG1 phase (see figure 18 and 19).  

Figure 21: Translatory rates in U2OS and HR23A/BKO cells under HDACi treatment. 

U2OS and HR23A/BKO cells were cultivated to 85% confluency. They were treated with 5 µM 
SAHA or DMSO (control) for 24 h preceding harvest. Afterwards, cells were treated with 
puromycin. Two controls were carried along, control 1 with no puromycin treatment, control 2 with 
pre-treatment with cycloheximide (protocol 3.2.2.6). Cells were lysed and analyzed in WB using 
anti-Puromycin and anti-actin as loading control (protocol 3.2.2.4). Panel A shows the 
corresponding immunoblots while panel B shows results of the statistical analysis. The puromycin 
intensity was normalized on Ponceau S staining and puromycin intensity of untreated WT sample. 
Mean values and their standard deviations are displayed (n = 5). Statistical analysis was 
performed in Origin Pro using Two-way ANOVA and Tukey test. P-values are indicated by stars, 
(*) p < 0.05, (***) p < 0.005. N.s. indicates p > 0.05. 
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As displayed in figure 21 translatory rates decreased in every cell line under HDACi 

treatment (p < 0.05). In 4.2.3, it had already been shown that translatory rates in 

HR23BKO cells decreased compared to the WT. This result could be replicated in this 

experiment (p < 0.02). However, this was not observed when comparing HR23AKO to WT 

(p = 0.47).  

To compare the effect of HDACi treatment on the translatory rate of each cell line, the 

results were normalized on DMSO treated WT samples and additionally on the DMSO 

treated control of the correspondent cell line. This way, the relative change of translatory 

rate under HDACi treatment could be compared between the different cell lines. The 

results are depicted in figure 22 and show that this calculated ratio of puromycin intensity 

decreased to a lesser degree in HR23AKO (p < 0.005) and HR23BKO cells (p < 0.05) 

compared to WT. There was no effect comparing HR23AKO and HR23BKO cell lines.  

Figure 22: Ratio of puromycin intensity change under HDACi treatment in U2OS, 
HR23AKO and HR23BKO cells.  

This figure shows the relative decrease of puromycin intensity (or calculated ratio) of the 
investigated cell lines under HDACi treatment. The results were normalized once on DMSO 
treated WT and then again on the DMSO treated control of the corresponding cell line. This data 
was statistically analyzed using Origin Pro and One-Way ANOVA with consecutive Tukey test. P-
values are indicated by stars, (*) p < 0.05, (***) p < 0.005. N.s. indicates p > 0.05. 
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5. Discussion 

5.1. Proteasome shuttling factors HR23A and HR23B have an 
impact on cellular morphology, cell cycle progression 
and proteostasis 

5.1.1. Expression of HR23 proteins in U2OS cells 

HR23A and HR23B, human homologues of Rad23A and Rad23B which were discovered 

in S. cerevisiae, are proteins with similar but not identical structures. Both contain one 

UbL and two UbA domains and have been shown to be involved in different cellular 

functions. These range from NER to nuclear-cytoplasmic transport and protein 

degradation as part of the UPS. While this study focused mostly on their role as 

proteasome shuttling factors, it is relevant to investigate where and to what extent these 

proteins are expressed in the cell culture model used.  

Testing the expression levels of HR23A and HR23B in both knockout cell lines and WT 

U2OS cells showed that HR23B is overexpressed in case of HR23A knockout (see figure 

7). However, HR23A levels did not increase in HR23BKO cells. This suggested that 

HR23B is upregulated in case of HR23A knockout, but not the other way around. If 

HR23B can replace the entirety of HR23A’s functions, its increase in concentration might 

compensate the effects of HR23A knockout, which might explain the varying effects of 

HR23A and HR23B knockout in the conducted experiments. It is to be noted that this 

experiment was only performed once during this study, limiting its significance. However, 

since finishing this study, Linda Kulka has been able to reproduce these results and verify 

them through statistical analysis (data not published). 

On top of that, Okuda et al. showed that the concentration of HR23B in U2OS cells is on 

average 10 times higher than the one of HR23A (Okuda et al. 2004). This might further 

explain the exaggerated effects of HR23B knockout compared to HR23A knockout in 

most experiments that were conducted in this study. To fully understand whether HR23A 

and HR23B can replace each other in their function, the cloning of a double-knockout 

cell line of these proteins has been obtained. These cells are currently investigated and 

characterized. Moreover, investigating HR23A/B’s functions under cellular stress 

conditions or consecutive of induced DNA damage might help showing the effects more 

clearly in the future. 

In the IF staining performed, the distribution of HR23B could be observed within the cell. 

