
 
Provided by the author(s) and University of Galway in accordance with publisher policies. Please cite the

published version when available.

Downloaded 2023-05-19T14:28:12Z

 

Some rights reserved. For more information, please see the item record link above.
 

Title Identification of novel factors that promote trinucleotide repeat
instability

Author(s) Concannon, Claire

Publication
Date 2013-09-23

Item record http://hdl.handle.net/10379/3921

https://aran.library.nuigalway.ie
http://creativecommons.org/licenses/by-nc-nd/3.0/ie/


 

 

Identification of novel factors that 
promote trinucleotide repeat instability 

 

A thesis presented to the National University of Ireland for the degree of 
Doctor of Philosophy 

 

 

By 

Claire Concannon B.Sc., 

Discipline of Biochemistry, 

School of Natural Sciences,  

College of Sciences, 

National University of Ireland, Galway 

 

 

Head of School: Prof. Vincent O’Flaherty 

Head of Discipline: Dr. Michael Carty 

Supervisor: Prof. Robert S. Lahue 

 

August 2013 



ii 

Table of contents 

Section Title        Page 

Title Page        i 
Table of Contents       ii 
List of Figures        vi 
List of Tables        viii 
List of Abbreviations       ix 
Author Abstract        xi 
Acknowledgements       xii 

 

Chapter 1: Introduction 

1.1 Trinucleotide repeats      2 
1.2 TNR expansion disorders      2 
1.3 Germline and somatic TNR instability    4 
1.4 Characteristics of the TNR DNA     6 
 1.4.1 Sequence      6 
 1.4.2 Length       8 
 1.4.3 Purity       9 
1.5 DNA metabolism processes and proteins    10 
 1.5.1 Replication      11 
 1.5.2 Transcription      13 
 1.5.3 Repair       15 
  A. Nucleotide excision repair    16 
   Lesion recognition – GG-NER   17 
   Lesion recognition – TC-NER   18 
   Core NER pathway    21 

   NER and TNR instability    23 
  B. Mismatch repair     26 
  C. Base excision repair     28 
1.6 The chromatin context of the TNR     29 
1.7 A general model for TNR instability    31 
1.8 The ubiquitin-proteasome system     32 
1.9 The 26S proteasome      33 
1.10 Protein degradation      35 
1.11 26S proteasome function in DNA metabolism    37 
 – transcription and repair 
1.12 The proteasome in TNR disorders    39 
1.13 Thesis objectives       41 
1.14 References       43 

 



iii 

Chapter 2: Materials and Methods 

2.1 Summary        60 
2.2 Yeast methods       60 
 2.2.1 Introduction      60 
 2.2.2 Yeast media and reagents    63 
 2.2.3 Yeast strains and plasmids    63 
 2.2.4 Yeast TNR reporters     65 
 2.2.5 Targeted deletion of yeast genes by    68 
  deletion cassette protocol 
 2.2.6 Yeast transformation     70 
 2.2.7 Confirmation PCR     70 
 2.2.8 Yeast sensitivity spot test assay    71 
 2.2.9 Fluctuation analysis     71 
 2.2.10 Example fluctuation analysis calculation  74 
 2.2.11 Single colony PCR to detect TNR length changes 75 
 2.2.12 Statistical analysis of fluctuation assay results 76 
 2.2.13 Yeast genomic DNA preparation   77 
 2.2.14 Preparing yeast whole cell extracts   77 
 2.2.15 MG132 treatment of yeast    77 
2.3 Human cell methods      78 
 2.3.1 Introduction      78 
 2.3.2 Culturing of SVG-A cells     79 
 2.3.3 TNR reporter shuttle vector    80 
 2.3.4 siRNA and shuttle vector transfections   81 
 2.3.5 Shuttle vector isolation and Dpn1 digestion   83 
  of recovered plasmids 
 2.3.6 Transformation of recovered shuttle vector into yeast 84 
  and replica plating on to canavanine containing 
  media 
 2.3.7 Transformation of recovered shuttle vector into  84 
  E. coli 
 2.3.8 Example SVG-A expansion frequency calculations 85 
 2.3.9 Harvesting of SVG-A cells    88 
 2.3.10 Preparation of whole cell extracts   89 
 2.3.11 RNA isolation, cDNA synthesis and real-time RT-PCR 89 
 2.3.12 Proteasome activity assay    89 
2.4 Common methods       90 
 2.4.1 Plasmid DNA preparation    90 
 2.4.2 SDS-PAGE and transfer to PVDF membrane  90 
 2.4.3 Western blotting      91 
 2.4.4 Statistical analysis of changes in repeat length  92 
2.5 References        93 

