
Department of Dermatology and Allergic Diseases 

University of Ulm, Germany 

Chair: Prof. Dr. Karin Scharffetter-Kochanek 

 

 

 

 

 

A DNA repair-independent pathomechanism in 

Cockayne syndrome 

 

 

Dissertation submitted in partial fulfillment of the requirements for the degree of „Doctor of 

Philosophy“ (PhD) of the Medical Faculty of Ulm University 

 

 

 

 

 

Marius-Costel Alupei 

Vatra Dornei (Romania) 

2017 



1 
 

1. Dean/Chairman of the Graduate School 

 Dean:    Prof . Dr. Thomas Wirth 

     Institute of Physiological Chemistry  

     University of Ulm, Germany 

 Chairman:   Prof. Dr. Michael Kühl 

     Institute of Biochemistry and Molecular Biology 

     University of Ulm, Germany 

 

2. Thesis Advisory Committee: 

 First supervisor:   PD. Dr. Sebastian Iben 

     Department of Dermatology and Allergic Diseases  

     University of Ulm, Germany 

 Second supervisor:   Prof. Dr. Hartmut Geiger 

     Institut of Molecular Medicine and Stem Cell Aging 

     University of Ulm, Germany 

 Third supervisor:   PD Dr. Cagatay Günes 

     Urology Clinic 

     University of Ulm, Germany 

 

3. External reviewer:   Prof. Dr. Martin Teichmann 

     Institut Européen de Chimie et Biologie (IECB) 

Université de Bordeaux, France 

 

 

 

4. Day doctorate awarded:   January 17th, 2018 

 

 

 

 



2 
 

Table of contents 

ABBREVIATIONS ....................................................................................................... 5 

1. INTRODUCTION ..................................................................................................... 7 

1.1 Cockayne syndrome ............................................................................................ 7 

1.1.1 Clinical features of CS ............................................................................................... 7 

1.1.2 Molecular mechanisms behind CS ........................................................................... 9 

1.1.3 Current status of CS understanding ....................................................................... 12 

1.2 Ribosomal biogenesis ........................................................................................ 13 

1.2.1 The structure of rDNA transcription units ............................................................. 14 

1.2.2 Ribosomal RNA processing and maturation of ribosomes .................................... 14 

1.3 Transcription deficiency in Cockayne syndrome ................................................. 16 

1.4 Aim of the study ................................................................................................ 19 

2. MATERIALS AND METHODS ................................................................................. 20 

2.1 Cell culture and cell lines ........................................................................................... 20 

2.2 Mouse experiments ................................................................................................... 20 

2.3 RNA isolation and cDNA synthesis ............................................................................ 21 

2.4 PCR ............................................................................................................................. 21 

2.4.1 Semi-quantitative PCR ............................................................................................ 21 

2.4.2 Quantitative PCR .................................................................................................... 22 

2.5 Whole cell lysates preparation .................................................................................. 23 

2.6 Polysomal profiling  ................................................................................................... 24 

2.7 Western blot (WB) ..................................................................................................... 24 

2.8 ELISA .......................................................................................................................... 25 

2.9 Transfection and luciferase assay ............................................................................. 26 

2.10 BisANS assay ............................................................................................................ 26 

2.11 Protein carbonylation .............................................................................................. 27 

2.12 Protein degradation  ............................................................................................... 27 

2.12.1 Proteasome activity assay .................................................................................... 27 

2.13 ER stress measurement ........................................................................................... 27 

2.13.1 ER stress induction ............................................................................................... 28 



3 
 

2.13.2 XBP1 splicing......................................................................................................... 28 

2.14 Reactive oxygen species measurement  ................................................................. 29 

2.15 Determination of apoptotic cells ............................................................................ 29 

2.16 Metabolic labeling  .................................................................................................. 29 

2.17 RNA Sequencing ...................................................................................................... 30 

2.18 Statistics .................................................................................................................. 31 

3. RESULTS .............................................................................................................. 32 

3.1 CS proteins affect RNA polymerase I activity and ribosomal biogenesis .................. 32 

3.1.1 Impaired RNA polymerase I transcription in CS cells ............................................. 32 

3.1.2 Protein synthesis is decreased in CS cells  ............................................................. 33 

3.1.3 The ratio between ribosomal content and protein synthesis is reduced in CS 

cells .................................................................................................................................. 34 

3.1.4 Polysomal profiling in CS cells ................................................................................ 35 

3.2 Translation deficiency and ROS levels in CS cells ...................................................... 36 

3.2.1 High translation inaccuracy in CS cells ................................................................... 36 

3.2.2 Proteins from CS cells show susceptibility to unfolding ........................................ 38 

3.2.3 Increased ROS levels in CS and UVsKO cells ........................................................... 39  

3.2.4 Elevated protein carbonylation in CS cells ............................................................. 40 

3.3 Reduced protein degradation in CS cells .................................................................. 41 

3.4 ER stress activation .................................................................................................... 42 

3.4.1 Activated ER stress markers GRP78 and P-eIF2α in CS cells .................................. 42 

3.4.2 Chemical chaperones prevent ER stress-induced apoptosis ................................. 43 

3.4.3 Chemical chaperones restore RNA polymerase I activity and stimulate 

 protein synthesis ............................................................................................................ 46 

3.4.4 TUDCA-dependent de-repression of RNA polymerase I transcription is  

mediated by the PERK pathway ...................................................................................... 47 

3.4.5 XP/CS cells show activated ER stress markers ....................................................... 48 

3.5 Stable variation frequencies of the rRNA in CS cells ................................................. 50 

3.6 Csbm/m mice phenotype ............................................................................................. 51 

3.6.1 ER stress and RNA polymerase I activity in Csbm/m mice ....................................... 51 



4 
 

4. DISCUSSION ........................................................................................................ 54 

5. SUMMARY .......................................................................................................... 62 

6. REFERENCES ........................................................................................................ 64 

ACKNOWLEDGEMENTS  .......................................................................................... 70 

STATUTORY DECLARATION ..................................................................................... 71 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5 
 

ABBREVIATIONS 

ATP    Adenosine triphosphate 

BSA    Bovine serum albumin  

cDNA    Complementary DNA 

CPD    Cyclobutane pyrimidine dimer 

CS    Cockayne syndrome 

CSA/CSB    Cockayne syndrome protein A/B 

DAR    Domain associated repair 

DDB1    DNA damage binding protein 1 

DMEM    Dulbecco’s Modified Eagle Medium 

EDTA    Ethylenediaminetetraacidic acid 

ER    Endoplasmic reticulum 

ERCC    Excision repair cross-complement group 

FBS    Fetal Bovine Serum  

GG-NER   Global genome nucleotide excision repair    

IGS    Intergenic spacer 

mRNA    Messenger RNA 

mTOR    Mammalian target of rapamycin 

NER    Nucleotide excision repair 

NOR    Nucleolar organizing regions  

PAGE    Polyacrylamide gel electrophoresis 

PCR    Polymerase chain reaction 

ROS    Reactive oxygen species 

rDNA    Ribosomal DNA 

rRNA    Ribosomal RNA 

RPs    Ribosomal proteins 

SDS    Sodium dodecyl sulphate 

snoRNP   Small nucleolar ribonucleoprotein  

TC-NER   Transcription-coupled nucleotide excision repair  

TEMED    N,N,N’,N’-tetramethylethylenediamine 



6 
 

TFIIH    transcription factor II H 

TTD    Trichothiodystrophy 

UBF    upstream binding factor 

UPR    Unfolded protein response 

UV    ultraviolet 

UVsS    UV-sensitive syndrome  

UVSSA    UV-stimulated scaffold protein A 

XP    Xeroderma pigmentosum  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



7 
 

1. INTRODUCTION 

 

1.1 Cockayne syndrome 

1.1.1 Clinical features of CS 

Progeroid syndromes can accurately recapitulate distinct aspects of intrinsic ageing and are 

therefore qualified as excellent ageing models for understanding physiological ageing 

processes. Although the responsible mutations for most progerias are well characterized, the 

molecular mechanisms that accelerate the ageing process are not well understood. One 

example is the childhood progeria Cockayne syndrome, described approximately 90 years ago, 

but the intrigued molecular background did not allow a full understanding of the disease, nor 

any possible therapeutic intervention. 

Cockayne syndrome, also known as Neill-Dingwall syndrome, is a rare autosomal recessive 

multisystem disorder (Laugel et al., 2010). The disease is characterized by severe growth 

failure, mental retardation, microcephaly, cutaneous photosensitivity, sensorial impairment, 

dental decay and a typical facial appearance with deep sunken eyes (shown in Figure 1). The 

first cases have been reported in 1936 by Edward Cockayne in a paper entitled ‘Dwarfism with 

retinal atrophy and deafness’ (Cockayne, 1936), and a later follow-up on the same patients 

was published 10 years later, describing new clinical features (Cockayne, 1946). The disease 

was characterized also later on in 1950 by Mary M. Dingwall and Catherine A. Neill, with two 

new cases (Neill and Dingwall, 1950).  

The incidence of CS is 1 in 250,000 live births, with a prevalence of 2.5 per million and a 

relatively uniform geographic distribution (Karikkineth et al., 2017; Kubota et al., 2015; Laugel, 

2013; Natale, 2011; Rapin et al., 2006; Wilson et al., 2016).  
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According to the severity of the disease, CS has been grossly classified in CS type I, II and III, or 

more specifically named early-onset (type II), late-onset (type III) and classical (type I) – as 

initially described in the first patients (Nance and Berry, 1992). CS is a progressive disease, 

with a spectrum of clinical severity and most of the symptoms appear and worsen with time 

(Laugel et al., 2008). Although most CS patients display very similar features, the time of onset 

and progression are different, and define more clearly each subgroup. The typical 

characteristics of CS patients include cachectic dwarfism, wrinkled skin, loss of subcutaneous 

fat, beaked nose and stooped posture (Karikkineth et al., 2017). A common hallmark of CS 

patients is the sensitivity to UV light, even short exposures being able to cause severe skin 

burns (Leech et al., 1985). This sensitivity to UV light has been the base for the diagnosis of 

CS, in particular the lack of recovery of RNA transcription after UV light-induced DNA damage. 

However, a more precise diagnosis of patients was possible after genetic confirmation became 

available, and all the genes responsible for the disease were known (Laugel, 2013).   

  

 

 

 

Figure 1. Cockayne syndrome patients. Picture of two Cockayne syndrome patients in the first 4 

years of life. Typical CS facial features can be observed only after around two years of life (adopted 

from Wilson et al. 2015 (Wilson et al., 2016), available under Creative Commons Attributions-

Noncommercial licence, CC BY-NC-ND 4.0, http://creativecommons.org/licenses/by-nc-nd/4.0/). 
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1.1.2 Molecular mechanisms behind CS 

 Genetic background 

Mutations in the Cockayne Syndrome B gene (ERCC6 or CSB gene) account for the majority 

(70%) and the most severe forms of CS. Cockayne syndrome A gene (ERCC8 or CSA gene) is 

responsible for about 20% of the cases, and generally the patients display milder symptoms 

(and normally diagnosed with type I CS). Additionally, a number of patients with mutations in 

the XPB, XPD, XPG and XPF genes show somatic features of CS. These patients also display 

increased risk of skin cancer on the sun-exposed areas, a feature characteristic for Xeroderma 

pigmentosum patients.  

 Involvement in the DNA repair after UV irradiation 

As CS proteins are involved in transcription-coupled repair (TCR), a subpathway of nucleotide 

excision repair (NER), CS has been traditionally regarded as a DNA damage disease. NER and 

its subpathways are depicted in figure 2. 