It showed that HR23B is present in all cell compartments and IF signal intensity was 
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highest in the nucleus. These observations were coherent with ones made by different 

research groups using U2OS and other human cell lines (New et al. 2013; Katiyar, Li, 

and Lennarz 2004). In the cytoplasmic nuclear extraction assay that was performed, a 

pattern in which approximately 66% of HR23B resides in the cytoplasm and 39% in the 

nucleus was observed. These results contradicted the above-mentioned findings in IF 

imaging. One hypothesis explaining this deviating pattern might be dissimilar methods 

of measurement in the two experiments. In the extraction assay the total protein amount 

was measured, independently of the size of the cellular compartment from which it was 

extracted. In IF, however, the intensity of the fluorescent signal, which is proportional to 

protein concentration, meaning protein amount per area of the cell, was analyzed. It is 

possible that a larger amount of HR23B is distributed in the relatively bigger cytoplasm, 

resulting in lower concentrations while lower HR23B amounts are distributed in the 

relatively smaller nucleus resulting in higher protein concentrations. To correct this kind 

of distortion of the data, one would have to normalize the protein amounts measured in 

the extraction assay on a protein which is known to be expressed equally in the nucleus 

as in the cytoplasm. Another explanation for the results might be an incomplete lysis of 

the nucleus, which would explain a decreased protein harvest. To decrease this 

possibility, it was ascertained that the nuclear membrane was broken up as best as 

possible performing lysis under harsh conditions and sonifying the samples multiple 

times.  

Katiyar et al. further showed that the localization of HR23B changes depending on the 

cell cycle. During G1 phase HR23B resides in cytoplasm and nucleus, whereas in S 

phase HR23B amount in the nucleus is lowest (Katiyar and Lennarz 2005). Since the 

cell cycle of the cells was not measured prior to performing nuclear cytoplasmic 

extraction assay there is no way to be certain whether an increase of cells in S phase 

might have contributed to the results above. We have however performed cell cycle 

analysis in a different experiment, which showed the highest relative cell amount of 

U2OS WT cells in G1 phase (53%) under normal cultivating conditions at around 85% 

confluency. In addition, Linda Kulka had found that the HR23B amount in U2OS cells is 

highest during the S-phase (data not published).  

Regarding the HR23B immunoblot of the cytoplasmic nuclear extraction assay another 

interesting observation could be made. It was noticeable that the nuclear and total protein 

fraction show two additional bands, one at 53 kDa and one at 38 kDa. Considering that 

these bands were not visible in the cytoplasmic protein fraction, it might be assumed that 

HR23B undergoes additional modification in the nucleus. An interaction with a nuclear 
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protease or caspase might be part of the explanation. To investigate that further, mass 

spectrometry might be used in the future to find new interaction partners of HR23B. 

In conclusion, it could be shown that HR23B levels rise in HR23AKO cells, but not the 

other way around. This suggests that the knockout of HR23A triggers HR23B 

overexpression. It was also shown that HR23B resides both in the nuclear and 

cytoplasmic compartment with contradicting results regarding the ratio of this distribution. 

There are different factors including changes in cell cycle that influence the localization 

of HR23B, which might explain this discrepancy. Lastly, the HR23B immunoblot of the 

nuclear protein fraction showed additional bands, which suggests that HR23B might be 

further modified in the nuclear compartment.  

5.1.2. HR23A and HR23B impact cell cycle progression, cell 
morphology and proteostasis 

In order to gain deeper understanding of HR23As and HR23Bs role in the progression 

of the cell cycle, cell cycle analysis in both knockout cell lines and U2OS cells was 

performed. Here, it was found that in HR23A/BKO cells, the relative cell amount in G1 

phase increases, while it decreases in S phase and G2 phase.  

Separating G1 and S phase there is an important checkpoint which controls proliferation 

of a cell (Bertoli, Skotheim, and de Bruin 2013). The distribution of relative cell amounts 

in the results indicate that due to the knockout of HR23A or HR23B the cell cycle 

progression is inhibited at this point. Diana Panfilova, who cloned the knockout cell lines 

had seen similar patterns in her experiments (data not published). This is also coherent 

with the observations found by Tan et al., who could show that HR23A knockdown 

hinders cells to pass the G1/S phase checkpoint and inhibits proliferation (Tan, Liang, 

and Chuang 2015). On top of that, studies in yeast have also shown that Rad23 is 

involved in the regulation of the cell cycle progression, especially at S phase checkpoint 

(Clarke et al. 2001; Elder et al. 2002). 

The reason why the absence of HR23A and HR23B changes cellular proliferation and 

cell cycle in U2OS cells remains unclear. One possibility might lie in the function of 

HR23A and HR23B in NER. It is known that the majority of NER takes place during G1 

phase although it happens during all phases (Sarkar et al. 2006). The knockout of HR23A 

and B might therefore cause a delay of NER and prolong G1 phase. Another theory might 

be that due to HR23As and HR23Bs function in protein quality control, proteins 

concentrations change due to the knockout. Any shift in proteostasis might also impact 

proteins that are involved in cell cycle regulation and then lead to results as described 

above.  
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The method which was used to analyze the cell cycle is based on the measurement of 

PI signal, using flow cytometry. As a result, cell cycle phase distribution patterns were 

created, and markers were used to quantify the relative cell amounts. The markers were 

set precisely and were aligned throughout all the samples, but there is still room for 

inaccuracies due to the manual technique. Small standard deviations, however, showed 

good reproducibility of the results and the statistical analysis could confirm differences 

between the cell lines. It’s important to note, that the cell cycle analysis performed 

allowed only to investigate one specific point in time and is therefore ill-suited for 

interpretation of the true length of each cell cycle phase. For a more precise result, 

another, more time-consuming method involving 5-bromo-2’-deoxyuridine (BrdU) 

staining could be performed in the future. Here, the DNA is labelled due to BrdU 

incorporation and can be measured consecutively using anti-BrdU antibody and flow 

cytometry (Nowakowski, Lewin, and Miller 1989).  