 
 



iv 

Chapter 3: The 26S proteasome promotes trinucleotide  
repeat expansions in yeast and human cells 

3.1 Summary         97 
3.2 Introduction       98 
3.3 Results         100 
 3.3.1 Yeast Sem1 promotes (CTG)•(CAG) repeat expansions 100 
 3.3.2 Sem1 and the HDAC complexes Rpd3L and Hda1  103 
  affect TNR expansions by different pathways 
 3.3.3 Distinguishing among the functions of Sem1  104 
 3.3.4 Double mutant analysis of sem1 thp1 and   105 
  pre9 thp1 mutants 
 3.3.5 TNR instability is enhanced by the yeast 26S   107 
  proteasome  
 3.3.6 Deletion of the ubiquitin shuttle factors also   110 
  reduces expansion rates 
 3.3.7 Depletion of ubiquitin levels cannot explain the   112 
  TNR expansion phenotype 
 3.3.8 The 26S proteasome promotes (CTG)•(CAG)   114 
  expansions in cultured human astrocytes 
3.4 Discussion        118 
3.5 References        126 
 

Chapter 4: The nucleotide excision repair pathway  
promotes trinucleotide repeat expansions in yeast 

4.1 Summary        133 
4.2 Introduction       133 
4.3 Results        135 
 4.3.1 Yeast NER factors promote TNR expansions  135 
 4.3.2 Interaction between the proteasome and NER  139 
 4.3.3 Investigating which functions of Rad23 promote  142 
  TNR expansions 
 4.3.4 Knockdown of human HR23B does not affect TNR 146 
  expansion frequencies in SVG-A cells 
4.4 Discussion        149 
4.5 References        155 

 

 

 

 

 



v 

Chapter 5: Conclusions and future perspectives 

5.1 Conclusions       160 
5.2 Future studies       162 
 5.2.1 Investigating the mechanism of proteasome   162 
  involvement 

A. Further characterisation of proteasome involvement 162 

B. Identifying substrates involved in TNR expansions –  163 
 candidate approach 
C. Identifying substrates involved in TNR expansions –  165 
 screening approach 
D. Could proteasome inhibitors alleviate somatic  166 
 instability? 

5.2.2 Elucidating the role of NER in promoting expansions 167 
 A. Further characterisation of NER involvement  167 

 B. Does transcription play a role in the mechanism by  169 
  which NER promotes expansions 
5.2.3 Investigating the interaction between the proteasome,  170 
 TREX-2 and NER in promoting expansions 
5.2.4 Alternative methods to identify novel promoting  171 
 factors of TNR expansions  

5.3 References        172 
 

Appendices 

Appendix 1:  Chapter 3, n and P values for expansion   175 
  rate results 
Appendix 2: Investigation of essential regulatory particle   178 
  ATPase subunits 
Appendix 3:  Treatment of an erg6 sem1 double mutant   184 
  with proteasome inhibitor MG132 
Appendix 4:  Sensitivity of SVG-A cells to MG132   187 
Appendix 5:  Chapter 4, n and P values for expansion rate   192 
  results 
Appendix 6:  Expression of Rad4 in rad23 background  194 
Appendix 7:  Author publications     200 

 
 
 



vi 

List of Figures 
Figure  Title       Page 

Figure 1.1 Schematic of the location and sequence of disease- 3 
  causing TNR repeats 
Figure 1.2 Sequence of TNRs that expand    7 
Figure 1.3 Unusual DNA structures formed by expandable TNRs 8 
Figure 1.4 TNR length is important for instability   9 
Figure 1.5 Repeat tract interruptions stabilise TNRs   10 
Figure 1.6 Replication-based models for repeat expansions  13 
Figure 1.7 Model for formation of secondary structures in TNRs  15 
  during transcription   
Figure 1.8 Nucleotide excision repair in yeast   18 
Figure 1.9 Resolution of stalled RNA pol II at DNA lesions  20 
Figure 1.10 Model for NER involvement in TNR instability  24 
Figure 1.11 General model of TNR instability    32 
Figure 1.12 Conjugation of ubiquitin to proteins   33 
Figure 1.13 The 26S proteasome     34 
Figure 1.14 Protein degradation in the UPS    36 
 
Figure 2.1  Flow chart to show the methods used for testing the  62 
  expansion rate of a deletion mutant of interest 
Figure 2.2 Yeast TNR expansion and contraction reporters  66 
Figure 2.3  Integration of yeast TNR reporter at the LYS2 locus 67 
Figure 2.4 Gene deletion by PCR based deletion cassette  69 
Figure 2.5 Schematic of fluctuation analysis   73 
Figure 2.6 Single colony PCR allows visualisation of repeat length  76 
  changes  
Figure 2.7 Overview of SVG-A TNR instability assay  78 
Figure 2.8 Shuttle vector for detecting expansions in SVG-A cells 81 
Figure 2.9 Schematic of siRNA treatment of SVG-A cells  82 
Figure 2.10 SVG-A expansion frequency calculations  86 
 