CSB is an essential factor of TCR, binding to DNA and modifying the DNA conformation, 

creating an interface between stalled RNA Polymerase II and the DNA. Therefore, CSB is crucial 

for the TCR complex formation. In addition, CSB recruits the CSA complex (the DCX complex) 

and other TCR repair proteins at the sites of RNA Polymerase II blocking lesions (Anindya et 

al., 2010; Beerens et al., 2005; Fousteri et al., 2006).  
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When the elongation of RNA polymerase II is blocked due to a damage in the transcribed 

strand, TCR is initiated. In the first step, RNA polymerase II complex is dissociated and its 

components degraded, in order to improve the accessibility of the NER proteins for efficient 

repair (Fousteri et al., 2006; Licht et al., 2003). CSB plays a central role in the initiation of TCR 

Figure 2. Mammalian TCR and GGR. Lesion recognition is performed by RNA polymerase II or by DNA-

damage-2 (DDB2) binding. The two subpathways of NER converge as the transcription factor TFIIH is 

recruited and the XPD and XPB helicases open the damaged DNA. XPF-ERCC1 and XPG endonuclease 

complexes excise the damaged DNA strand, which is replaced by a newly synthesized strand.  CS 

proteins implication can occur in TCR, or later in the common repair pathway. Reprinted by 

permission from Macmillan Publishers Ltd: Nature Reviews Molecular Cell Biology (Hanawalt and 

Spivak, 2008), copyright (2008).   
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by recognizing blocked RNA polymerase II and binding to its complex, and subsequently 

recruiting NER proteins at the damaged site. Other studies have shown that TCR can occur 

also without dissociation of RNA polymerase II complex, where CSB plays a role in the 

remodeling of the complex without its release, allowing the re-initiation of transcription after 

repair (Laine and Egly, 2006a; Laine and Egly, 2006b; Tremeau-Bravard et al., 2004).  

The CSA protein also assists RNA polymerase II at the transcription blocking lesions. It is part 

of the CSA core complex, a multi-subunit complex, and it has an E3-ubiquitin ligase activity 

and substrate specificity for the CSB protein (Groisman et al., 2006; Groisman et al., 2003). 

The complex comprises of Cullin4A scaffold, Roc1 RING finger proteins and the DNA damage 

binding protein 1 (DDB1). Upon UV irradiation, the CSA core complex is translocated in the 

nuclear matrix in the presence of CSB and TFIIH and co-localizes with the hyperphosphorylated 

form of the stalled RNA polymerase II (Saijo et al., 2007). Together, CSA and CSB are involved 

in the recruitment of XAB2 (pre-mRNA splicing factor), HMGN1 and of transcription factor 

TFIIS (Fousteri et al., 2006), participating in chromatin remodeling and the translocation of the 

stalled RNA polymerase II. Therefore, the assembly of the CSA core complex and the 

interaction with CSB are crucial steps in the activation of transcription-coupled nucleotide 

excision repair (TC-NER) of the damaged DNA following UV exposure.  

 Other functions of CS proteins 

CS proteins have also been described to have other functions outside TCR. Both CSA and CSB 

are involved in transcription by RNA polymerase I, II and III (Anindya et al., 2010; Yuan et al., 

2007). CS proteins have been previously postulated to play a role as transcription factors, since 

CS proteins XPB and XPD were identified as components of the basal transcription factor TFIIH. 

Except for CSA, transcriptional functions of all CS proteins were previously described in RNA 

polymerase II transcription (Le May et al., 2012; Le May et al., 2010). More recently, CS 

proteins have been linked with RNA polymerase I transcription as well, which comprises more 

than 60% of total transcription in the cell. So far, four CS proteins – CSA, CSB and the TFIIH 

subunits XPB and XPD – were demonstrated to participate in transcription elongation and 

transcription re-initiation of RNA polymerase I. However, XPG has only been linked to an 

epigenetic role in demethylation and activation of the rDNA promoter (Assfalg et al., 2012; 

Lebedev et al., 2008; Schmitz et al., 2009). In the case of CSB, the protein is able to stimulate 

elongation in an ATP-dependent manner. In addition, it can be cross-linked to the rDNA 
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promoter and gene-internal sequences (Lebedev et al., 2008). The same study showed that 

CSB mutants with partial deletion can strongly repress RNA polymerase I in vitro transcription 

and inhibit the elongation of the transcription as well. At the same time, the absence of CSB 

expression does not have an impact on RNA polymerase I transcription, suggesting that it is 

not an essential factor for ribosomal RNA transcription.  

Similarly, it was demonstrated that CSA localizes in the nucleolus and participates as a 

transcription factor in the RNA polymerase I transcription. The protein associates with RNA 

polymerase I and with the active fraction of rDNA, and stimulates the re-initiation of rDNA 

transcription by recruiting TFIIH and CSB. In addition, mutant CSA proteins have a negative 

impact in pre-rRNA synthesis by RNA polymerase I.  

 

1.1.3 Current status of CS understanding 

As previously mentioned, Cockayne syndrome has been generally regarded as a DNA repair 

disease. The studies concerning the implications of NER in CS started though due to the 

observed sensitivity of CS cells to UV irradiation, a feature shared with cells from XP patients. 

However, CS proteins have multiple cellular roles, and although their primary involvement in 

the TC-NER is well established, the relevance of TC-NER deficiency for the phenotype of the 

patients has been questioned. In addition, internal features of CS, including the neurologic 

defects, could not be solely explained by TC-NER deficiency.  

An important turning up point on the importance of TC-NER in CS was the identification of 

other human diseases with defects in NER, such as trichothiodystrophy (TTD) or UV-sensitive 

syndrome (UVsS). UVsS can be caused by mutations in CSA (Nardo et al., 2009), CSB (Horibata 

et al., 2004) or UVSSA (Nakazawa et al., 2012; Schwertman et al., 2012; Zhang et al., 2012). 

The patients share some common characteristics with CS patients, such as absence of cancer 

lesions in sun exposed areas, or lacking the capacity for TC-NER. However, these patients lack 

two of the most important features of CS patients, the neurologic defects and the severe 

growth impairment. For this reason, the TC-NER deficiency seemed to play only a minor role 

in the development of CS. 

Accumulation of DNA damage in CS patients has not been yet demonstrated. This, again, limits 

the importance of TC-NER in CS. Additionally, it is known that the other branch of NER, global 
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genome NER (GC-NER), removes DNA lesions throughout the whole genome, including the 

transcribed active genes. While CS cells have a deficient TC-NER, the GC-NER pathway is 

normal (Hanawalt and Spivak, 2008) and could compensate for the loss of the first. However, 

the distinction between GC-NER and TC-NER applies only to dividing cells, whereas in 

terminally differentiated cells this NER compartmentalization is fundamentally different. 

Studies in different terminally differentiated cells have demonstrated the existence of a 

different pattern of repair, called domain associated repair (DAR), which is capable of 

removing UV-induced cyclobutane pyrimidine dimer (CPD) lesions with similar efficiency in 

both transcribed and non-transcribed strands of active genes. As the mechanism is CSB 

independent, this reinforces the possible minor impact of DNA damage in the progression of 

CS.  

 

1.2 Ribosomal biogenesis 

The synthesis of ribosomes is a process that requires an enormous metabolic effort in the cell.  

The ribosomes are the fundamental macromolecules responsible for the conversion of 

information encoded in the mRNA into proteins. A constant level of ribosomal synthesis is 

crucial especially for proliferating cells in order to ensure the supply of ribosomes to the 

daughter cells. The final result of ribosomal biogenesis is the 80S ribosome, a 

ribonucleoprotein complex comprised of two ribosomal subunits – the large 60S subunit and 

a small 40S subunit. The 60S subunit contains the 28S, 5.8S and the 5S rRNA and 46 ribosomal 

proteins, whereas the 40S subunit contains the 18S rRNA and 33 ribosomal proteins (Thomson 

et al., 2013). One of the most important steps in the biogenesis of ribosomes is the synthesis 

of rRNA. Mammalian cells require up to ten million rRNA transcripts every 24 hours in order 

to maintain adequate levels of ribosomal biogenesis (Goodfellow and Zomerdijk, 2013). The 

nucleolus is the substructure of the nucleus where ribosomal genes are transcribed by RNA 

polymerase I, processed and subsequently modified and assembled into the pre-ribosomal 

particles.       
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1.2.1 The structure of rDNA transcription units 

Transcription of rRNA from rDNA is performed by RNA polymerase I and takes place in the 

nucleolus. The rRNA genes are organized in head-to-tail tandem repeats named nucleolar 

organizing regions (NORs), and encoded by a large transcription unit (43 kb). The regions are 

separated from each other by intergenic spacers (IGSs) which incorporate regulatory elements 

such as promoters, transcription terminators or repetitive enhancer elements (McStay and 

Grummt, 2008). The IGSs function was initially described as a non-transcribed spacer, but 

other studies showed that these transcripts are linked to epigenetic regulation of RNA 

polymerase I transcription, to nucleolar stress response and to maintenance of cellular 

homeostasis (Audas et al., 2012; Jacob et al., 2012; Jacob et al., 2013). The NORs are located 

on five human acrocentric chromosomes, the chromosomes 13, 14, 15, 21 and 22. The 

terminator elements flanking the rRNA transcripts stop the RNA polymerase I transcription, 

and are also involved in epigenetic regulation of rRNA genes.  

 

1.2.2 Ribosomal RNA processing and maturation of ribosomes 

In ribosomal biogenesis six important steps have been identified as necessary for the 

formation of the ribosome-assembly machinery (Figure 3). These steps are: (1) synthesis of 

rRNAs, ribosomal proteins, assembly factors, and snoRNAs; (2) processing of pre-rRNAs; (3) 

covalent modification of pre-rRNAs, ribosomal proteins and assembly factors; (4) assembly; 

(5) transport, and (6) quality control.   

rRNA transcription accounts for more than 60% of the total cellular RNA transcription in 

growing cells. In the initial step of rRNA transcription, a primary transcript is synthesized, the 

47S precursor rRNA. This transcript is subsequently processed and modified, generating 

mature 18S, 28S and 5,8S rRNAs (Donati et al., 2012), which are found in the cytoplasmic 

ribosomes. With the exception of 5S rRNA which is transcribed by RNA polymerase III, the rest 

of the rRNAs are transcribed by RNA polymerase I. Ribosomal proteins and assembly factors 

are transcribed by RNA polymerase II, and the snoRNAs are processed from the rRNA introns 

or transcribed from their own promoters by RNA polymerase II or III.  

The mature rRNAs that, included into the precursor rRNA, are flanked by spacers sequences: 

external transcribed spacers (5’ to 3’) and internal transcribed spacers 1 and 2 (ITS1 and ITS2). 

The processing of pre-rRNA starts always within the non-coding spacers, which are removed 
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accurately with the involvement of exo- and endoribonucleolytic digestions. According to 

Mullineux and Lafontaine (Mullineux and Lafontaine, 2012), the splicing of 47S rRNA can occur 

via two pathways, named minor and major pathways. Initially, the 47S rRNA is cleaved at sites 

01 and 02, generating the 45S pre-rRNA. Through the minor pathway, a cleavage at the site 

A0 and site 1 leads to a 41S pre-rRNA, which is digested into 21S and 32S pre-rRNAs. The 21S 

pre-rRNA is processed into the mature 18S rRNA. The 32S pre-rRNA cleavage results into 28S 

mature rRNA and 12S pre-rRNA, the precursor of 5.8S rRNA. In the major pathway, the 45S 

pre-rRNA is cleaved directly into 32S and 30S pre-rRNAs, which are processed further in a 

similar way as described in the minor pathway.      
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1.3 Transcription deficiency in Cockayne syndrome 

As described in the previous chapter, all protein involved in CS (CSA, CSB, XPB, XPD and XPG) 

play multiple roles in the cells, beside nucleotide excision repair. One central function of the 

CS proteins is active involvement in transcription by RNA polymerase I and II. As shown below, 

the impact of mutations in CS genes has been linked to different phenotypes observed in the 

patients. 

Figure 3. Ribosomal biogenesis. All the six steps of ribosomal biogenesis depicted: (1) transcription of 

components and assembly of factors and snoRNAs, (2) processing, (3) modification of ribosomal 

proteins, pre-rRNAs and of assembly factors, (4) assembly, (5) transport and (6) quality control and 

surveillance. RNA polymerase I is responsible for the transcription of pre-rRNA (47S pre-rRNA), 

processed and modified to yield 18S, 5.8S and 28S. Ribosomal proteins are synthesized in the 

cytoplasm and transported to the nucleus for assembly of the 40S and 60S subunits. Reprinted by 

permission from Macmillan Publishers Ltd: Nature Structural and Molecular Biology (Lafontaine, 

2015), copyright (2015).  
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Implication of CSB in RNA polymerase II transcription was reported previously by Proietti-De-

Santis (Proietti-De-Santis et al., 2006), where they showed that CSB cells have a defect in re-

initiation and in maintaining the transcription process after UV irradiation. Additionally, there 

is consistent evidence that XPD and XPB, two of the TFIIH subunits, are involved in the 

initiation of transcription by RNA polymerase II. Also, deficient RNA polymerase II activity was 

detected in XPG mutant cells isolated from a XP/CS mixed phenotype (Ito et al., 2007). 