During experiments where U2OS and HR23A/BKO cells were analyzed using IF imaging, 

a difference in cell morphology became apparent. This observation was quantified using 

Operetta high content analysis system, analyzing the nuclear and cytoplasmic area as 

well as the N/C ratio of each cell line. The results showed an overall decrease of N/C 

ratio in HR23A and HR23BKO cells, mostly due to an increased cytoplasmic area. The 

N/C ratio generally correlates with the protein amount in each of the cell’s compartments. 

Its dynamic in the knockout cells lines might be due to that fact that HR23A and HR23B 

can shuttle proteins between nucleus and cytoplasm (Okeke, Chen, and Madura 2020). 

The absence of those proteins might therefore change overall protein distribution of the 

cell. A change in N/C ratio may in turn have an impact on metabolic rates and cell cycle 

progression (Miettinen and Björklund 2017), which could explain the results of cell cycle 

analysis. 

On the other hand, the change in cell cycle progression might also be the reason of the 

disturbed N/C ratio in HR23A/BKO cells in the first place. Generally, there are two growth 

phases during the cell cycle, one in G1 and the other in G2 phase. Physiologically, the 

N/C ratio of a specific cell stays consistent during these processes (von Hertwig 1903). 

Due to the impact of HR23A/BKO on cell cycle progression however, this regulation might 

be impaired. To explore this further, real-time analysis of the cell cycle and N/C ratio 

would need to be performed. The method using Operetta high content analysis system 

which was used in 4.2.1 had certain strengths and weaknesses. Due to the automated 

approach and controlled conditions a high number of data points could be gathered, 

which showed little scattering. This method, however, is rarely used in the literature to 

measure N/C ratios. The typical method to do this is using flow cytometry. The advantage 
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of measuring the N/C ratio that way is that in flow cytometry the whole cell and whole 

nucleus can be analyzed (Sebastian et al. 2021). In IF imaging the data points were 

calculated using cross sectional areas of the cells and organelles. The dimension in 

which the cells are visualized could alter the real size of the CSA measured and therefore 

lead to inaccurate N/C ratios. Considering that over 2,100 cells were measured in 3 

different biological replicates makes it likely that this effect could be balanced out.  

It is important to look further into this change of nuclear to cytoplasmic ratio because it 

can indicate certain pathologies. Abnormally regulated N/C ratios can for example lead 

to cellular malfunction and might facilitate disease. Especially the related decrease of 

proliferation rates and cell cycle progression can be associated with age-related 

diseases and cancer (Sung et al. 2014).  

Along with cell cycle and N/C ratios the overall rate of translation in the knockout cell 

lines compared to U2OS cells was investigated. In the puromycin incorporation assays 

a decrease of translatory rate in HR23BKO cells could be observed.  

On the first glance the decrease of translatory rate seemed to be incoherent with the 

changes in cell cycle progression observed previously. Translatory rate is high in G1 

phase and since more cells seem to reside in this phase in HR23B knockout cells a 

higher level of translation could be expected. Reduced protein synthesis itself, however, 

can also prevent cells from entering the cell cycle (Øvrebø, Ma, and Edgar 2022). This 

raises the question in what way these two effects are linked.  

Pia Fangmann had already conducted experiments that indicate an interaction between 

HR23B and ribosomal proteins, which might suggest that it regulated their degradation 

(data not published). A decreased degradation of those ribosomal proteins might indicate 

increased translation ability and performance. It is also possible that inhibiting the 

degradation of ribosomal proteins slows down translatory rates since misfolded or 

damaged proteins are not eliminated.  

Puromycin incorporation assays utilize the structural similarity of puromycin to tRNAs to 

measure the rate of newly synthesized nascent chains over a given amount of time. To 

strengthen the specificity of the results, two negative controls were carried along, one 

without puromycin treatment and one with pre-treatment with cycloheximide, which 

inhibits translation. This method can be used as an alternative to approaches with 

radioactive materials and has been shown in the literature to be a good tool for 

investigating global protein synthesis (Schmidt et al. 2009). In recent studies however, it 

could be shown that puromycin can accumulate within subcellular locations, outside of 

active sites of translation making the assays results less accurate (Enam et al. 2020). 
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This might impact the intensity of puromycin measured overall but should not change the 

data comparing the different cell lines.  

Overall, it was found that HR23A/BKO cells showed changes in the cell cycle analysis 

compared to U2OS cells, which hint towards cell cycle arrest at the G1/ S checkpoint. 

On top of that, N/C ratios increased in both knockout cell lines, which might relate to the 

changes in cell cycle progression. Furthermore, a decrease in translatory rate in 

HR23BKO cells could be measured.  

5.2. HR23B alters the aggregation behavior of pathological 
Htt 

Proteasome shuttling factors like HR23A and HR23B have been shown to interact with 

ubiquitinated proteins and facilitate their transport towards the proteasome (Chen and 

Madura 2002). Ubiquitinated proteins are targeted for degradation due to different 

reasons, one including protein misfolding. Waelter et al. for example demonstrated that 

impairment of the UPS leads to an accumulation of misfolded exon 1 of the protein Htt 

(Waelter et al. 2001), which suggests that the UPS is involved in its degradation.  