Figure 3.1 Schematic of the yeast screen for promoting factors 99 
Figure 3.2 Sem1 promotes expansions in yeast   101 
Figure 3.3 Testing the drug sensitivity of sem1 mutants  102 
Figure 3.4 sem1 and HDAC double mutants   103 
Figure 3.5 Investigating the functions of Sem1 responsible for  105 
  affecting TNR expansions 
Figure 3.6 Double mutant analysis of sem1 thp1 and pre9 thp1 106 
Figure 3.7 The 26S proteasome promotes TNR expansions in  108 
  yeast 
Figure 3.8 Summary of expansion sizes seen in sem1, pre9 and  109 
  sem1 pre9 mutants 



vii 

Figure 3.9 MG132 treatment suppresses expansions in yeast 110 
Figure 3.10 Expansion rates of shuttle factor deletion mutants 111 
Figure 3.11 Expansion differences cannot be explained by changes  113 
  to free ubiquitin levels 
Figure 3.12 Effect of proteasome subunit siRNAs on expansions 116 
Figure 3.13 Knockdown of proteasome subunits   117 
Figure 3.14 Ubiquitin blots upon proteasome subunit knockdowns 118 
 
Figure 4.1 GG-NER and TC-NER factors investigated in this  137 
  chapter 
Figure 4.2 Both GG-NER and TC-NER promote expansions in  138 
  yeast 
Figure 4.3 Analysis of proteasome and NER factor double mutants 140 
Figure 4.4 UV sensitivity of proteasome and NER double mutants 141 
Figure 4.5 Investigation of Rad23 functional domains  145 
Figure 4.6 Knockdown of HR23B does not affect TNR expansion 148 
  frequencies 
Figure 4.7  Model for NER involvement in TNR instability  151 
 
Figure 5.1 Factors that promote TNR expansions   161 
Figure 5.2 Regulation of Rpb1 degradation    164 
Figure 5.3 Known interactions between TREX-2, the 26S   170 
  proteasome and NER 
 
 



viii 

List of Tables 

Table  Title       Page 

Table 1.1 NER factors in yeast and their human homologs  22 
Table 1.2 NER factors tested in eukaryotic (CAG) repeat disease  26 
  models 
 
Table 2.1 Yeast plasmids used in this study   64 
Table 2.2 Example of mean centering fluctuation analysis data 76 
Table 2.3 Targeting siRNAs used in this study   81 
Table 2.4 Background expansion frequencies of pBL302 maxi 88 
  -preps used 
Table 2.5 Antibodies used in this study    92 
 
Table 3.1  Analysis of sem1 thp1 and pre9 thp1 double mutants,  106 
  n and P values 
 
Table 4.1 P values for analysis of 26S proteasome/NER double  
  mutants 
 
 
 
 