Interestingly, all CS proteins participate in the key steps of ribosomal biogenesis, such as 

transcription by RNA polymerase I in the nucleolus (Bradsher et al., 2002; Iben et al., 2002; 

Koch et al., 2014; Lebedev et al., 2008; Yuan et al., 2007). The CS proteins XPB and XPD, which 

are part of the basal RNA polymerase I and II transcription factor TFIIH, enhance elongation of 

RNA polymerase I (Assfalg et al., 2012; Iben et al., 2002; Nonnekens et al., 2013). The CSA 

Figure 4. Implication of CS proteins in transcription. Mutations in CS proteins (CSA, CSB, XBP, XPD 

and XPG) are responsible, besides TC-NER defects, for defective RNA polymerase I and II 

transcription. These defects could be associated with several symptoms of CS patients, primarily 

with growth deficiency and with neurological problems. Reprinted from: DNA Repar, 12/8, P.J. 

Brooks, Blinded by the UV light: How the focus on transcription-coupled NER has distracted from 

understanding the mechanisms of Cockayne syndrome neurologic disease, 656-671, Copyright 

(2013), with permission from Elsevier. (Brooks, 2013),  
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factor is also implicated in the re-initiation of RNA polymerase I transcription and in the 

recruitment of the elongation factors CSB and TFIIH to the rDNA promoter (Koch et al., 2014). 

Mutations in these factors disturb RNA polymerase I transcription in vitro and in vivo. In case 

of the CSB protein, it was previously shown that truncated CSB actively binds the rDNA and 

inhibits elongation of RNA polymerase I (Schmitz et al., 2009). Moreover, the RNA polymerase 

I repression might be followed by growth inhibition or apoptosis. In the same line of evidence, 

it has been shown that CSB knockdown by siRNA is followed by a reduction in the promoter 

occupancy of RNA polymerase I and of the associated transcription factors (Yuan et al., 2007).  

In the case of CSA, the importance of the nucleolar localization of the protein was confirmed 

by the reduced RNA polymerase I activity found in cells from CS-A patients. Similar to CSB, 

knocking down of CSA by shRNA results in a significant reduction in the rDNA transcription. 

Additionally, inactivation of CSA affects the re-initiation of RNA polymerase I transcription and 

might induce nucleolar stress, due to an imbalance between rRNA and ribosomal proteins.  

In summary, the identification of CS proteins in the nucleolus in the absence of DNA damage 

reflects the active implication of these proteins in the RNA polymerase I activity. In fact, many 

of the somatic features of the patients could be better explained by combining the 

consequences of defective RNA polymerase I and abnormal RNA polymerase II transcription. 

Deficiencies in RNA polymerase I transcription could explain many features of the CS patients, 

most importantly the growth retardation and the neurological defects, such as microcephaly, 

cerebellar hypoplasia and the degeneration of the Purkinje neurons. Taken together, the 

experimental data regarding CS proteins suggest their implication rather in RNA polymerase I 

and II transcription than in DNA-repair processes, as most of the tissues and organs are not 

directly exposed to UV irradiation.    
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1.4 Aim of the study 

Cockayne syndrome proteins are involved in multiple cellular processes, but most of the 

research has focused on their role in DNA damage repair. Recent evidence has shown that 

these proteins localize in the nucleolus and participate in the rDNA transcription by RNA 

polymerase I. Moreover, mutations in CSA and CSB have been demonstrated to disturb RNA 

polymerase I transcription. Since rRNA transcription is a major cellular process in the dividing 

cells, changes in the function of RNA polymerase I activity could have severe consequences at 

cellular and organismal level. Due to this, we hypothesized that mutations in CS proteins result 

in deficient RNA polymerase I activity, and consequently on the function of the ribosomes. 

Therefore, we first aim to determine whether ribosomal activity is affected in CS cells. 

Secondly, we aim to determine the impact of impaired RNA polymerase I activity on protein 

homeostasis, and understand whether the previously described reduction in autophagy is 

linked to ribosomal activity.  

Increased ROS levels are a typical characteristic of CS cells and most probably caused by 

mitochondrial involvement of CS proteins. ROS can lead to oxidation of DNA, lipids and 

proteins, and constant exposure could induce cell apoptosis. In CS cells, data regarding 

accumulation of oxidative DNA damage was not consistent, and therefore insufficient for 

explaining the CS phenotype. In this context, we hypothesize that ROS could determine 

increased protein oxidation in CS cells and therefore affect cellular proteostasis. Moreover, 

deficient RNA polymerase I activity and ROS could have a double impact on the protein 

metabolism, and we aim to investigate whether cellular processes such as protein synthesis, 

degradation and ER stress are altered in CS cells.  

Mouse models have provided insufficient data regarding the molecular pathology of CS, 

mainly due to the poor phenotype resemblance. To this purpose, a Csbm/m mouse model will 

be used to determine the key molecular differences between mouse and human CS cells, 

responsible for the difference in phenotype.  

To have a general understanding of the pathomechanisms behind CS, we also aim at 

understanding the key differences between CS and closely related pathologies, such as UV-

sensitive syndrome and the rare Xeroderma pigmentosum/Cockayne syndrome. For this, 

patient derived cell lines from the aforementioned pathologies will be used and compared to 

CS cells.  
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2. MATERIALS AND METHODS 

2.1 Cell culture and cell lines 

All cell culture procedures were performed at sterile clean benches, in order to avoid 

contamination. All the frozen cells were thawed in a water bath at 37°C and immediately 

diluted in 9 ml pre-warmed media and pelleted by centrifugation (1200 rpm, 5 min). After 

removing the supernatant containing the freezing medium, the cells were resuspended and 

plated on a 10 or 15 cm cell culture dish. For experiments and for further propagation, cells 

were washed with PBS and detached using Accutase (5 min incubation) before reaching a high 

confluence and to avoid contact inhibition. Thereafter, cells were diluted with pre-warmed 

media to inactivate the Accutase and plated in new cell culture dishes. For experiments 

requiring exact cell numbers, the cells were counted in Neubauer Improved counting chamber 

and the required number of cells was transferred to new culture dishes. All the cells were 

grown at 37°C, 5% CO2 and 3% O2. 

The cell lines used for experiments – CS1AN, CS3BE, UVsKO, HACSA, HACSB, 1306, FF95, 

XPB/CS, XPD/CS, XPG/CS – were grown in Dulbecco’s Modified Eagle Medium (DMEM) with 

additional 10% fetal bovine serum (FBS), 2 mM L-glutamine, and 100 U/ml penicillin and 100 

µg/ml streptomycin.  

 

2.2 Mouse experiments  

In vivo experiments were performed using Csbm/m mice which carry a premature stop codon 

in exon 5, mimicking the K337stop truncation mutation from the CS1AN patient. The mouse 

line has been generated and characterized by van der Horst et al. (van der Horst et al., 1997). 

Although it is considered a null mutant, the expression of an N-terminal CSB fragment cannot 

be fully excluded. For the experiments, 6-weeks old Csbm/m and wild-type C57BL/6J mice were 

used. After sacrificing the mice using 5% isoflurane and cervical dislocation, the brain and liver 

were collected and snap frozen in liquid nitrogen. For primary fibroblasts isolation, skin 

biopsies from ears were collected, minced and incubated for 3 hours with collagenase in the 

cell culture media (DMEM supplemented with 10% FBS, 2mM L-glutamine, 100 U/ml penicillin 

and 100 µg/ml streptomycin). After collagenase dissociation, the cells were centrifuged, 

incubated in normal media and further propagated for the described experiments. 
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2.3 RNA isolation and cDNA synthesis 

The extraction of RNA was performed using RNeasy Mini Kit (QIAGEN GmbH, Hilden, 

Germany), according to manufacturer’s instructions. After isolation, the RNA concentration 

was measured using a nanodrop device (NanoDrop One, Thermo Scientific) and stored at -

80°C for further experiments. Since the RNA has a maximum absorption at 260 nm, the ratio 

of the 260 nm and 280 nm absorptions was used to assess the purity of RNA (pure RNA should 

have a purity of 2.1). The RNA was reverse transcribed using a random hexamer primer p(dN)6. 

The hexamer primers bind throughout the entire length of RNA, ensuring the reverse 

transcription of all RNA sequences. For primer annealing, 0.5 µg to 1.5 µg of RNA was pre-

incubated with 250 ng of random hexamer primer p(dN)6 in nuclease-free water to a final 

volume of 5 µl and incubated 5 min at 70°C. The reaction mix was cooled on ice and incubated 

with 13.5 µl nuclease-free water, 5 µl of 5x M-MLV reverse transcription buffer, 0.5 µl dNTPs 

(10 mM), 0.5 µl RNase inhibitor (40U/µl) and 0.5 µl M-MLV reverse transcriptase (400U/µl). 

The reverse transcription was performed for 1 hour at 37°C. The cDNA was diluted 1:50 prior 

to performing qPCR analysis. 

 

2.4 PCR 

The polymerase chain reaction (PCR) was used to analyze the expression of rDNA, of genes 

involved in ER stress and the splicing of XBP RNA during ER stress.  

 

2.4.1 Semi-quantitative PCR 

Materials used 

GoTaq® Green Master Mix Promega GmbH, Mannheim, Germany 

cDNA Template cDNA from RNA extracts 

Nuclease Free Water Promega GmbH, Mannheim, Germany 

Primer (Forward) See primer list 

Primer (Reverse) See primer list 
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Semi-quantitative PCR reactions have been performed with a DuoCycler (VWR International 

GmbH, Darmstadt, Germany) and amplicons have been visualized on a 1% gel. 

 

2.4.2 Quantitative PCR 

Materials  

cDNA Template cDNA from RNA extracts 

FastStart Universal SYBR Green 

Master Mix (Rox) 

Roche Diagnostics, Mannheim, Germany 

Nuclease Free Water Promega GmbH, Mannheim, Germany 

Primer (forward) See primer list 

Primer (reverse) See primer list 

 

Standard qPCR reaction mix 

Component Volume 

cDNA 5 µl cDNA (diluted 1:50) 

Primer (forward) 1 µl (10 pmol/µl) 

Primer (reverse) 1 µl (10 pmol/µl) 

SYBR Green 7.5 µl 

Nuclease Free Water  To 15 µl 

 

qPCR program settings  

Step  Temperature Time 

Initial denaturation 95°C 10 minutes 

Cycles 95°C 

60°C 

15 seconds 

1 minute 

Dissociation stage 95°C 

60°C 

95°C 

15 seconds 

1 minute 

15 seconds 



23 
 

60°C 15 seconds 

 

All the quantitative PCR reactions were performed using a 7300 Real Time PCR System 

(Applied Biosystems®, Life Technologies GmbH, Darmstadt, Germany). The data was analyzed 

using 7300 System SDS Software. A dissociation step to analyze melting curves of each sample 

was added at the end of every qPCR run, assuring that only one specific amplicon has been 

produced.  

 

2.5 Whole cell lysate preparation 

Materials 

Complete Protease Inhibitor Cocktail Tablets 50x Complete mix / Roche Diagnostics, 

Mannheim, Germany 

Lysis Buffer 10% Glycerol, 1% Triton X100, 137 mM NaCl, 

20 mM Tris (pH 8.0), 2 mM EDTA (pH 8.1) 

PBS Dulbecco Biochrom GmbH, Berlin, Germany 

Cell scrapers Cornig 

 

Prior to lysis, growth media was removed and cells were washed one time with PBS. After 

washing, the cells were detached in 1 ml PBS using a cell scraper, placed in a 2 ml tube and 

centrifuged 5 min. After the supernatant was discarded, the cell pellet was resuspended in 1x 

complete lysis mix and placed on ice for 20 min to complete the lysis process. The appropriate 

volume of lysis buffer was chosen according to the size of the cell culture dishes and cell 

number (150 µl for a 15 cm dish, 100 µl for a 10 cm dish). After lysis completion, the samples 

were centrifuged for 20 min at maximum speed at 4°C, and the supernatant was transferred 

in a new 1.5 ml Eppendorf tube and stored at -80°C after shock freezing in liquid nitrogen.      
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2.6 Polysomal profiling  

Analysis of polysome profiles was performed as described previously by Tuorto et al (Tuorto 

et al., 2012). Cells were treated with cycloheximide (100 µg/ml) for 5 min, washed 2 times 

with PBS+cycloheximide and lysed in 400 µl lysis buffer (15 mM Tris-HCl, pH 7.4, 15 mM MgCl2, 

300 mM NaCl, 1% Triton X-100, 0.1% 2-mercaptoethanol, 100 µg/ml cycloheximide, 500 µg/ml 

heparin, 1×Complete Protease Inhibitors (Roche) and 0.2 U/ml RNasin (Promega)). After 10 

min centrifugation at 10000 r.p.m. at 4 °C, the lysates were applied to a linear 17.5-50% 

sucrose gradients in 15 mM Tris-HCl, pH 8.0, 15 mM MgCl2, 300 mM NaCl. Gradients were 

centrifuged at 35,000 r.p.m. for 2.5 h at 4 °C in a Beckman SW 60 rotor. The polysome profiles 

were recorded by continuously monitoring the absorbance at 254 nm and further calculated 

by dividing the area under the polysomal part of the curve to the area below the entire curve. 