In this study different constructs of exon 1 Htt with pathological (97Q) and physiological 

(20Q) glutamine repeat lengths were used, which were previously sequenced and tested 

in Western Blot by Linda Kulka. The aim was to investigate whether HR23A and HR23B 

are interacting with Htt and analyze how they might influence its morphology and 

aggregation behavior.  

Htt is a very large protein with an estimated size of 350kDa. The mutation which causes 

increased glutamine repeats and eventually leads to the outbreak of HD is located in 

exon 1 of the HTT gene. This is why the sole expression of exon 1 has been widely used 

by the scientific community and is sufficient in creating the pathological phenotype of HD 

in various models (Bates, Mangiarini, and Davies 1998; Mangiarini et al. 1996).  

In the first experiments Htt was visualized using immunofluorescence in U2OS cells. 

Htt20Q showed to be evenly distributed within the cell, whereas Htt97Q formed 

perinuclear inclusions. Β-amyloid structures could be identified in these inclusions using 

the two different aggregate-stains X-34 and Proteostat®. X-34 is a fluorescent derivative 

of congo red and specifically stains amyloid structures (Styren et al. 2000). Proteostat®, 

however, stains aggregates less specifically, most likely due to their hydrophobic 

structures (Navarro and Ventura 2014). The results are similar to the ones Waelter et al. 

found investigating the distribution pattern of pathologically elongated Htt in HEK cells 

(Waelter et al. 2001).  
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After successful expression of physiological and pathological Htt in U2OS cells the 

impact of HR23A and HR23B on their morphology and distribution was investigated. 

Visualizing the aggregates in U2OS and HR23A/BKO cell lines using IF showed that Htt 

aggregates appeared larger and less dense in both knockout cell lines. This observation 

was quantified using two different approaches. With ImageJ software, a different number 

of aggregates were measured in each cell line. (U2OS n=126, HR23AKO n=8, HR23BKO 

n=58). It was discovered that the CSA increased in HR23AKO and HR23BKO cell lines. 

Although the statistical analysis showed relevant changes in CSA, the manual approach 

made a selection bias likely to have an impact on the results. Also, the differing number 

of aggregates measured, especially the low number of data points in HR23AKO cells, 

resulted in higher standard deviations and made a distortion of the results possible.  

In the second approach, an automated protocol was established involving Operetta high 

content analysis system, which resulted in a specific recognition of Htt aggregates. The 

results verified the increased CSA of Htt97Q aggregates in HR23BKO cell lines but 

showed no difference in CSA comparing WT and HR23AKO cells.  

These data suggest that HR23B has an influence on the morphology of Htt97Q 

aggregates. This could be due a decreased degradation of misfolded Htt in HR23BKO 

cells, leading to an increased accumulation of the misfolded species and therefore to 

larger aggregates. Especially Htt species that are further away from the proteasome 

might be less likely to be recognized and degraded when HR23B is absent. In HR23AKO 

cells, however, Htt aggregates showed similar CSAs compared to WT. The results in 

4.1.1 suggested that HR23B concentrations might increase in HR23AKO, which could 

lead to a compensation of the loss of the protein. Another reason for this outcome might 

be that HR23Bs overall concentration had been shown to be around 10x higher than 

HR23As (Okuda et al. 2004). The knockout of HR23B might therefore have a larger 

impact on Htt aggregates.  

It remains unclear whether the formation of aggregates in HD is serving as a protective 

mechanism of the cell or if it leads to disease progression. Therefore, an increase of the 

CSA of Htt aggregates does not necessarily result in an increased toxicity for the cell. In 

other neurodegenerative diseases like Parkinson’s disease, oligomeric species of α-

synuclein have been shown to drive toxicity in numerous studies (Prots et al. 2013; 

Winner et al. 2011). In Alzheimer’s disease smaller fragments of misfolded proteins have 

also been shown to be more effectively propagated, which leads to faster progression of 

the illness (Jucker and Walker 2011). The increased CSA of the Htt aggregates could 
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therefore even have a protective effect on the cell. To investigate that further, cell viability 

or toxicity assays would need to be performed.  

In the next step, the aggregate/cell ratio was measured to investigate whether the 

number of aggregates per cell changed due to HR23A or HR23B knockout. Using anti-

GAPDH antibody, it was possible to visualize the cell borders and the same protocol of 

Operetta high content analysis system, as mentioned above, was used to detect Htt 

aggregates for analysis. The results showed an increased aggregate/cell ratio in 

HR23BKO cells compared to WT and HR23AKO cells. Comparing WT with HR23AKO cells 

showed no effect. An increased number of aggregates per cell in HR23BKO indicated that 

in the absence of HR23B either more aggregates are formed or less are degraded. Linda 

Kulka could also show that overexpression of HR23B achieved the opposite effect and 

resulted in a decreased aggregate/ cell ratio compared to control conditions. This 

increase in aggregate frequency could have an impact on the spreading of the disease 

within the nervous system and therefore on its progression. 