ix 

Abbreviations 

5 – FOA   5 – Fluoroorotic acid 

AMC    7-Amino-4-Methylcoumarin 

AMP    Ampicillin 

ARS    Autonomously replicating sequence 

ATP    Adenosine triphosphate 

BER    Base excision repair 

Can    Canavanine 

CEN    Centromere 

DDR    DNA damage response 

DM1    Myotonic dystrophy  

DMEM    Dulbecco’s modified eagle medium 

DMPK    DM protein kinase 

DMSO    Dimethyl sulfoxide 

DNA    Deoxyribonucleic acid 

DRPLA    Dentatorubral-pallidoluysian atrophy 

DTT    Dithiothreitol 

ECL    Enhanced chemiluminescence  

EDTA    Ethylenediaminetetraacetic acid 

FBS    Fetal bovine serum 

FRAXA    Fragile X syndrome 

FRAXE    Fragile X mental retardation 

FRDA    Freidreich’s ataxia 

FXTAS    Fragile X tremor and ataxia syndrome 

GG-NER   Global genome nucleotide excision repair 

HD    Huntington’s disease 

HDAC    Histone deacetylase complex 

HDL2    Huntington’s-disease-like-2 

HRP    Horseradish peroxidase 

LB    Lysogeny broth 

MMR    Mismatch repair 

NER    Nucleotide excision repair 

OD    Optical density 

Ori    Origin of replication 

PBS    Phosphate buffered saline 

PBS-T    PBS-Tween 

PCR    Polymerase chain reaction 

polyQ    Polyglutamine 



x 

PRR    Post replication repair 

RAN translation   Repeat associated Non-ATG translation 

RIPA    Radioimmunoprecipitation assay 

RNA pol II   RNA polymerase II 

RPN    Regulatory particle Non-ATPase 

RPT    Regulatory particle Triple-A protein 

RT-PCR   Reverse transcriptase PCR 

S. cerevisiae   Saccharomyces cerevisiae 

S. pombe   Saccharomyces pombe 

SBMA    Spinal and bulbar muscular atrophy 

SC    Synthetic complete 

SCA    Spinocerebellar ataxia 

SDS    Sodium dodecyl sulphate 

SDS-PAGE   SDS – Polyacrylamide gel electrophoresis 

SEM    Standard error of the mean 

siRNA    Small interfering RNA 

ssDNA    Single stranded DNA 

SV40    Simian virus 40 

TC-NER   Transcription coupled nucleotide excision repair 

TE    Tris – EDTA 

TNR    Trinucleotide repeat 

UBA    Ubiquitin associating 

UBL    Ubiquitin like 

UPS    Ubiquitin proteasome system 

UTR    Untranslated region 

WC    Watson-Crick 

XP    Xeroderma pigmentosum 

YPD    Yeast extract peptone dextrose 



xi 

Author Abstract 

Trinucleotide repeat (TNR) expansions are the genetic cause of several inherited 

neurological diseases. Factors that affect the propensity of TNRs to expand 

include the characteristics of the TNR DNA, the chromatin environment, and the 

presence of cellular factors that enhance or inhibit expansions. TNRs that expand 

and their resulting diseases have a threshold, a TNR length range that 

demarcates stable and unstable alleles. Expansions that cross the threshold are 

the key disease-initiating mutations. The mechanisms by which TNRs expand are 

not well defined, especially for threshold-length expansions. A widely accepted 

model predicts that during DNA processing the TNR forms an abnormal 

secondary structure, which is then converted to an expansion. Certain proteins in 

the cell are thought to either inhibit or promote this process.  

 This study investigates novel promoting factors of threshold-length TNR 

expansions using a selective genetic assay that allows quantification of 

expansion rates. Two model systems were employed, the yeast Saccharomyces 

cerevisiae and a human astrocytic cell line. In yeast, genes of interest were 

targeted for deletion by a PCR based method and the resulting expansion rate 

compared to wild type. In human cells, RNA interference was used to reduce the 

levels of the protein of interest and the resulting expansion frequency compared 

to a scrambled siRNA control.  

 A previous blind screen for novel promoting factors of TNR expansions 

implicated the SEM1 gene. Investigation of this mutant revealed that the 26S 

proteasome is a promoting factor of TNR instability. Deletion of several 26S 

proteasome subunits, or chemical inhibition of the proteasome, suppressed TNR 

expansions in yeast. siRNA mediated knockdown of human 26S proteasome 

subunits in an astrocytic cell line also suppressed expansions. Suppression of 

expansions in both yeast and human cells was concurrent with a reduction in 

proteolytic activity, as determined by accumulation of polyubiquitinated proteins 

or by a proteasome activity assay. This provides evidence that protein proteolysis 

is an important mechanism for promoting repeat instability.  

 Further results imply a role for the nucleotide excision repair (NER) 

pathway in promoting TNR expansions in yeast. Deletion of several NER factors 

involved in transcription-coupled and/or global genome NER stabilized TNR 

expansions. Analysis of proteasome/NER double mutant suggested that the 

proteasome and NER act through a common pathway to facilitate expansions.  
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1.1 Trinucleotide repeats 

Microsatellites are tracts of tandemly repeated, short (1-6 bp), DNA sequences. 

They have been detected in the genomes of every organism analysed, and can 

be found in both coding and non-coding regions (Li et al., 2002). Microsatellites 

differ in repeat number between individuals, and these differences can be used 

as genetic markers (Schlötterer, 2000). Trinucleotide repeats (TNRs) are a class 

of microsatellites in which three nucleotides repeat in tandem. While the 

persistence of TNRs in the genome suggests that they have been conserved as 

functional elements, the role of TNRs in the human genome is unknown 

(Kozlowski et al., 2010). Although the majority of TNRs are relatively stable, a 

subset undergoes pathogenic expansion leading to several neurological diseases, 

this subset is the focus of this study.  