 

2.7 Western blot 

Materials 

10x SDS PAGE running buffer  1% SDS, 3.03% Tris, 14.4% Glycin 

Transfer Buffer  

Laemmli Loading Buffer 50% Glycerol, 5% SDS, 0.05% Bromphenol Blue, 500 mM 

DTT, 250 mM Tris (pH 6.8) 

Milk Blocking Solution 5% Nonfat Dry Milk (Skim Milk Powder, Fluka), 0.05% 

Tween 20 in 1x PBS 

Nitrocellulose Membrane AmershamTM ProtranTM 0.45 µm NC, GE Healthcare  

PBS Dulbecco Biochrom GmbH, Berlin, Germany 

Precision Plus ProteinTM Dual 

Color Standars 

Bio-Rad Laboratories GmbH, München, Germany 

Secondary Antibodies (HRP-

conjugated) 

Jackson ImmunoResearch Europe Ltd., Suffolk, United 

Kingdom 

Chemiluminescent substrate SuperSignal® West Pico Chemiluminescent Substrate, 

Thermo Scientific  
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Western blot analysis was used to determine the expression of different transcription factors 

in CS and XP/CS cells. For this purpose, CS and XP/CS cells were lysed as previously described 

and the protein concentration (µg/µl) was measured using Bradford method. Equal amounts 

from each sample was used in every experiments, ranging from 80 to 200 µg of total proteins. 

The lysates were diluted with Laemmli buffer (1:5), further denatured by 5 minutes incubation 

at 99°C and loaded on a 1.5 mm polyacrylamide gel. According to the molecular weight of the 

proteins to be determined, 10% or 12% polyacrylamide gels were prepared. After the 

migration and separation of the proteins according to their size, the proteins were transferred 

overnight at 4°C on a nitrocellulose membrane. The membrane was subsequently blocked 

with milk blocking solution for 1h at room temperature and further with the a primary 

antibody (diluted in blocking solution) overnight at 4°C. The unbound antibodies were washed 

3 times x 10 min with PBS and incubated with the proper secondary antibody, diluted 1:10000 

in blocking solution.  The unbound secondary antibodies were removed by PBS washing, and 

the membrane was developed using a chemiluminescent substrate and visualized with a 

Fusion Fx7 system (Vilber Lourmat Deutschland GmbH, Eberhardzell, Germany). 

 

2.8 ELISA 

Materials 

PBS Dulbecco Biochrom GmbH, Berlin, Germany 

Elisa Blocking Buffer 2% BSA, 0.05% NaN3 in PBS 

Washing Buffer PBS with 0.05% NaN3 

Dilution Buffer 0.25% BSA and 0.05% Tween-20 in PBS 

Substrate and stop solutions TMB substrate and Stop solution (Millipore) 

 

The indirect enzyme-linked immunosorbent assay (ELISA) was used to determine the total 

amount of ubiquitin from cell lysates. To this purpose, the cells were lysed (as previously 

described) and diluted in PBS to 50 µg/ml. The 96-wells ELISA plates were coated using 50 µl 

of the diluted lysate and incubated for 2 h at room temperature. After the incubation time the 

wells were washed 5 times with 300 µl PBS containing 0.05% NaN3 and incubated overnight 

with 300 µl ELISA blocking buffer at 4°C. After blocking, the plate was washed 3 times with 
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PBS containing 0.05% NaN3 and incubated with 100 µl of the primary antibody diluted in 

dilution buffer for 2 h at room temperature. After additional 5 washing step, the wells were 

incubated with 100 µl of HRP-coupled secondary antibody (in dilution buffer), and the washing 

was repeated as before. The detection was done using 100 µl of TMB substrate incubated up 

to 30 min at room temperature protected from light, and the reaction was stopped by addition 

of 100 µl of stop solution. The absorbance was measured at 450 nm and a reference of 630 

nm using a Beckman Coulter Paradigm plate reader. 

 

2.9 Transfection and luciferase assay 

pGL3 wild-type luciferase plasmid, hypoxanthine-guanine phosphoribosyltransferase (HPRT) 

negative control, Renilla luciferase plasmid and K529N mutant luciferase plasmid were a kind 

gift from Andrei Seluanov (Vera Gorbunova) lab from University of Rochester. After 

harvesting, 1 x 106 cells were transfected using Nucleofector transfection (Lonza), using the 

program X-01, in human dermal fibroblasts solution (NHDF), using 5 µg reporter plasmid and 

0.1 µg Renilla luciferase plasmid. Transfected cells were plated in a 96-well plate (5 x 104 

cells/well in 75 µl), and allowed to grow for 24 h. To analyze the transfected cells, a Dual-

Luciferase assay kit (Promega) was used. One volume (75 µl) of LAR-II reagent was added in 

each well and incubated for 15 min at RT with gentle shaking. After measuring the 

luminescence, the plate was incubated with 75 µl STOP&GLO solution for 15 min, stopping the 

firefly luciferase activity and starting the Renilla luciferase activity, and the luminescence was 

measured again. The ratio of firefly to Renilla was calculated and used as an indicator for 

translational fidelity. 

 

2.10 BisANS assay 

Changes in protein folding and protein stability were tested using fluorescent dye BisANS 

(Sigma). For this, cells were harvested in TNE buffer (50 mM TrisHCl, 100 mM NaCl, 1mM 

EDTA), sonicated (3x30 sec) and centrifuged for 20 min at maximum speed. 100 µg of protein 

from the supernatant was subjected to 2 M Urea (final volume of 200 µl) for 2 h. BisANS was 

added in each sample (20 µM final concentration) and the fluorescence was read using an 

excitation wavelength of 375 nm and 500 nm emission.  
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2.11 Protein carbonylation 

The concentration of carbonylated proteins was determined using Protein Carbonyls Assay Kit 

(Abnova). Briefly, protein lysates diluted with H2O to 10 mg/ml were incubated with 2,4-

Dinitrophenylhydrazine (DNPH) for 10 min at RT and precipitated with TCA (5 min at RT). Each 

precipitated sample was centrifuged and the pellets were washed two times with cold acetone 

to remove the unincorporated DNPH. Finally, precipitated proteins were solubilized in 200 µl 

Guanidine and transferred into a 96-well plate. The carbonyl content was measured at an OD 

of 375 nm, and the values were normalized according the protein content of each well, 

measured by BCA assay (Thermo Scientifc). 

 

2.12 Protein degradation 

2.12.1 Proteasome activity assay 

Proteasomal degradation of proteins was determined using 20S Proteasome Assay Kit 

(Cayman). SUC-LLVY-AMC 20S substrate was used, which upon cleavage of the active enzyme 

generates a highly fluorescent product excited at 360 nm and with emission at 480 nm. 105 

cells were seeded in a 96-well plate overnight and centrifuged once at 500 x g. After media 

removal, cells were washed once with Proteasome Assay Buffer, centrifuged 5 min at 500 x g, 

and incubated 30 min with 100 µl of Proteasome Lysis Buffer. 90 µl of each lysate was 

incubated with 10 µl of Substrate solution for 1 h at 37ºC, followed by fluorescence 

measurement using a microplate reader. Jurkat cell lysate supernatants were used as positive 

controls and 20S Inhibitor Solution was used as negative control. 

 

2.13 ER stress measurement  

ER stress activation induces the activation of specific ER receptors and subsequently specific 

pathways. The activation of each pathway – PERK, IRE1 and ATF6 – was investigated, with or 

without further induction of ER stress. 
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2.13.1 ER stress induction 

The cellular response to ER stress inductors is an important feature in determining whether 

cells have a normal activation of the stress pathways, or if ER stress is already present and the 

cells are not able to cope with it. Therefore, specific ER stress inducers can be used for this 

purpose. In the CS context, ER stress was induced using a 6 h incubation with either 

Tunicamycin (5 µg/ml), or H2O2 (250 µM). After the incubation, cells were harvested and the 

RNA was isolated as previously described and the cDNA was synthesized. For each experiment 

and treatment, the expression levels of ATF4, ATF6, CHOP and PERK were determined. 

 

2.13.2 XBP1 splicing 

The X-box binding protein 1, also known as XBP1 is a transcription factor encoded by the XPB1 

gene. XPB1 is ubiquitously expressed (known as XBP1u mRNA), but the activation of ER stress 

and of unfolded protein response determines the activation of IRE1 which excises a 26 

nucleotide intron from the XBP1u mRNA, resulting in the translation of the XPB1 transcript. 

To determine the activation of XBP1, cells were stimulated with tunicamycin or H2O2 as 

previously mentioned and the total RNA was harvested and reverse transcribed to cDNA. 

Specific primers amplifying bot spliced and unspliced variants of XBP1 mRNA were used to 

amplify XBP1, and the PCR product was analyzed on a 2.5 % agarose gel containing Ethidium 

Bromide (Sigma). This allows a clear separation of both spliced and unspliced mRNA. The gel 

and band intensity was analyzed using ImageJ software, and the ratio XBP1-spliced/XBP1-

unspliced was used to determine the degree of XBP1 activation in the cells.    

 

2.14 Reactive oxygen species measurement 

To detect the level of reactive oxygen species (ROS), CS and control cells were stained with 

10µM dihydroethidium (DHE, Invitrogen) for 15 min and with 1µM CM-H2DCFDA (Invitrogen) 

for 24 h in PBS. Following the staining, cells were washed once with PBS and harvested in 1 ml 

FACS buffer (PBS with 0.5% FBS) and vortexed. DHE is an indicator of the superoxide level 

whereas CM-H2DCFDA is used for H2O2 detection and also used as a general oxidative stress 

indicator. The fluorescence of DHE and CM-H2DCFDA was measured by flow cytometry and 

the data analyzed using FlowJo software. 
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2.15 Determination of apoptotic cells 

Materials 

Accutase  Sigma-Aldrich 

PBS Biocrom 

Nicoletti Buffer 0.1% Sodium citrate, 0.1% Triton X-100 

50 µg/mL propidium iodide in PBS 

Propidium Iodide  Sigma-Aldrich 

 

Identification of a hypodiploid DNA content of CS, XP and FF95 fibroblasts after H2O2 and 

Tunicamycin treatment was performed as described by Nicoletti et al. in 1991. The cells were 

seeded in 6-well plates at a concentration of 10 x 104 cells/well, and allowed to attach 

overnight. After the treatment of the cells according to the experimental protocol, the 

supernatant was collected in FACS tubes, the cells were washed with 1 ml PBS which was 

additionally collected in the same tubes. The cells were detached using 500 µl Accutase and 

harvested and the plate washed with additional 1 ml PBS. The samples were centrifuged for 5 

min at 1800 x rpm (4°C) and the supernatant discarded. The cell pellet was further washed 

with 1 ml PBS to remove any traces of media, and finally resuspended in Nicoletti buffer 

containing PI, and incubated overnight at 4°C. Prior to analysis, the samples were diluted by 

addition of 1 ml of cold PBS. Each sample was analyzed by flow cytometry, and the percent of 

apoptotic cells was determined.   

 

2.16 Metabolic labeling  

Materials 

Δ methionine and cysteine DMEM DMEM, Gibco, UK, with 10% FBS, 100U/ml 
penicillin, 100 µg/ml streptomycin, without 
L-Glutamine, L-methionine and L-cysteine 

BSA solution 1 mg/ml BSA, 0.02% NaN3 

TCA 10% TCA 

 

Metabolic labeling is a well-established technique for determining the rate of protein 

synthesis. The method was used to determine the protein synthesis of HA-CSA, CS3BE, HA-
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CSB, CS1AN and UVSkO cells. The cells were harvested using Accutase (Sigma) and counted. 5 

x 105 cells were collected in a 1.5 ml microcentrifuge tube starved for 20 min using 

DMEM/dialyzed FBS lacking methionine/cysteine and subsequently labeled with 35S 

methionine/cysteine (10 µCi/ml). After 2 h incubation the cells were centrifuged for 5 min at 

4000 rpm and the supernatant removed. The reaction was stopped after washing once with 

ice-cold PBS. The cells were resuspended in 100 µl BSA solution and 1 ml of TCA. The mixture 

was vigorously vortexed and incubated on ice for 90 min to allow the precipitation of proteins. 