To draw a connection between HR23B and pathological Htt, IF staining was performed 

to colocalize the two proteins. It was visible that in all conditions HR23B is distributed 

across the whole cell, showing more intense signals in the nucleus. In Htt97Q transfected 

cells it could be observed that HR23B colocalizes with perinuclear Htt structures. Using 

a non-confocal microscope, an interference of signals is possible. It is noticeable 

however that the pattern of HR23B and Htt signals is not identical, which makes a bleed 

through in between the channels unlikely. Yang et al. could show that HR23B colocalizes 

in a similar pattern with pathologically elongated Htt (Yang et al. 2018). In models for 

amyotrophic lateral sclerosis and frontotemporal dementia, HR23B had been shown to 

colocalize with aggregates of multiple pathogenic proteins (Riemslagh et al. 2019; Zhang 

et al. 2016). Interestingly, Linda Kulka could show similar colocalization patterns and 

even show that overexpression of HR23B lead to a change of aggregation behavior of 

Htt97Q (data not published). 

For further analysis of the interaction between HR23B and pathological Htt, CO-IP 

experiments were performed. In this case, cells were transfected with GFP-tagged Htt 

and precipitation performed using GFP antibody. The results show that the GFP signal 

of GFP-Htt74Q increased substantially in the IP sample, which demonstrated a 

successful pulldown of the Htt construct (see figure 17). Additionally, the anti-HR23B 

immunoblot showed a faint band at approximately 53 kDa in the IP of GFP-Htt74Q 

transfected cells. Although this band ran slightly lower than expected, it is interesting to 

note that it does not appear in the negative controls. This makes it less likely to be an 
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unspecific signal. However, the experiment was only performed once and would need to 

be replicated to make a better statement.  

If it were a specific signal, the question would remain why it runs lower than the usual 

HR23B protein. It is possible that HR23B undergoes further proteolytic modification 

which leads to a smaller variant of the protein. In the immunoblot of the nuclear 

cytoplasmic extraction assay, a comparable band was visible in the total and nuclear 

protein fraction, which indicated a possible interaction with a nuclear protease that led to 

this result. 

In addition to the CO-IP experiments, filter retardation assays were performed with the 

similar aim of detecting an interaction between pathological Htt and HR23B. This method 

has been used before to detect and quantify different polyglutamine aggregates (Sin et 

al. 2018). In this case U2OS cells transfected with GFP tagged constructs of Htt74Q, 

Htt23Q, as well as peGFP and pcDNA3 as controls, were filtered through CA and NC 

membranes to separate aggregated from non-aggregated proteins. These membranes 

were analyzed using different antibodies and one example of resulting dot blots is shown 

in figure 24 (appendix). In the first blot, the successful transfection of GFP tagged 

constructs could be verified using anti-GFP antibody. Other than expected, however, 

non-aggregating proteins such as GFP-Htt23Q and peGFP were detected on the CA 

membrane. It is possible that this is because the protein concentration in the samples 

was too high, surpassing the filtering capacity of the CA membrane. Also, GFP-Htt74Q 

signal was detected on the NC membrane, suggesting that not all GFP-Htt74Q species 

were present in their aggregated form. In the anti-HR23B blot signals could be detected 

on both membranes in every condition. The intensity of the HR23B signal, however, 

decreased in the GFP-Htt74Q sample on the NC membrane. This could indicate that 

HR23B interacts with pathological Htt and is therefore part of aggregate complexes 

which get filtered by the CA membrane. On the other hand, the anti-GFP blot contradicts 

this idea, since the GFP signal itself does not decrease on the NC membrane in GFP-

Htt74Q transfected samples. Furthermore, the anti-actin blot, used as the control, 

showed inconsistent signals, indicating varying protein concentrations.  

Unfortunately, due to inconsistent results and contradicting signals in the control blot it 

is not possible to draw any direct conclusion from these experiments. The method itself 

is promising, however, and in order to produce viable results the method would have to 

be optimized. One possibility would be to create different lysate dilutions and test for the 

ideal protein concentration, ensuring strong immunoblot signal while not surpassing the 

filtering capacity of the CA membrane. On top of that, the protocol for the anti-oligomer 
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and anti-amyloid fibril blot would have to be adjusted to reduce background and increase 

specific signal.  

The experiments concerning the interaction of the shuttling factors with pathological Htt 

were first performed only concerning HR23B. Research was able to show, however, that 

Rad23A, the homologue of HR23A in yeast, interacts with Htt using a yeast two-hybrid 

screening technique (Haenig et al. 2020). Further investigation of the interaction between 

HR23A and Htt in a human model would therefore be crucial to be performed in the 

future.  

Regarding all experiments, it could be shown that HR23B and in some cases HR23A 

influenced the aggregation morphology and frequency of pathological Htt. The cell-based 

model of HD was first tested and the formation of aggregated was confirmed with two 

different aggregate stains using IF. Then it was found that the CSA of Htt97Q aggregates 

increased, as well as the aggregate/ cell ratio increased in HR23BKO cells. In HR23AKO 

cells the CSA of Htt97 aggregates showed a tendency to be increased in the IF images 

obtained, however this proved not to be statistically relevant. The aggregate/cell ratio, 

however, increased significantly. Also, it could be shown that Htt97Q colocalizes with 

HR23B in IF and one CO-IP experiment hinted towards a direct interaction between the 

two proteins. 