 

1.2 TNR expansion disorders 

TNR expansion disorders are a unique set of inheritable diseases caused by the 

expansion of a TNR in the exon, intron, 3’ untranslated region (UTR), or 5’ UTR 

of a gene. Each disease is caused by the expansion of a single TNR in a single 

genetic location, without any evident instability in the rest of the genome 

(Goellner et al., 1997). With the exception of Friedreich’s Ataxia (FRDA), which is 

autosomal recessive, all TNR disorders are inherited in an autosomal dominant 

or X-linked fashion. Figure 1.1 shows the genomic location and sequence of the 

17 TNR expansion diseases known to date. These disorders can be broadly 

grouped into two main categories, based on whether the causative TNR is in a 

coding or non-coding region of the genome (Orr & Zoghbi, 2007).  

Expansion of a (CAG) tract in the coding region of a gene is the causative 

mutation for the polyglutamine (polyQ) disorders (Orr & Zoghbi, 2007). This 

expansion results in production of a protein with an extended polyQ tract, leading 

to altered protein conformation and a toxic gain-of-function. For example, in 

Huntington’s Disease (HD), expansion of a (CAG) tract in the huntingtin gene 

leads to production of a toxic polyQ-huntingtin protein, which tends to form 

aggregates. By mechanisms not fully understood, this mutant polyQ-huntingtin 

causes cell death in the neurons in the basal ganglia region of the brain. As a 

result, there is progressive degeneration of motor and mental capabilities, 

ultimately resulting in death of the patient (Ross & Tabrizi, 2011).  
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Figure 1.1 Schematic of the location and sequence of disease-causing TNR 
repeats. The sequence and location within a generic gene of expandable TNRs that 
cause human diseases are shown. The associated diseases are listed. Polyglutamine 
disorders result from the expansion of a (CAG) tract in the coding region of a gene. 
FRAXA, fragile X syndrome; FRAXE, fragile X mental retardation associated with FRAXE 
site; FXTAS, fragile X tremor and ataxia syndrome; SCA, spinocerebellar ataxia; DRPLA, 
dentatorubral - pallidoluysian atrophy; HD, Huntington's disease; SBMA, spinal and 
bulbar muscular atrophy; FRDA, Friedreich’s ataxia; DM1, myotonic dystrophy type 1; 
HDL2, Huntington's-disease-like 2. The polyalanine, and tetra and penta nucleotide 
expansion diseases are not shown.  

  

Repeats that encode polyalanine have also been shown to undergo expansions 

and are the cause of at least nine human diseases, eight of which are congenital, 

and one late onset (Messaed & Rouleau, 2009). However, unlike the other 

disease-causing TNR expansions, the polyalanine tracts are stably transmitted to 

the next generation and do not undergo somatic instability. These expanded 

polyalanine repeat tracts are also often interrupted and are of a short repeat 

length (Pearson et al., 2005). Thus, the mechanism by which polyalanine tract 

expansion occurs is thought to be distinct to that of the polyQ TNR expansions 

(Messaed & Rouleau, 2009). 

In the second category of TNR expansion disorders, the TNR is located in a non-

coding region of the gene. The TNR is not expressed, and pathology results from 

disrupted expression of a protein (or proteins), and/or toxic gain-of-function of the 

expanded mRNA transcript. For example, in Myotonic Dystrophy type I (DM1), 

expansion of (CTG) in the 3’UTR of the DM protein kinase gene (DMPK) results 

in a toxic gain-of-function expanded (CUG) mRNA, which can alter RNA 

metabolism. The wide-reaching effect of disruption of RNA splicing and 



Introduction 

4!

sequestration of RNA binding proteins may explain the multisystem pathogenic 

effects seen in DM1 (Day & Ranum, 2005). The non-coding TNR disorders tend 

to result from larger, and more variable, TNR tract lengths and expansion events 

than those for polyQ diseases (Lopez Castel et al., 2010). Often included in this 

group are disorders caused by the expansion of longer repeats, such as tetra and 

penta nucleotides in non-coding regions, due to their similarities in underlying 

mechanism and pathophysiology. One example is myotonic dystrophy type II 

(DM2), caused by a (CCTG)n repeat in the intron of the ZNF9 gene (Mirkin, 2007). 

As touched on above, the pathological mechanisms of TNR expansion diseases 

can be multiple and complex. The recent discovery that translation can occur 

across expanded repeats without an ATG initiation codon provides further 

complication (Zu et al., 2011). Repeat Associated Non-ATG (RAN) translation 

can result in expression of several homopolymeric proteins. RAN translation was 

shown to occur across expanded (CAG) and (CUG) transcripts in all three 

reading frames, and many disease-associated TNR repeats are bi-directionally 

transcribed, resulting in a multitude of potentially toxic products (Pearson, 2011). 