After precipitation, the pellets were resuspended and placed on glass filters placed on an 

exhaust pump. The microtubes were further washed with 1 ml of TCA and pipetted on the 

glass filters. Further washing of the filters was performed by addition of 10 ml of TCA, followed 

by 70% ethanol. The filters were placed on Whatman paper and allowed to dry for 5 min. The 

filters were subsequently place in scintillation tubes together with 5 ml of LSC-cocktail for 

counting non-aqueous solutions. The incorporated radioactivity was measured in a Liquid 

Scintillation counter Tri-Carb 2810 TR (Beckman Coulter) and the results analyzed with the 

Quanta Smart SoftwareTM software. 

2.17 RNA Sequencing 

For the sequencing of rRNA, total RNA from the Cockayne syndrome cell lines (CS1AN, CS3BE), 

reconstituted Cockyne syndrome cells lines (HACSB and HACSA) and UV sensitive syndrome 

cell line (UVSKO) were isolated using RNeasy kit (Qiagen). 1 µg of total RNA was used for library 

preparation using Illumina stranded TruSeq RNA library preparation kit (Illumina), omitting the 

rRNA removal steps. In brief, total RNA was heat fragmented, followed by cDNA synthesis and 

double strand synthesis. This is followed by ‘A’ tailing of the double stranded cDNA and 

adapter ligation. Afterwards, the adapter ligated cDNA was purified using AMPure XP Beads, 

followed by barcode addition and PCR enrichment. The library was then quantified through 

qPCR based methods and subjected to pair-end (2 x 75) sequencing using Illumina NextSeq 

550 sequencer through an external service provider (Microsnyth, Germany).  

Demultiplex fastq raw reads were trimmed for adapter using FASTX-Toolkit (Version 0.0.13). 

The adapter trimmed Fastq files were used for variant discovery using Genome Analysis 

Toolkit (GATK, version 3.6). In brief, pair-end reads (fastq) were aligned to human rRNA using 

BWA mem, the sorted aligned bam file was then used for marking the duplicate reads using 

PICARD tools (version 2.8.1). The deduplicated aligned bam files then used for reassign 



31 
 

mapping qualities and variant calling using HaplotypeCaller tool of GATK. The VCF files were 

then used for comparison of variants among the groups. The coverage calculation was done 

by samtools depth function. For automate the whole processes, a bash script was written and 

run. 

2.18 Statistics  

The data presented was obtained from at least three independent experiments, and analyzed 

using Graph Pad Prism 6 software (Graph Pad Software Inc., San Diego, USA). Statistical 

differences of data from two sample groups were determined using unpaired t test (two 

tailed). Stars in the figures represent p values (* = ρ<0.05, ** = ρ<0.01, *** = ρ<0.001). 
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3. RESULTS 

3.1 CS proteins affect RNA polymerase I activity and ribosomal biogenesis 

The cellular roles of Cockayne syndrome proteins A and B have been intensively investigated 

by our lab and others and their involvement in the key step of ribosomal biogenesis, 

transcription by RNA polymerase I was established. Our group could show that CS cells have a 

disturbed RNA polymerase I transcription. However, the cellular consequences of an impaired 

RNA polymerase I transcription are unknown and were addressed in this project.  

 

3.1.1 Impaired RNA polymerase I transcription in CS cells  

To confirm that CSA and CSB mutations influence RNA polymerase I activity, we assessed the 

expression of rRNAs in CS and control cells. For this purpose, we quantified by qPCR the 

expression of the 47S pre-rRNA. The amount of the precursor rRNA reflects ongoing 

transcription by RNA polymerase I at the time-point of harvest. The 47S precursor rRNA is 

processed after transcription into 18S, 5.8S and 28S rRNA, which subsequently become part 

of the mature ribosomes.  

Both CSA and CSB mutant cells showed significantly less expression (two fold decrease) of 47S 

rRNA compared to reconstituted cells (Figure 5), showing that mutant CSA or CSB has an 

impact on the amount of transcribed precursor rRNA.  Interestingly, cells from UV-sensitivity 

syndrome patients show only a mild and insignificant reduction in 47S rRNA expression. This 

results suggests that the lack of CSB in the UVsS cells might have a lighter impact on the rRNA 

transcription, rather than the presence of the truncated protein. To determine if the number 

of mature ribosomes is also changed, we measured the steady state of 18S rRNA by qPCR 

analysis. We observed that the steady state of 18S rRNA does not differ between CS and 

control cells (Figure 7), suggesting that even though the precursor 47S rRNA expression is 

lower in CS cells, the amount of processed mature rRNA remains unchanged.  
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3.1.2 Protein synthesis is decreased in CS cells  

Next we asked whether a disturbed RNA polymerase I transcription influences protein 

synthesis. For this purpose, we measured the global protein synthesis in CS and control cells 

using radioactively labeled methionine and cysteine. The amount of labeled amino acids was 

quantified and revealed that CS cells have a significant reduction of protein synthesis 

compared to control cells. Furthermore, as in the case of 47S rRNA synthesis, UVsKO cells 

showed only a slight reduction in protein synthesis compared to control cells (Figure 6). This 

result indicates that the translational process in CS cells is disturbed.  
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Figure 5: Expression of total 47S rRNA in CS and control cells, quantified by qPCR and normalized 

to RPL13 expression. Values are mean ± SD of three independent experiments (* = ρ<0.05, ** = 

ρ<0.01, *** = ρ<0.001).  

Figure 6: Global protein synthesis in CS and control cells was assessed by metabolic labeling. 

Values are mean ± SD of three independent experiments (* = ρ<0.05, ** = ρ<0.01, *** = ρ<0.001). 
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3.1.3 The ratio between ribosomal content and protein synthesis is reduced in CS cells 

The cellular proteostasis is maintained by an efficient translation process. One way to 

determine the translation efficacy is by detecting the amount of proteins produced per 

ribosome. The ratio between the total amount of synthesized proteins and of mature rRNA 

reflects how many proteins are produced per mature rRNA, thus indicating translation 

efficacy. Due to the lower protein synthesis levels shown in the previous section, the ratio 

between protein synthesis and 18S rRNA was also significantly reduced in CS cells, as shown 

in figure 7. Therefore, the amount of proteins produced per ribosome is decreased, pointing 

towards a disturbance of the translation process.   
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Figure 7: (A) Steady-state of 18S rRNA in CS and control cells, quantified by qPCR. (B) The 

transcription/ribosome was determined by calculating the ratio between protein synthesis and 18S 

rRNA expression. Values are mean ± SD of three independent experiments (* = ρ<0.05, ** = ρ<0.01, 

*** = ρ<0.001). 
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3.1.4 Polysomal profiling in CS cells 

Reduction of pre-rRNA expression indicates that ribosomal biogenesis is disturbed in CS cells. 

To determine whether the ratio between polysomes and monosomes is changed in CS cells, 

polysomal profiling was performed. As shown in figure 8, a significant reduction of the 

polysomal fraction was detected in CSA mutant cells compared to control cells. However, 

although a reduction in polysomal fraction can be observed in CSB mutant cells as well, the 

difference compared to control was not significant. In addition, the polysomal profiling in UVsS 

cells was similar to control cells, suggesting no disturbance in the translation process.  
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3.2 Translation deficiency and ROS levels in CS cells 

3.2.1 High translation inaccuracy in CS cells 

The decreased protein translation per ribosome in CS cells, as shown in the figure 7, points to 

a malfunction of the translational machinery. To address the quality of protein translation in 

CS cells, we investigated translational fidelity using a luciferase-based assay. We transfected 

a mutant luciferase reporter containing a mutated lysine 529 which inactivates the enzyme. If 

the right amino acid is erroneously incorporated, the luciferase activity can be detected and 

its intensity indicates the amount of errors introduced during the translation process. As 

demonstrated in figure 9, erroneous incorporation of the right amino acid in the active center 

of luciferase is significantly higher in CS cells compared to controls, showing more inaccurate 

translation by CS ribosomes. Interestingly, cells completely lacking CSB do no show increased 

translation infidelity.  

This experiment shows that beside a reduced protein synthesis per mature rRNA, the proteins 

that are produced in CS cells might contain misincorporated amino acids.   
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Figure 8: The global rate of protein translation was determined in all cell lines by calculating the 

fraction of polysomal ribosomes from polysome profiles. The data depicted here represents the ratio 

between polysomes and total ribosomes. Values are mean ± SD of three independent experiments 

(* = ρ<0.05, ** = ρ<0.01, *** = ρ<0.001). 
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Figure 9: Translation accuracy in CS and control cells was determined by luciferase assay. CS and 

control cells were transfected with wild-type and mutant luciferase constructs and luciferase 

activity was determined 24 h later. For transfection efficiency, cell were transfected with Renilla 

luciferase. The results depicted show the ratio between firefly and Renilla luciferase where the 

mutant luciferase construct was transfected. As negative control (CONTROL), cells were transfected 

with backbone plasmid. Values are mean ± SD of three independent experiments (* = ρ<0.05, ** = 

ρ<0.01, *** = ρ<0.001). 
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3.2.2 Proteins from CS cells show susceptibility to unfolding 

Misincorporated amino acids can influence the structure of the proteins and subsequently 

their correct folding. To test the unfolding resistance of the proteins, we treated extracts of 

CS and control cells with 2M urea, a strong inducer of protein denaturation. The resistance of 

proteins to unfolding was assessed by incubating the cell lysates with BisANS dye, which binds 

to the exposed hydrophobic parts of the proteins. As shown in figure 10, CS cells displayed a 

high susceptibility to protein unfolding as BisANS was highly incorporated. UVsS cells however 

showed normal protein unfolding resistance. This experiment reveals for the first time that CS 

cells display an unstable proteome.  
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Figure 10: Protein stability was measured after challenge with 2M Urea (2h) and labeling with 

BisANS. Fluorescence intensity of BisANS was measured at 500 nm after excitation at 375 nm. 

Values are mean ± SD of four independent experiments (* = ρ<0.05, ** = ρ<0.01, *** = ρ<0.001). 



39 
 

3.2.3 Increased ROS levels in CS and UVsKO cells  

Generation of reactive oxygen species is a byproduct of the metabolism of oxygen. Cells have 

various defensive systems against major oxidative damage produced by endogenous ROS like 

hydrogen peroxide (H2O2) or by superoxide anions (O2
-). However, higher production of ROS 

due to mitochondrial dysfunction or the incapacity of the cells to cope with ROS levels can 

result in severe cellular damage – DNA oxidative damage, lipid peroxidation, or protein 

oxidation – all presumably resulting in permanent damage or cell apoptosis. Mitochondrial 

dysfunction of CS cells has been already reported in literature (Kamenisch et al., 2010), as well 

as a hypersensitivity of CS cells to ROS (Nardo et al., 2009). We confirmed here that both CSA 

and CSB mutant cells have significantly elevated levels of O2
- and H2O2 compared to control 

cells, as shown by strong fluorescence of DHE and DCF (Figure 11), both oxidative-sensitive 

fluorescent probes activated in the presence of high specific ROS. Surprisingly, the highest 

levels of superoxide and hydrogen peroxide was detected in cells from the mildly affected 

patient of UV-sensitivity syndrome. 