In all the experiments above, U2OS cells served as a model organism. These cells were 

chosen firstly because the proteins of interest HR23A and HR23B could be easily 

detected (New et al. 2013) and on top of that due to the larger N/C ratio, which made it 

easier to detect and quantify subcellular structures. Concerning the applicability of the 

results, a cell line with neuronal origin would have been a more ideal model for HD. To 

improve this, Helena Grebenchuck aimed to establish HR23A and HR23B knockout cell 

lines in neuronal SH-SY5Y cells for experiments in the future.  
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5.3. HR23B modulates the effect of HDACi treatment on cell 
cycle and translatory rates of U2OS cells 

In another part of this research project, the impact of HDACi treatment on U2OS, 

HR23AKO and HR23BKO cells and how HR23 proteins modulate this effect was 

investigated. When treating cells with the HDACi, histone-deacetylases are inhibited 

which results in hyperacetylation of proteins. This posttranslational modification can 

occur N-terminally or on lysine residues (K-acetylation). It could be significant to 

investigate whether this PTM competes with K-ubiquitination and therefore impacts the 

functioning of the UPS. A change of ubiquitination patterns might have a great impact on 

the degradation mechanisms in the cell and therefore also on misfolded protein species. 

In this section preliminary experiments were performed, which targeted the impact of 

HDACi on the cell cycle and translatory rates of U2OS cells as well as HR23A/BKO cells. 

These results might be used as a basis for further investigations of the impact of HDACi 

on the UPS and the role of HR23 proteins in this context in the future.  

In the first experiment performed with HDACi treatment 4.4.1, cell cycle analysis of SAHA 

(Vorinostat) treated cells was carried out. Vorinostat is a pan-HDACi, which inhibits a 

broad range of histone deacetylases and was approved for clinical use in cutaneous t-

cell lymphoma in 2006 (Mann et al. 2007). It is not fully understood what drives the anti-

cancer effect of HDACi treatment. It is suggested however, that altered acetylation 

patterns of cytoplasmic proteins might reveal more targets for PQC systems such as 

molecular chaperones and the UPS. It has also been shown that HDACi can induce 

apoptosis and promote protein misfolding (Kulka et al. 2020), which may lead to 

increased cancer cell death. Vorinostat has been tested in multiple clinical trials for 

different cancer therapies and as a therapeutic agent in neurodegenerative disorders.  

Similar to the cell cycle analysis in 4.2.2, U2OS, HR23AKO and HR23BKO cells were used 

and different concentrations of SAHA were added for 24 h. It was noticeable that with 

rising concentration of HDACi treatment, the distribution of cells in the different cell cycle 

phases changed. The number of cells in subG1 phase which represented debris and 

dead cells rose with increasing SAHA concentration. This is coherent with studies of 

HDACi treatment that showed increased cell toxicity and cell cycle arrest (Natarajan et 

al. 2019). Comparing this effect between HR23A/BKO and WT cells indicated no 

difference. This suggests that the knockout of HR23 proteins does not impact the overall 

rate of apoptosis under HDACi treatment. Especially in HR23BKO cells, a desensitization 

against HDACi would have been expected since it had been found that cell toxicity of 

SAHA/ Vorinostat was HR23B-dependent in some cancer types (Hurwitz et al. 2012). 
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HR23B had also been found to serve as a sensitivity biomarker for HDACi induced 

apoptosis (Khan et al. 2010). It is possible that analyzing the subG1 phase and 

correlating it to the rate of apoptosis does not create results that are sensitive enough to 

demonstrate this dependency. In the subG1 population the DNA is fragmented, which is 

often a result of apoptosis, but can also represent aneuploid cells. To measure the rate 

of apoptosis more precisely, an additional staining with annexin V for example could be 

performed in the future (van Engeland et al. 1998).  

Looking at G1 and S phase, the quality of the effect of HDACi treatment changed 

comparing the two knockout cell lines and the WT. In G1 phase, an exaggerated 

decrease of relative cell amounts in HR23AKO compared to HR23BKO cells in all SAHA 

concentrations could be observed. Interestingly, comparing either knockout cell line to 

the WT showed no effect. It is possible that this is due to the effect that was observed in 

4.1.3. Here, HR23B expression levels seemed to be higher following the HR23A 

knockout compared to the WT. This might explain the greater effect when comparing the 

two knockout cell lines with each other rather than with the WT. Since finishing this study, 

the results of 4.1.3 could be statistically verified by Linda Kulka (data not published). 

The change of relative cell amount under HDACi treatment was most diverse during S-

phase. Here, in HR23BKO cells the relative cell amount increased (see fig. 16), while the 

relative cell amounts in HR23AKO stayed the same and even decreased in U2OS cells. 

The increase of relative cell amounts in S phase of HR23BKO cells was only statistically 

relevant in the condition with the highest concentration of SAHA (10µM). In HR23AKO a 

slight tendency of increase of cells in S phase could be observed, although the data 

points vary too much to verify this statistically. The question remains, why this tendency 

is so diverse to what is observed in U2OS cell under HDACi treatment. In 4.2.2 it had 

been observed that the knockout of HR23 proteins led to cell cycle arrest or inhibition at 

G1/S phase checkpoint. Looking at the results from 4.4.1 it seems as though HDACi 

treatment might reverse this effect. One hypothesis might be that the degradation of 

certain cell cycle inhibitors is dependent on HR23 proteins, which may lead to their 

accumulation upon knockout. Treatment with HDACi, which enhances acetylation, may 

then interfere on the same residues of ubiquitination, and target them for degradation via 

ubiquitin-independent routes leading to disinhibition of the cell cycle.  