Much interesting research is being undertaken to elucidate the pathway from 

expanded TNR, to disruption of cellular functions, and ultimately to disease 

pathology. However, the objective of this study is to investigate factors that 

modulate the TNR expansion process - the underlying causative mutation of 

these disorders. Thus, the focus of this introduction will be on the characteristics 

of TNR instability and the proposed mechanisms that govern it.  

 

1.3. Germline and somatic TNR instability 

Many genetic diseases are caused by a point mutation, deletion or translocation 

within the genome. This alteration does not change during the lifespan of the 

person, or upon inheritance from generation to generation. In contrast, an 

unstable TNR is highly changeable and continues to mutate in germline cells and, 

for some TNR disorders, in somatic tissues (Lopez Castel et al., 2010).  

Genetic anticipation is the term used to describe the earlier onset and more 

severe disease phenotype seen in successive generations of TNR disease 

families. This phenomenon is caused by continued germline TNR expansion, with 

a longer TNR tract subsequently passed to the offspring. A longer TNR tract is 

more prone to further expansion. Thus, with each consecutive generation the 
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TNR tract will become longer, and more biased towards expansion, resulting in a 

more severe disease phenotype (Mirkin, 2007). The mechanisms that control 

instability in germline and somatic cells are not necessarily the same. For 

example, it has been shown that knockout of some proteins in mouse models 

affect germline and somatic cell instabilities differently (Dion et al., 2008; 

Ezzatizadeh et al., 2012; Gomes-Pereira et al., 2004; Hubert et al., 2011; Kovtun 

et al., 2007, 2011).  

In some TNR disorders, instability can also occur in somatic tissues for the 

lifetime of the patient. Many TNR disorders display tissue-specific patterns of 

somatic instability - some tissues may show no little to no instability, whilst others 

may contain a mosaic of different TNR allele lengths. The work described in this 

thesis aims to investigate mechanisms of somatic instability. An important 

question then, is whether somatic instability contributes to TNR disease 

pathogenesis. If so, factors that modify somatic instability would prove useful 

candidates for therapeutic intervention.  

The hypothesis that somatic instability contributes to disease progression was 

posited as an explanation for the selective neuronal degeneration in TNR 

expansion disorders. The strongest evidence in favour of this hypothesis comes 

from studies of HD and DM1 patient tissues and mouse models. In HD, the 

highest levels of somatic instability are seen in the striatum and cortex, where the 

neurons are particularly vulnerable to neuropathology (Kennedy et al., 2003). 

Correlations between rates of somatic instability in brain tissues and disease 

progression have been made in HD mouse models (Kennedy et al., 2003; 

Wheeler et al., 2003). In human patient brain tissue, longer somatic expansions 

correlated with earlier ages of onset (Swami et al., 2009). More recently, 

conditional deletion of MSH2 in medium-spiny striatal neurons of a HD mouse 

model resulted in reduced instability and delayed pathology. These results are 

consistent with an indirect role for MSH2 as a modifier of pathology via its effect 

on somatic expansions (Kovalenko et al., 2012). In agreement with this 

hypothesis of somatic expansion driving disease pathogenesis, DM1 patients 

were shown to have much larger expansions in muscle cells, the primary affected 

tissue, than in unaffected tissues like blood (Thornton et al., 1994). In contrast, in 

a spinocerebellar ataxia 1 (SCA1) mouse model, levels of high somatic instability 

did not correlate with those tissues that are predominantly affected (Watase et al., 

2003). SCA1 pathophysiology is predominantly caused by disruption of cerebellar 

Purkinje cell function. Like HD, this SCA1 mouse model displayed high striatal 
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instability and low cerebellar instability, suggesting that somatic repeat instability 

is not associated with selective neuronal vulnerability in SCA1 (Watase et al., 

2003). Thus, it appears that the extent to which somatic instability contributes to 

TNR disease pathogenesis depends on the disorder. Nevertheless, the evidence 

described above for HD and DM1 suggests that somatic instability can contribute 

to the progression of disease during the patient’s lifetime. Thus, blocking 

expansions in somatic cells could have a therapeutic benefit.  

Factors that govern TNR instability can be divided into three broad categories: (1) 

The characteristics of the TNR DNA, (2) DNA metabolism processes and proteins 

and (3) The chromatin context of the TNR. These will be discussed in turn.  

 

1.4. Characteristics of the TNR DNA 

The fact that a single TNR can mutate and cause disease, without instability in 

the rest of the genome, indicates that there are intrinsic characteristics of the 

TNR that are important in driving instability. The sequence (Figure 1.2), length 

(Figure 1.4) and purity (Figure 1.5) of the TNR tract are all important features that 

define whether a TNR is unstable or not. The common underlying feature that 

dictates whether a TNR expands or not appears to be its ability to form an 

abnormal DNA secondary structure. The sequence, length and purity of the TNR 

all contribute to this structure-forming ability.  