This experiment indicates that ROS alone are not sufficient to cause premature ageing, as the 

UVsKO patient does not suffer of premature ageing despite having the highest ROS levels.  
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Figure 11: Intracellular ROS levels assessed by DHE (left) and DCFH (right) oxidation-sensitive 

fluorescent probes in CS cells. Fluorescence values were detected by flow cytometry and reported 

values are means of three independent experiments ± SD (* = ρ<0.05, ** = ρ<0.01, *** = ρ<0.001) 
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3.2.4 Elevated protein carbonylation in CS cells 

Protein carbonylation is driven by increased ROS levels and it is caused by the oxidation of 

protein side chains. Since it is an irreversible process, oxidation of proteins results in protein 

inactivation and subsequently their degradation. As CS and UVsKO cells showed increased 

levels of reactive oxygen species, and CS cells additionally an unstable proteome, we 

quantified the amount of carbonylated proteins from CS and control cells. CSA and CSB-

mutant cells had significantly more carbonylated proteins compared to control cells, as shown 

in figure 12. Although having the highest ROS levels, UVsKO cells showed normal carbonylation 

values. This suggests that these cells are either able to efficiently cope with the radicals, or 

more likely, that accurate translation resulting in proper protein folding plays a crucial role in 

protecting the proteins from oxidation and further damage.  
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Figure 12: Oxidation of proteins determined by amount of carbonyl groups in CS and control cells, 

detected by absorbance of DNPH-tagged proteins. Values are mean ± SD of three independent 

experiments (* = ρ<0.05, ** = ρ<0.01, *** = ρ<0.001) 
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3.3 Reduced protein degradation in CS cells 

Carbonylation leads to the irreversible loss of function of proteins, and subsequently to their 

degradation. As previously shown, protein carbonylation is significantly increased in CS cells, 

due to high ROS and to inaccurate translation. For this reason, we assessed whether protein 

degradation is increased in CS cells by measuring the proteasome activity and the total protein 

ubiquitination in CS and control cells. To determine the proteasome activity, a 20S Proteasome 

fluorescent substrate was added to the cells and the fluorescence intensity indicated the 

cleavage due to its degradation. As shown in figure 13, proteasome activity was significantly 

decreased in CS, but not in UVsS cells. Additionally, the total protein ubiquitination measured 

by ELISA was significantly lower in CS cells. This result shows that despite the high level of 

carbonylated proteins, protein degradation does not increase in CS cells, pointing to a possible 

accumulation of these proteins in the ER.    
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Figure 13: Protein degradation was assessed by measuring the proteasome activity in CS and 

control cells. The activity of 20S proteasome is quantified by its ability to cleave the SUC-LLVY-AMC 

substrate, which upon cleavage generates a fluorescent product. Fluorescence values were 

determined from three independent experiments (* = ρ<0.05, ** = ρ<0.01, *** = ρ<0.001) 
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3.4 ER stress activation 

Misfolded or carbonlylated proteins are susceptible to degradation. However, if degradation 

does not occur, these proteins can accumulate in the ER and activate a subsequent signaling 

pathway called ER stress and unfolded protein response.  

3.4.1 Activated ER stress markers GRP78 and P-eIF2α in CS cells 

The expression of GRP78 or BiP, a major chaperone present in the lumen of ER, was assessed 

by western blot in CS and control cells. Upregulation of GRP78 is, an important indicator of ER 

stress activation and the initiator of unfolded protein response. As shown below, GRP78 levels 

was detectable in all cell lines, with an upregulation in CSB and CSA-deficient cells. Therefore, 

additional analysis of the ER pathways was performed, and further screening for key players 

in ER stress.  

Following increase in GRP78, autophosphorylation of PERK occurs which further 

phosphorylates eIF2α. As P-eIF2α inhibits protein translation, downregulates RNA polymerase 

I transcription and, in case of unresolved stress, induces apoptosis, we determined the amount 

of phosphorylated eIF2α in CS and control cells. As shown in figure 14, eIF2α is highly 

phosphorylated in CS cells, but not in control cells, indicating that ER stress activates PERK 

pathway.  
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Figure 14: GRP78 and p-eIF2α expression were determined from whole cell lysates of CS and 

control cells, using western blot analysis. β-actin (lower band) was used as loading control. 

Representative blots of three independent experiments are depicted. 
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3.4.2 Chemical chaperones prevent ER stress-induced apoptosis 

Chemical chaperones such as TUDCA and 4PBA enhance protein folding and are described as 

efficient agents in alleviating ER stress. It is known that CS cells are hypersensitive to oxidative 

stress, undergoing apoptosis. To investigate if the hypersensitivity of CS cells to oxidizing 

agents is due to the oxidation of misfolded proteins, we treated CS and control cells with H2O2. 

Concomitantly we treated the cells with chemical chaperones to improve protein folding and 

quantified apoptosis by Nicoletti assay. As shown in figure 15, the addition of protein folding 

agents completely prevents apoptosis induced by H2O2 in CS cells, indicating that the 

hypersensitivity to oxidative stress is due to protein oxidation. To further corroborate that 

protein misfolding is a pathophysiological relevant problem in CS cells, we tried to increase 

the load of misfolded proteins by the addition of tunicamycin. This treatment specifically 

induced apoptosis in CS, but not in control cells (Figure 16), thus we identified a novel feature 

of CS cells, the hypersensitivity to tunicamycin. Pretreatment with chaperones significantly 

reduced apoptosis, therefore validating that protein misfolding is causal for induction of 

apoptosis in CS cells by treatment with tunicamycin. Taken together, we were able to identify 

chaperones as agents for preventing the oxidative hypersensitivity of CS cells, a feature that 

distinguishes them from UVsKO cells.  
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Figure 15: CS and control cells sensitivity to H2O2 -induced cell death was determined by PI staining 
(Nicoletti Assay). Chemical chaperones TUDCA (200 µM) and 4PBA (1 mM) were pre-incubated 24h 
prior to H2O2 treatment to prevent ER stress induction. After pretreatment, cells were incubated with 
H2O2 (500 µM) for 12h. Experiments were performed independently three times and values represent 
mean ± SD (* = ρ<0.05, ** = ρ<0.01, *** = ρ<0.001). 
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Figure 16: Resistance of CS and control cells to ER stress-mediated cell death was determined by PI 
staining (Nicoletti Assay). Cells were incubated with either tunicamycin (Tun) alone (5µg/ml) for 24h 
and after pre-incubation with TUDCA (TD) (200µM) or 4PBA (1mM) to reduce ER stress. Experiments 
were performed independently three times and values represent mean ± SD (* = ρ<0.05, ** = ρ<0.01, 
*** = ρ<0.001). 
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3.4.3 Chemical chaperones restore RNA polymerase I activity and stimulate protein 

synthesis 

Activation of the PERK pathway, as shown in figure 17, results in the phosphorylation of eIF2a. 

P-eIF2a represses RNA polymerase I transcription and protein translation. To investigate if 

dampening of ER stress by chemical chaperones also dampens the repression of RNA 

polymerase I transcription and protein translation, we treated cells with TUDCA and analyzed 

RNA polymerase I transcription and protein translation. After pre-incubation with TUDCA for 

24 h, CS cells showed a significant increase in 47S rRNA expression, indicating a release of RNA 

polymerase I activity. Moreover, the same treatment was able to elevate protein synthesis in 

CS cells, showing that the translation inhibition present in CS cells is at least partially due to 

activation of ER stress. TUDCA is a physiologic bile acid and approved for treatment of 

cholestatic liver disease, thus a non-toxic therapeutic opportunity for conditions of elevated 

ER stress.  
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3.4.4 TUDCA-dependent de-repression of RNA polymerase I transcription is mediated by 

the PERK pathway 

As shown in previous experiments, in CS cells UPR is activated. The chemical chaperone TUDCA 

decreases ER stress and subsequently UPR, resulting in a significant increase of RNA 

polymerase I transcription and of protein synthesis. To analyze if this de-repression is 

mediated by the PERK pathway, a specific inhibitor of eIF2α phosphatase enzyme was used 

(salubrinal). Salubrinal maintains p-eIF2a in its activated state. If p-eIF2a represses RNA 

polymerase I transcription, this repression should be prolonged and enhanced. And indeed, 

incubation of CS cells with 30 µM Salubrinal for 24 h completely inhibited the de-repressive 

effect of TUDCA on RNA polymerase I transcription (Figure 18). This experiment revealed that 

the repression of RNA polymerase I transcription in CS cells is due to the activation of the PERK 

pathway and p-eIF2a. 

 

 

 

 

 

 

Figure 17: 24h incubation with TUDCA (+) significantly improves Pol I activity – determined by qPCR 

analysis of 47S rRNA (A) - and total protein synthesis (B). RPL13 expression was used for qPCR 

normalization. Experiments were performed independently three times and values represent mean 

± SD (* = ρ<0.05, ** = ρ<0.01, *** = ρ<0.001). 
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3.4.5 XP/CS cells show activated ER stress markers 

Patients diagnosed with XP/CS carry mutations in one of the XP genes XPB, XPD or XPG, and 

display typical CS symptoms with additionally increased predisposition to skin cancer. In CSA 

and CSB mutant cells we identified disturbances in translation fidelity and high activation of 

ER stress. To determine whether this is a general characteristic of CS, we monitored whether 

XP/CS cell lines have activated ER stress markers. Using two different patient-derived cell lines 

for each gene (XPB, XPD, XPG), we have determined the expression of the transcription factor 

CHOP and the phosphorylation of eIF2α. As shown in the figure 19, CHOP expression was 

significantly increased in all XP/CS cell lines, compared to control wild-type cells. This indicates 

that XP/CS cells display signs of late ER stress. Phosphorylation of eIF2α was also high in all 

the cell lines analyzed, indicating that there is also an UPR-mediated RNA polymerase I 

inhibition, as well as inhibition of protein synthesis.  These results indicate that ER stress 

activation might be a general feature of CS, including the more rare but severe cases of XP/CS.  
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Figure 18: Specificity of TUDCA (TD) treatment on RNA polymerase I activity (47S rRNA expression) 

was tested using 30 µM Salubrinal (SAL), a p-eIF2 phosphatase inhibitor, alone or in combination with 

TUDCA (SAL+TD) for 24h. The values were normalized to RPL13 expression. Values are mean ± SD of 

three independent experiments (* = ρ<0.05, ** = ρ<0.01, *** = ρ<0.001). 
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Figure 19: Expression of ER stress markers was evaluated using qPCR (CHOP) and western blot 

analysis (p-eIF2α). The expression of the two markers in XP/CS cells was compared to primary 

(FF95) and immortalized fibroblasts (1306). For qPCR, the values were normalized to RPL13 

expression, and for western blot to β-actin. Values are mean ± SD of three independent 

experiments (* = ρ<0.05, ** = ρ<0.01, *** = ρ<0.001). 
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3.5 Stable variation frequencies of the rRNA in CS cells 

In recent publications it has been shown that CS proteins are elongation and re-initiation 

factors of RNA polymerase I transcription (Lebedev et al., 2008). Therefore, we expected 

failures in the process of RNA polymerase I transcription when CS factors are mutated. These 

failures might alter the structure of the rRNAs and could explain the reduced translation 

accuracy. RNA sequencing was used to assess if the number of variations in the rRNA sequence 

is increased in CS cells. The rRNA from CS and control cells was isolated and sequenced, and 

the number of variations identified. The RNAseq analysis showed a slightly higher number of 

variations in CSA deficient cells compared to controls, but a similar number of variations in 

CSB deficient cells and controls. Cells from UVsS patient displayed a slightly lower number 

(Figure 20). However, none of the rRNA variations found in CS were unique, and they were 

found in the intergenic spacer regions. This indicates that rRNA sequence variations do not 

play a role in the decreased translational accuracy observed in CS cells. rRNA post 

transcriptional modifications (pseudouridylation, methylation, etc.) are known to influence 

translational fidelity of the ribosomes, and are subject of the next experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20: The number of variations in rRNA of CS and control cell lines was determined after 

RNAseq analysis. The values represent the mean of two independent biological replicates. 
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3.6 Csbm/m mice phenotype 

We showed that CS patient fibroblasts have a deficient RNA polymerase I activity and that the 

quality of protein translation is severely affected. Moreover, in these cells increased ROS 

production and misfolded proteins induce the activation of ER stress and the unfolded protein 

response. In mouse models, it has been shown Csa and Csb mutations do not recapitulate the 

typical CS symptoms present in the patients, but only mild neurodegeneration and UV-skin 

sensitivity is present. To determine whether the pathomechanism in CS mice differs from 

human cells, we used Csb mutant mice bearing the similar mutation as the CSB cell line used 

in this study, and analyzed the activity of RNA polymerase I and ER stress. 

3.6.1 RNA polymerase I activity and ER stress in Csbm/m mice  

Wild-type and Csbm/m mice were sacrificed and RNA from brain, liver and primary ear-isolated 

fibroblasts was used for further experiments. In addition, fibroblasts from wt and mutant mice 

were kept in culture and translation accuracy was measured using the luciferase assay 

described in the previous sections. First, as shown in figure 21, no change in 45S rRNA was 

observed in liver and fibroblasts, but a significant reduction could be seen in the mouse brain. 