Drawing information from the cell cycle analysis, it was established that HDACi treatment 

with 5 µM SAHA for 24 h was the appropriate concentration to show the greatest effect 

with the least amount of cell loss due to toxicity. This is why this concentration was used 

to repeat puromycin incorporation assays and investigate the translatory rates of U2OS 
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and HR23A/BKO cells under the treatment. It was found that incubating the cells with 

HDACi lead to a decrease in overall translatory rates in all cell lines. The control 

conditions that were treated with DMSO showed similar results, comparing the different 

cell lines as in 4.2.3, which further verified these findings and the impact of HR23B 

knockout on translatory rates of the cell. When comparing the relative decrease of 

translatory rates in the different cell lines it could be observed that in HR23BKO cells 

translatory rates were overall lower but less impacted by HDACi treatment. As mentioned 

before, it had been shown that the toxicity of HDACi is dependent on HR23B (Hurwitz et 

al. 2012). The knockout of the protein might therefore also lead to decreased impact of 

HDACi translatory rates of the cells. 

In summary, it could be observed that HDACi treatment impacts both cell cycle 

progression and translatory rate in U2OS and HR23A/BKO cells. In case of HR23BKO, the 

relative number of cells in S phase increased under 10 µM SAHA treatment, whereas it 

decreased in U2OS cells or stayed the same in HR23AKO. Also, the decrease of 

translatory rate under HDACi treatment was less intense in HR23AKO and HR23BKO, 

compared to U2OS cells.  

As mentioned before, these experiments were conducted as groundwork to investigate 

the impact of HDACi on the UPS in the context of protein misfolding and 

neurodegenerative diseases. Going along with this, Linda Kulka had already performed 

IF staining of Htt97Q transfected U2OS cells under HR23B overexpression and 

consecutive HDACi treatment. The results showed that Htt97Q aggregates could be 

dissolved under HR23B overexpression and treatment with an HDACi could reverse this 

effect (data not published). This result suggests that there might be a connection 

between the role of HR23B and HDACi treatment in the context of protein misfolding, 

which would need to be investigated further.  
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6. Conclusion 

The aim of this work was to investigate the influence of proteasome shuttling factors 

HR23A and HR23B on misfolded Htt, specifically focusing on aggregate morphology and 

distribution as well as protein-protein interaction. First, using IF, Htt could be visualized 

in U2OS cells, showing that pathological Htt forms aggregates, whereas physiological 

Htt was distributed evenly in the cell. The formation of Htt aggregates could here be 

verified using two different aggregate stains Proteostat® and X-34. On top of that, when 

visualizing HR23B in IF, co-localization of the proteasome shuttling factor and Htt 

aggregates could be observed. Then, in one CO-IP experiment, a small amount of 

HR23B in the precipitate of pathological Htt could be observed.  

Having verified the accurate expression of the Htt constructs, the morphology and 

frequency of Htt aggregates was then analyzed in HR23A/BKO cells. Using two different 

approaches, the CSA of Htt aggregates was measured. Both showed an increase of CSA 

in HR23BKO cells. In HR23AKO cells, the aggregates also showed a tendency to have 

increased CSAs, which could be quantified in only one of the two experimental 

approaches. Additionally, an increase in aggregate/cell ratio could be observed in 

HR23BKO cells. This showed that the absence of HR23B might modulate aggregate 

formation and distribution of pathological Htt. What is not known yet is whether the 

increase of CSA correlates with higher or lower toxicity of the aggregates and whether 

the aggregates might also be less dense compared to WT. To answer these questions 

more research will have to be made.  

Another major part of this work was the further characterization of HR23A’s and 

HR23B’s. function, primarily focusing on the effect of their knockout on cell cycle, cell 

morphology and translatory rate. It could be observed in WB that HR23B expression 

levels rise in HR23AKO cells, which might explain the phenomenon that HR23AKO showed 

less effect in many experiments and might suggest that HR23B can replace HR23A in 

its function. In cell cycle analysis it was observed that in HR23AKO and HR23BKO cells 

the relative cell amount in G1 phase increases, while it decreases in S phase and G2 

phase. This might lead to the inhibition of cell cycle progression, and therefore cell 

proliferation. In the Operetta experiment it could further be shown that the N/C ratio 

decreases in HR23AKO and HR23BKO. Any change in N/C ratio can be a sign of pathology 

in a cell and is likely to correlate with lower proliferation rates. Along with this, using 

puromycin incorporation assays, it could be shown that also the translatory rate 

decreases in HR23B knockout. In conclusion, HR23BKO seems to lead to a decrease of 

cellular proliferation and overall protein synthesis. What mechanism is behind those 
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effects remains unclear. Elucidating their role in cellular homeostasis, however, is crucial 

for example in predicting possible side effects of future therapeutic interventions.  

In the third part of the project, the effects of HDACi Vorinostat on cell cycle and 

translatory rates in U2OS and HR23A/BKO cells were investigated. These experiments 

served as preliminary data for further research on the effect of acetylation on the UPS 

and on misfolded proteins. HDACi treatment led to decreased translatory rates in all cell 

lines, however, HR23A/BKO cells showed lower levels of translatory decline. This might 

suggest that the absence of HR23A and HR23B might lead to decreased HDACi efficacy. 

In cell cycle analysis the most diverse effect was observed during S phase, HDACi 

treatment led to a decrease in relative cell amount in WT cells, but in increase in 

HR23BKO. Why this effect is obtained will need to be investigated in further research.   