 

1.4.1 Sequence 

The sequence of TNRs that expand are, in general, (CNG) (where N is any 

nucleotide), with the exception being the GAA repeat that causes FRDA (Lopez 

Castel et al., 2010). TNRs of this sequence have the propensity to form abnormal 

DNA secondary structures in vitro (Gacy et al., 1995, 1997) (Figure 1.2). In 

contrast, TNRs that do not expand have a much lower propensity for secondary 

structure formation (Gacy et al., 1995). (CNG) repeats have the ability to fold into 

hairpins containing Watson-Crick (WC) and non-WC base pairs (Figure 1.3 A). 

The hairpin stem is stabilised by GC doublets, which show strong base-stacking 

interactions (Petruska et al., 1996). The identity of the associated mismatch of 

the hairpin (non-WC base pair) determines the relative stability of the hairpin. The 

order of hairpin stability for (CNG) repeats is: CGG>CTG>CAG=CCG (Mirkin, 
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2007). (CTG) hairpins are more stable than (CAG) due to the smaller T-T 

mismatches being less bulky than the A-A mismatches (Petruska et al., 1996). As 

well as hairpins, CGG repeats in vitro can adopt a variety of other structures, 

including G-quadruplexes (Figure 1.3 B) (Fojtík & Vorlícková, 2001; Usdin & 

Woodford, 1995). Slipped-strand structures can form when the TNR duplex 

denatures and then re-anneals in a misaligned manner, resulting in loop-outs on 

both strands (Figure 1.3 C). The (GAA) repeat has a tendency to form triplexes, 

with the third strand comprising of (TTC) repeats or (GAA) repeats (Figure 1.3 D 

– H-DNA, shown here for (GAA) repeat as third strand) (Gacy & McMurray, 1998; 

Sakamoto et al., 1999). Two (GAA) tracts on the same plasmid were also shown 

to form another type of triplex secondary structure – ‘sticky DNA’ (Gacy & 

McMurray, 1998; Sakamoto et al., 1999; Vetcher et al., 2002).  

 
 
Figure 1.2 Sequence of TNRs that expand. The sequence of the TNR is important. 
Those that expand are (CNG) with the exception of (GAA) for FRDA. These TNRs can 
form abnormal DNA secondary structures thought to be important intermediates in the 
expansion process. The red indicates the WC base pairs between G and C in the hairpin. 
 

A number of studies have demonstrated the formation of abnormal TNR 

structures in vitro through an array of different methods (McMurray, 1999; Wells 

et al., 2005). However, the transient nature of these structures has made it 

difficult to detect them in vivo. Whilst not an in vivo approach, abnormal DNA 

secondary structures can be isolated from DM1 patient tissues by 

immunoprecipitation with a DNA junction antibody and visualised by electron 

microscopy (Axford, 2012). Recently, direct evidence for the existence of hairpin 

structures in vivo during replication of (CTG)!(CAG) repeats in HeLa cells came 

from cleavage of these structures using zinc finger nucleases (Liu et al., 2010). 

The design of the zinc finger nucleases was such that they specifically cleave 

only (CTG)-(CTG) or (CAG)-(CAG) double stranded DNAs upon dimerisation. 
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Thus, upon expression in the TNR containing cells, they bound, dimerised and 

cleaved only where (CTG) or (CAG) had folded into hairpin or slipped-stranded 

DNA (Liu et al., 2010). 

Most models of TNR instability predict that abnormal TNR secondary structures 

serve as mutagenic intermediates It is postulated that the secondary structures 

can form upon exposure of single stranded DNA (ssDNA), during normal DNA 

processing. Subsequent aberrant processing of the secondary structures then 

leads to expansions or contractions. Expansions of the repeat sequence 

(CTG)!(CAG) are examined in this thesis. 

   

Figure 1.3 Unusual DNA structures formed by expandable TNRs. Examples of 
potential structures formed by TNRs. The more structure prone-strand of the TNR is 
shown in red, the complementary strand in green, flanking DNA in beige. A A hairpin 
structure formed by (CNG) repeats. B A quadruplex-like structure formed by the (CGG) 
repeat. C A slipped-stranded structure formed by the (CTG)!(CAG) repeat. D H-DNA and 
sticky DNA formed by the (GAA) repeat. Adapted from Mirkin (2007). 
 