This result indicates that RNA polymerase I activity is reduced in the brain of mutant mice, 

possibly explaining the mild neurodegeneration observed in the later stages. For ER stress 

evaluation, the transcription factor CHOP was analyzed by qPCR, but no changes were 

observed in any of the organs analyzed. This indicates that ER stress might not be activated. 

In addition, translational accuracy of CSB mice is similar to wild-type mice (Figure 22), 

indicating that the vicious circle identified in human cells is not the case in mice. This might 

explain the remarkably mild phenotype observed in Csbm/m mice. Moreover, comparing 

translational accuracy of mouse and human fibroblasts revealed that translational fidelity of 

mouse ribosomes is lower (Figure 22). This result could indicate that the translation error 

threshold in mouse cells might be lower than in human cells, possibly due to the higher 

metabolic rate of mouse cells, and might be linked to the shorter lifespan of the mice.  
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Figure 21: Expression of total 45S rRNA and Chop in wild-type and Csbm/m mice. Left graphs depict 

the expression of 45S rRNA and Chop in mouse brain, right graphs in the ear-isolated fibroblasts.  

The values were normalized to Actin expression. Three mice per group were used in each 

experiment. Values are mean ± SD of three independent experiments (* = ρ<0.05, ** = ρ<0.01, *** 

= ρ<0.001).  
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As shown before, CS and UVsKO cells display significantly higher levels of ROS (H2O2 and 

superoxide anions) compared to controls. For this reason, we determined whether Csbm/m 

cells generate also higher levels of ROS comparted to wild-type mice. ROS levels were 

evaluated using the previously mentioned oxidative-sensitive fluorescent dyes, DHE and DCF, 

to detect the levels of H2O2 and superoxide, in ear-isolated fibroblasts. After incubation with 

the dyes and FACS analysis, the results showed that wild-type and Csbm/m mouse cells display 

similar ROS levels, as shown in figure 23. This result indicates that CS proteins might have a 

smaller involvement in mitochondrial function in mice than in human cells, and mutations 

effects could be limited to the mitochondrial BER only. 
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Figure 22: Translation accuracy comparison between wild-type (WT) and Csbm/m ear-isolated 

fibroblasts and between wild type mouse (M) and human dermal fibroblasts (H) was determined 

by luciferase assay (left). The cells were transfected with wild-type and mutant luciferase constructs 

and luciferase activity was determined 24 h later. The results represent the ration between firefly 

and Renilla luciferase. Values are mean ± SD of three independent experiments (* = ρ<0.05, ** = 

ρ<0.01, *** = ρ<0.001). 
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Figure 23: Intracellular ROS levels assessed by DHE (left) and DCFH (right) oxidation-sensitive 

fluorescent probes in wild-type and Csbm/m in mouse ear-isolated fibroblasts. Fluorescence values 

were detected by flow cytometry and reported values are means of three independent experiments 

± SD (* = ρ<0.05, ** = ρ<0.01, *** = ρ<0.001) 

Fi
re

fl
y/

R
en

ill
a 

Fi
re

fl
y/

R
en

ill
a 



54 
 

4. DISCUSSION 

Cockayne syndrome – current understanding of mechanisms 

Despite increasing research on Cockayne syndrome, understanding the full mechanism behind 

the disease proved challenging and failed in bringing any therapeutic option in discussion. CS 

proteins have been cloned and characterized, and the initial function of the proteins was 

established as key factors in a subpathway of nucleotide excision repair (NER), the 

transcription-coupled repair (TCR). As the complete failure of DNA repair by the NER does not 

necessarily lead to growth failure and premature aging, and does not explain the full array of 

symptoms, other functions of the CS proteins could account for the disease.  

Localization of CSA and CSB outside the nucleus opened a new path in determining additional 

roles of the proteins. Small fractions of both proteins have been discovered in the 

mitochondria. Aamann et. al (Aamann et al., 2014) showed that CSB is localized in 

mitochondria in different cell types and it would play a role in mitochondrial base excision 

repair, by recruiting, stabilizing and retaining BER proteins. Additional roles of CS proteins in 

mitochondrial function were found by Cleaver (Cleaver et al., 2014), implying that they have 

an essential function in scavenging ROS and maintaining the mitochondrial homeostasis. 

However, as CS can be caused by mutations in five different proteins, a common function of 

these proteins beside DNA repair is critical for premature aging. In the past years we and 

others identified transcription by RNA polymerase I as a common function of the CS proteins. 

In a study by Scheibye-Knudsen et al (Scheibye-Knudsen et al., 2016) it was shown that 

knocking down CSA or CSB in neuroblastoma cells is not only followed by stalled RNA 

polymerase I activity at the rDNA, but it is also followed by activation of the DNA damage 

sensor poly-ADP ribose polymerase 1 (PARP1). Activation of PARP1 induces various 

mitochondrial changes such as increased oxygen consumption, production of superoxide 

anions or increased mitochondrial membrane potential. Additionally, the same study shows 

that artificial inhibition of RNA polymerase I activity by using CX-5461 inhibitor results in 

similar mitochondrial changes. Hence, RNA polymerase I activity seems to play a central role 

in the resulting mitochondrial phenotype seen in Cockayne syndrome cells. In the present 

study, we investigated the consequences of a malfunction in RNA polymerase I transcription 

and discovered that a vicious circle originating from a disturbed ribosomal biogenesis might 

contribute to growth failure and neurological degeneration in CS.        
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RNA Polymerase I might play a central role in Cockayne syndrome 

Our lab has shown that CSB stimulates elongation of RNA Pol I in an ATP-independent manner 

and can be cross-linked to gene internal regions and to rRNA promotor (Lebedev et al., 2008). 

In the same line, CSA recruits TFIIH and CSB and stimulates re-initiation of transcription after 

association with RNA polymerase I in the active fraction of the rDNA (Koch et al., 2014).  

We have shown here that cells with CSA and CSB mutations have a significant reduction in the 

expression of precursor 47S rRNA, in line with previously published data (Koch et al., 2014; 

Lebedev et al., 2008). The slow growth of CS cells can be explained by a reduction in rRNA 

precursor synthesis that requires more time to synthesize the same level of mature ribosomal 

18S rRNA per cell, as we detected in CS and control cells. Our data also showed that protein 

translation is reduced in CS cells. In addition, the ratio between protein synthesis and the level 

of steady state 18S rRNA is reduced in CS cells, suggesting a malfunction of the ribosomes. A 

decline in 47S rRNA can be responsible for the slow growth of CS cells as well, and possibly for 

the retarded growth of Cockayne syndrome patients, but further evidence supporting this is 

required. In addition, polysomal profiling revealed a reduction in the polysomal fraction in CS 

cells (significant in CSA cells). However, as the transcription per ribosome seems to be 

diminished in CS cells, we speculated that the quality of ribosomal translation might be 

affected. Thus, we analyzed if the translation process is qualitatively changed in CS cells. 

To assess the quality of translation in CS cells, we applied a modified luciferase assay that was 

used to analyze the difference in translation fidelity between the short-lived mouse and the 

long-living naked mole rat, Heterocephalus glaber. The naked mole rat possesses a unique 28S 

rRNA species and the translational fidelity – the accuracy of the translation process at the 

ribosome – is much higher than in mouse cells (Azpurua et al., 2013). Using the same assay, 

we showed for the first time that translation accuracy is significantly decreased in CS cells, 

hence the quality of the translation is lower. Due to this result, we determined whether 

inaccurate translation affects the quality of the proteins, and measured the stability of the 

proteome in CS cells. A stable proteome and the resistance of proteins to unfolding by 

denaturing agents is crucial in the context of ageing, and a characteristic of the long-lived 

naked mole rat (Perez et al., 2009). In addition, the resistance of the proteome to unfolding is 

a feature of the longest-living animal, the sea shell Arctica islandica (Treaster et al., 2014). 

When we subjected total proteins from CS and control cells to high urea concentrations and 
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used BisANS dye to detect conformational changes, we detected a lower resistance of proteins 

to unfolding in CS cells, indicating that the amount of misfolded proteins is high. In summary, 

the reduced unfolding resistance detected in both CSA and CSB cells lines indicates that this 

might be a general feature of CS. 

The previously discussed ribosomal dysfunction, mirrored by translation inaccuracy in CS cells 

as revealed by the luciferase assay, results in generation of a high amount of unfolded 

proteins. Unfolding proteins are highly susceptible to protein oxidation, an irreversible 

process resulting in protein loss of function (Dukan et al., 2000). A feature of CS cells previously 

described and confirmed by this study was that CS cells display increased ROS levels. In 

addition, we showed for the first time that UVsS cells generate ROS levels comparable to CS 

cells. This prompted us to determine protein oxidation/carbonylation. As shown in the results 

section, protein carbonylation is highly increased in CS cells compared to controls, and it is 

most likely the result of increased ROS and inaccurate translation. The lack of carbonylated 

proteins in UVsS cells confirms that ROS alone is not responsible for protein carbonylation and 

that translation inaccuracy is necessary, generating unstable proteins susceptible to oxidation, 

and might be a key difference between CS and UVsS cells. 

Interestingly, although UVs control cells showed the highest levels of ROS, the patient was 

only mildly affected (Horibata et al., 2004), indicating that elevated ROS alone do not cause 

growth defects and premature aging. The elevated ROS suggests that the UVsKO patient also 

suffers of a mitochondrial dysfunction. However, we observe that the total loss of CSB in 

human cells is not as detrimental as the truncating mutation, supporting the findings of 

Horibata et al. Cases of CS lacking the CSB protein (Horibata et al., 2004) have been described, 

therefore the discrepancies of these findings and our study require additional investigations. 

ER stress activation – a novel feature of Cockayne syndrome cells 

ER stress is the result of several environmental, physiological as well as pathological insults, 

leading to the disruption of the protein-folding environment (Wang and Kaufman, 2014). 

Induction of ER stress leads to the so-called unfolded protein response, comprising of 

activation of three different pathways aimed at reestablishing protein folding and ER 

homeostasis. Loss of ER homeostasis often leads to loss of protein homeostasis (proteostasis), 

and is a hallmark of ageing (Lopez-Otin et al., 2013). As we have determined that CS cells have 

an increased translational inaccuracy as shown by the luciferase assay, as well as high ROS and 
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increased protein oxidation (increased superoxide anions and hydrogen peroxide 

concentration), we took a closer look on ER stress in CS cells. As shown in the results part, CS 

cells have significantly more carbonylated proteins compared to control cells, indicating that 

indeed elevated ROS affects proteins. Generally, oxidized proteins are less active and 

thermostable, and expose hydrophobic amino acids at their surface. Additionally, protein 

damage can result from oxidation of glycation products leading to the formation of 

glycoxidation adducts such as pentosidine or carboxymethyllysine, which often bring carbonyl 

groups and/or cross-link within the protein (Friguet, 2006). The oxidized proteins have been 

shown to be preferentially degraded by the 20S proteasome in an ATP- and ubiquitin-

independent manner. However, the 20S proteasome activity and total protein ubiquitination 

showed that protein degradation is significantly reduced in CS cells. A decline in proteasome 

activity has been shown in a wide range of organs and cell types. Moreover, a reduction in the 

expression of the proteasome subunits has been reported in several cell lines, including 

human fibroblasts. Due to this, the faith of the oxidized proteins is most probably 

accumulation in ER. Therefore, ER stress investigation was a necessary step in establishing 

whether misfolded or carbonylated proteins accumulate in ER of CS cells, and whether this 

has further consequences on cell homeostasis. Different ER stress markers such as GRP78 and 

p-eIF2α were highly upregulated in CS patient cells compared to controls, indicating an 

elevated basal level of ER stress. Additionally, treatment with H2O2 or tunycamicin induced 

high apoptosis in CS cells only, indicating a hypersensitivity of the cells to oxidizing agents and 

to protein misfolding agents. Moreover, co-treatment with chemical chaperones prevented 

the apoptosis completely, demonstrating that the described hypersensitivity of CS cells is due 

to protein oxidation. The ER stress results shown here come in line with the recent data from 

Caputo et al (Caputo et al., 2017) where knock down of CSB resulted in upregulation of ER 

stress factors. However, we showed here for the first time that all the assessed CS patient cell 

lines display increased ER stress, suggesting that ER stress might be the main pathomechanism 

in CS. Moreover, in contrast to the study of Caputo et al, we could show that complete absence 

of CSB as it is in the case of the UVsS cell line analyzed, results in minor changes in ER stress 

markers. This might be due to the unaffected translational fidelity, no production of misfolded 

proteins, thus no protein carbonylation even in the presence of elevated ROS. 
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UV sensitivity syndrome – different mechanisms?  