This study has shown that proteasome shuttling factors HR23A and HR23B modulate 

the aggregation behavior of pathological Htt in a cellular model and their knockout leads 

to significant changes in protein homeostasis of a cell. To gain more insight and to 

improve the applicability of these results further experiments in neuronal cell lines should 

be continued. On top of that, it is important to investigate whether the change of 

aggregation behavior in Htt is beneficial or toxic for the cell and for disease propagation. 

Nonetheless, these results shed light on the abundance of mechanisms that shape 

protein quality control and might be used in the future to create new therapeutic 

strategies for age-related neurodegenerative disease like HD. 
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8. Research theses 

I. HR23B is expressed in both cytoplasm and nucleus of U2OS cells. 

 

II. HR23B expression levels increase in HR23AKO cells. 

 

III. HR23B and HR23A knockout leads to the inhibition of cell cycle progression at 

the G1/S checkpoint, signified by relative accumulation of cells in G1 phase and 

decrease in S and G2 phase in U2OS cells. 

 
IV. HR23B knockout leads to decreased translatory rates in U2OS cells.  

 

V. Pathologically elongated Htt forms perinuclear aggregates in U2OS cells, 

whereas physiological Htt is distributed evenly. 

 
VI. HR23B and pathological Htt colocalize in IF imaging in U2OS cells. 

 
VII. HR23B knockout leads to increased CSA of pathologically elongated Htt in U2OS 

cells. 

 
VIII. HR23B knockout leads to increased aggregate/ cell ratio of pathologically 

elongated Htt in U2OS cells. 

 

IX. HR23A and HR23B knockout decrease the effect of HDACi treatment on cell 

cycle progression in U2OS cells. 

 

X. HR23A and HR23B knockout decrease the effect of HDACi treatment on 

translatory rates in U2OS cells. 
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IV. Appendix 

i. Full-size immunoblots of 4.1.1 

In 4.1.1 nuclear cytoplasmic extraction assays were performed to localize HR23B within 

the cell compartments. Here, the controls of the nuclear and cytoplasmic protein fractions 

are depicted in full size alongside with their Ponceau staining. To verify the purity of the 

nuclear protein fraction anti-Histone H3 antibody was used, for the cytoplasmic protein 

fraction anti-β-tubulin antibody was used.  

Figure 23: Full size control immunoblots of 4.1.1. 

In this figure anti-histone H3 immunoblot, and anti-β-tubulin immunoblots and their corresponding 
Ponceau S staining are depicted in full size.  

 

ii. Filter retardation assay of Htt constructs 

In addition to the CO-IP (see 4.3.5) that was performed to detect an interaction between 

GFP-Htt74Q and HR23B, filter retardation assays were carried out with similar intention. 

Here, cell lysates were filtered through a CA membrane to separate aggregated proteins 

from non-aggregated proteins. On top of that, the aim was to investigate whether HR23B 

and pathological Htt could both be detected within those aggregates using dot blot. 

In this experiment, U2OS cells were transfected with GFP tagged Htt constructs (GFP-

Htt74Q, GFP-Htt23Q as well as peGFP and pcDNA3 as a control) using GeneJuice 

(see protocol 3.2.3.4). The cells were then lysed, and equal amounts of protein were 

used to perform the filter retardation assay (protocol 3.2.2.8). The two different 

membranes were then analyzed using primary and secondary antibodies with similar 
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concentrations as in Western Blot. Here, anti-GFP, anti-HR23B, anti-oligomer and anti-

amyloid fibril were used to detect the corresponding proteins and anti-actin was used as 

a control. In the anti-GFP blot, a strong signal was detected in all conditions except the 

pcDNA3 control. GFP-Htt74Q could be detected on both CA and NC membrane. 

Aggregated GFP-Htt74Q was detected on the CA membrane, as well as the NC 

membrane. Other than expected non-aggregating proteins such as GFP-Htt23Q and 

peGFP were also detected on the CA membrane. HR23B could be visualized in all 

samples on the CA and NC membrane. The anti-HR23B dot blot of Htt7Q transfected 

sample seemed less intense on the NC than the CA membrane. 

Figure 24: Dot blot of filter retardation assay using U2OS cells transfected with GFP-
tagged Htt constructs. 

U2OS cells were transfected with GFP-tagged GFP-Htt23Q and GFP-Htt74Q as well as the empty 
vectors peGFP and pcDNA3 as controls. Cells were lysed and filter retardation assay with a CA 
and NC membrane was performed (protocol see 3.2.2.8). Samples were filtered through both 
membranes using vacuum. Both membranes were afterwards analyzed using anti-GFP, anti-
HR23B, anti-oligomer and anti-amyloid fibrils antibody (concentrations see 3.1.9.1). Anti-actin 
served as a control.  

The anti-oligomers immunoblot showed that no oligomeric species could be detected on 

the CA membrane. On the NC membrane, oligomers could be visualized in samples 

pcDNA3 and GFP-Htt23Q. The anti-amyloid fibrils showed high background and no clear 

signals in any of the samples and both membranes. The CA membrane anti-actin control 

showed clear signals in all samples except GFP-Htt74Q. On the NC membrane, anti-

actin signals were less clear, but the same pattern could be detected. 
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