UV sensitivity syndrome is an autosomal recessive disorder, characterized by mild cutaneous 

symptoms and defective transcription-coupled repair (TC-NER). UVsS patients exert mild CS 

symptoms, such as skin sensitivity to UV irradiation. At cellular level, UVsS cells show normal 

GG-NER and are deficient in TC-NER of UV-induced cyclobutane pyrimidine dimers (CPD). 

Although the cellular phenotype in regard to DNA repair is similar, CS cells are hypersensitive 

to oxidizing agents. However, a major difference between UVsS patients and CS is the absence 

of neurologic defects and the normal growth and development. Since common genes are 

responsible for the disease (CSA and CSB), many questions have been raised regarding the 

relevance of transcription couple repair and DNA damage in CS, and whether the additional 

functions of the CS proteins are playing a stronger role in the disease development. To address 

this issue, we have used one cell line isolated from an UVsS patient bearing a CSB mutation. 

We have initially confirmed that 47S rRNA expression is not changed in these cells, as well as 

other processed rRNAs (the steady state level of 18S), indicating that RNA polymerase I activity 

is not altered. Protein synthesis is also unchanged in these cells compared to control or CS 

cells. However, one of the key differences between UVsS and CS cells was revealed by 

translational fidelity experiments, where CS cells show a significantly increased translational 

inaccuracy.  

Although all the findings presented in this project support the idea that truncated CS proteins 

have a greater impact on the cell phenotype than the complete absence, there are still many 

open questions. First, it is still unclear whether and how transcription by RNA polymerase I 

remains unaffected by complete lack of CSB protein (in the case of the studied cell line), 

although there is no evidence of accumulation of DNA damage in UVsS patients. Second, the 

small number of UVsS cases reported in the literature makes it difficult to draw a clear 

conclusion. The progression of the disease cannot be entirely predicted, since the age of the 

patients is relatively low. Third, neurologic dysfunction cannot be excluded entirely from the 

symptom spectrum of UVsS, as one case of a patient has been reported starting developing 

symptoms of CS neurologic disease at the age of 47 (Hashimoto et al., 2008). Lastly, the most 

remarkable finding of this study is perhaps the high ROS levels found in UVsS cells, comparable 

to CS cells, but at the same time the low level of carbonylated proteins. The finding could be 

explained by the normal level of translation accuracy, comparable to control cells, which yields 
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properly folded proteins with no susceptibility to oxidation. This is enforced by the normal 

resistance of the cell extracts to high concentrations of urea, confirming a stability of the 

whole proteome in UVsS cells. However, on one side ROS levels point to a mitochondrial 

dysfunction which needs further investigation, but on the other side it shows a good capacity 

of the cells to cope with high oxidative stress, a feature CS cells seem to lack.  

Increased ER stress in XP/CS cells 

As previously mentioned, mutations in CSA and CSB are not solely responsible for Cockayne 

syndrome, although accounting for 90% of the CS cases. A subset of patients with mutations 

in XPB (ERCC3), XPD (ERCC2) and XPG (ERCC5) develop a mixed phenotype of Cockayne 

syndrome and xeroderma pigmentosum (XP/CS). In comparison to CS, patients with XP/CS 

develop more severe symptoms, in particular higher susceptibility to skin cancer and 

neurological dysfunction. For this reason, we asked whether XP/CS cells have similar defects. 

Looking into primary cells from XPB, XPD and XPG patients (two different cell lines from each 

group), we determined if ribosomal biogenesis or ER stress are present. As showed previously, 

we found a significant reduction in 28S ETS expression in each cell line, suggesting that rRNA 

elongation is affected in these cells. In addition, due to time and the slow growth rate of the 

cells, we have checked directly any signs of ER stress, prior to additional information regarding 

the accuracy of translation and the ribosomal profiling. Late signs of ER stress activation could 

be detected in all the cell lines analyzed, as shown by high CHOP expression and also by the 

increased phosphorylation of eIF2α. Although other UPR pathways were not consistently 

activated, the common PERK activation in each cell line confirms that the inhibition of RNA 

polymerase I transcription might be determined via ER stress activation. However, the cells of 

XP/CS patients are prone to becoming cancerous cells, which suggests that additional 

mechanisms are involved. We speculate that while CS cells have a higher activation of ER 

stress, the cells undergo apoptosis via activating PERK-P-eIF2α-ATF4-CHOP pathway. In 

addition, the overwhelming and chronic amount of ROS generated in CS cells can be decisive 

for inducing cell apoptosis. It is though possible that XP/CS cells escape ER stress, but the 

continuous damage determined by deficient nucleotide excision repair pathways their 

malignancy transformation. In conclusion, the experiments regarding XP/CS cells have 

provided important information, mechanistically linking CS to the more severe cases of XP or 
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XP/CS, but leaving many open questions regarding a bigger picture of how ribosomal 

biogenesis is affected in XP/CS cells and what is the impact on cell homeostasis.  

Therapeutic options in progeroid diseases 

Progerias have a very heterogeneous genetic background, involving a high number of cellular 

pathways and a high array of symptoms and phenotypical manifestations. For this reason, but 

also due to the relatively small number of diagnosed patients, therapeutic interventions were 

difficult to develop and were only limited to symptom management. In the case of the classical 

and most investigated progeria – the Hutchinson–Gilford progeria syndrome (HGPS) – the 

patients inherit a mutation in the LMNA gene which encodes the nuclear protein prelamin A. 

The mutation blocks the removal of the farnesyl group added before transportation to the 

nucleus, determining an irreversible binding of the lamin A to the nuclear rim. Due to this, 

inhibition of the farnesyltransferase enzyme have been a promising target in order to block 

the accumulation of lamin A into the nucleus. However, all the therapeutic attempts involving 

farnesyltransferase inhibitors have been limited to animal studies so far. Further research into 

HGPS has identified lonafarnib and the mTOR inhibitor sirolimus as efficient and promising 

therapies, with lonafarnib reaching phase II clinical trials. However, the prospect of a highly 

efficient therapy for HGPS is still far.  

Similarly, no cure has been developed for CS patients, although they can receive individual 

treatment for symptom management. So far, the most efficient way to avoid medical 

complications is the usage of high-factor sunscreen and protective clothing due to the high 

sensitivity of the patients to UV-irradiation. Since the number of CS cases is increasing and the 

diagnosis tools are improving, the need of therapeutic strategies is higher. In this study, we 

identified increased ER stress and activated unfolded protein response as a common feature 

of the CSA, CSB and XP/CS cells lines analyzed. In addition, chemical chaperones such as 4PBA 

and TUDCA were able to decrease ER stress and prevent ROS and tunycamicin-induced 

apoptosis. Reduction of ER stress and inactivation of UPR results in a restoration of RNA 

polymerase I activity, as shown by increased levels of 47S rRNA, and improved protein 

synthesis. Whether chemical chaperones are able to improve CS symptoms needs to be 

addressed in vivo as well, in the appropriate mouse models.  
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Lessons from the Csbm/m mouse model 

To study the molecular basis of Cockayne syndrome, several mutant mouse model models 

have been generated, with mutations either in Csa, Csb, or double mutant mice with 

mutations in CS and XP genes (Jaarsma et al., 2013). For the present study, a Csbm/m mouse 

model was used, carrying a premature stop codon in exon 5, mimicking the K337stop 

truncation mutation found in CS1AN cell line. These mice have been previously characterized 

and show some specific CS characteristics, such as mild neurodegeneration and loss of 

subcutaneous fat, which results in slight weight loss. However, the severe CS phenotype is 

absent, and the mice show normal survival. Due to these characteristics, we asked whether in 

cells from Csbm/m mice RNA polymerase I activity is affected and ER stress is present. As shown 

in the results section, RNA polymerase I activity is unchanged in fibroblasts and liver, but a 

significant reduction can be seen in brain tissue, as shown by expression of 45S rRNA. Although 

the RNA isolated from whole brain tissue may not give a clear picture of nervous system 

changes is Csbm/m mice since it comprises different cell types, and some regions might be more 

affected than others, the reduction in 45S rRNA could be at least partly responsible for the 

mild neurodegeneration observed in these mice.  

Translation accuracy is however unchanged in Csbm/m mice compared to wt, suggesting that 

ribosomal function might not be affected in the same manner observed in human cells. In 

addition, comparing translation accuracy in healthy human fibroblasts vs wild-type mouse 

fibroblasts showed that mouse cells have a higher level of amino acid missincorporation, 

therefore the threshold of translation accuracy might differ in mouse cells. Our experiments 

also revealed that Csbm/m mouse fibroblasts do not show increase in ROS levels as observed in 

human fibroblasts, indicating that mitochondrial function might be differently affected in mice 

as well. In consequence, CHOP-an indicator of late ER stress is not changed in any of the tissues 

analyzed, and presumably does not interfere with RNA polymerase I in the Csbm/m mice. 

Altogether, our experiments demonstrate that fibroblasts from Csbm/m mice have unaltered 

translation fidelity and normal ROS level, without induction of ER stress. This can be indicative 

for their mild phenotype and their normal life span. 
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5. SUMMARY 

Cockayne syndrome is a rare genetic disorder characterized by childhood onset of 

degenerative symptoms reminiscent of the aging body. Loss of subcutaneous fat, alopecia, 

cataracts, neurological degeneration and cachexia are the hallmark symptoms of the disease. 

These are accompanied by developmental delay, resulting in a severe phenotype and a short 

lifespan (approx. 12 years). Mutations in five different genes are causal for CS (CSA, CSB, XPB, 

XPD or XPG), encoding for proteins involved in different stages of Nucleotide-Excision Repair  

mechanism, thus explaining the elevated UV-sensitivity of the patients.  

This study focused on a non-canonical function of CS proteins outside NER, namely rRNA 

transcription by RNA polymerase I. The data could clearly show that a disturbance in RNA 

polymerase I transcription in CSA and CSB patient-derived cell lines is followed by a decrease 

in translational accuracy of the ribosomes. This results in a high level of misfolded proteins as 

shown by BisANS labeling, due to sloppy translation of ribosomes. Moreover, CS cells display 

high levels of ROS, as shown by DHE and DCF-ROS sensitive dyes. As misfolded proteins are 

prone to oxidation, we demonstrated that ROS causes increased protein carbonylation in CS 

cells.  Although UVsS cells have also elevated ROS levels, these cells do not show high protein 

carbonylation, strengthening the hypothesis that misfolded proteins in CS cells are highly 

prone to oxidation.  

As proteasomal activity is decreased in CS cells, this suggests that the misfolded proteins 

accumulate most probably in the ER. As a result, GRP78 and p-eIF2α are elevated in CS cells, 

indicating that ER stress and unfolded protein response (UPR) are activated in these cells. 

Increased phosphorylation of eIF2α reflects an activated PERK pathway, which determines 

further repression of RNA polymerase I transcription and of protein synthesis. Using the 

chemical chaperone TUDCA to decrease ER stress, we could clearly show a rescue of RNA 

polymerase I activity by higher levels of 47S rRNA transcription, and also an increase in global 

protein synthesis. This result underlines that activation of unfolded protein response plays a 

central role in RNA polymerase I transcriptional activity. Additionally, we were able to show 

that UPR is activated in cells from patients with the more severe XP/CS, with mutations in XPB, 

XPD and XPG, indicating that our findings could represent a general mechanism in CS.  

Mouse models of Cockayne syndrome with similar mutations as in patients display only a mild 

phenotype. However, neurodegeneration is common for these mice in the late stages of their 
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life. Using Csbm/m mice with similar mutation in the Csb gene as in the CS1AN patient-derived 

cell line, we showed that, while translational accuracy and ER stress markers are not activated, 

the activity of RNA polymerase I is significantly decreased in the brain of these mice. This result 

suggests that a disturbed RNA polymerase I activity might contribute to neurodegeneration of 

Csbm/m mice.  

Taken together, the present work elucidates that protein oxidation plays a central role in the 

previously described oxidative hypersensitivity of CS cells. This hypersensitivity can be 

overcome by using chemical chaperones such as TUDCA, which decreases ER stress and 

restores the deficient RNA polymerase I transcription and protein synthesis of CS cells. The 

low toxicity of TUDCA and the high availability of other chaperones is an advantage for further 

in vivo studies, and might offer a good therapeutic option for Cockayne syndrome.  
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