1.4.2 Length 

As already alluded to, the length of the TNR tract is of vital importance for its 

propensity for instability. For each TNR disorder there is a critical range of repeat 

lengths. Below this range TNRs are stable or tend towards contraction, above it 

TNRs are unstable and highly prone to expansions. This range is known as the 

threshold (McMurray, 2010). Figure 1.4 illustrates the narrow threshold range for 
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HD. Below 32 (CAG) repeats the TNR tract is stable. When it passes into the 

threshold range of 33-36, expansions are still infrequent and there are no disease 

symptoms (carrier). However, if an expansion event increases the (CAG) length 

above 36 repeats, the balance shifts towards an increase in expansions, 

ultimately leading to disease. Why does the lengthening of the TNR tract lead to 

an increase in expansions? The evidence that longer TNRs are more prone to 

form abnormal secondary structures (Gacy et al., 1995; Pearson & Sinden, 1996; 

Sakamoto et al., 1999) feeds into the theory that structure formation is the key to 

driving instability in these repeats.  

 

Figure 1.4 TNR length is important for instability. TNR expansion diseases 
display a threshold effect. Below a certain length the TNRs are stable, above this length 
they become unstable, prone to expansion, and ultimately lead to disease.  
 

The aim of this thesis is to study the infrequent expansion events that occur at 

sub-threshold, and threshold length TNR alleles, as these are the key disease-

initiating mutations. In human cells the threshold range for TNR diseases is 

generally ~30 – 40 repeats, although the non-coding repeat disorders tend to 

have a larger upper limit (McMurray, 2010). In yeast, the threshold length for a 

(CTG) tract is 15-17 repeats (Rolfsmeier et al., 2001).  

 

1.4.3 Purity 

Purity of the TNR tract also affects its instability. In general, uninterrupted repeats 

are more prone to length changes than those with disruptions of the triplet (Ditch 

et al., 2009; Kunst et al., 1997; Rolfsmeier & Lahue, 2000). Figure 1.5 shows 
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examples of the interruptions found in normal SCA1 alleles. The most striking 

evidence of this is the reported instability difference between SCA1 patient 

tissues carrying a disease-causing (CAG)40 allele, and a normal (CAG)39 allele 

that is interrupted by (CAT) (Chong et al., 1995). One mechanism by which 

human alleles could cross the threshold into instability is by loss of an interrupting 

repeat. This appears to be the case for FRAXA, where normal alleles contain 

(AGG) interruptions in the (CGG) tract, and loss of these can result in instability 

(Eichler et al., 1994; Kunst & Warren, 1994; Kunst et al., 1997). Interruptions in 

the repeat appear to interfere with the structure-forming ability of the repeats 

(Pearson et al., 1998; Rolfsmeier & Lahue, 2000; Sakamoto et al., 2001). 

However, the role of interruptions in instability and disease is not completely 

clear-cut. Interruptions in expanded alleles have been found in SCA3, SCA17 

and SCA8 (Kawaguchi et al., 1994; Koide et al., 1999; Moseley et al., 2000) and 

complex interruptions in DM1 and FRDA patients may account for unusual 

symptoms (Braida et al., 2010; McDaniel et al., 2001; Musova et al., 2009; Stolle 

et al., 2008). 

 

Figure 1.5 Repeat tract interruptions stabilise TNRs. Interruptions in a TNR tract 
stabilise it and make it less prone to expansion mutations. In SCA1 normal alleles 
interruptions of one, two or three CAT’s were identified, with n ranging from 7-18 (Chung 
et al., 1993). In unstable disease-causing SCA1 alleles the CAT interruptions are lost, 
leaving a pure, uninterrupted run of (CAG) repeats. In SCA1 disease alleles m >39 
(Lopez Castel et al., 2010). 
 

1.5 DNA metabolism processes and proteins 

The need for the addition of nucleotides to create an expansion implies the 

involvement of some form of DNA processing. Replication is the obvious process 

by which nucleotides could be added. However, repeat instability can occur in 

both proliferative and non-proliferative tissues. Clearly, then, replication alone is 

insufficient to explain the mechanisms of instability. In fact, an influence on TNR 
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instability has been demonstrated for several DNA metabolism processes. The 

discussion here will focus on models for involvement of replication, transcription 

and repair. It is probable that there is no one single mechanism that describes 

TNR expansion. Likely the mechanisms differ depending on the sequence and 

length of the repeat, the replicative state of the cell, and the protein factors that 

are abundant or absent within that cell. What is common to all models of 

expansion mechanism discussed here is that TNR secondary structure formation 

is included as a crucial intermediate step in instability. 

 

1.5.1 Replication 

Evidence that replication origin activity, origin proximity and replication polarity 

affect TNR instability in several model systems supports a role for replication in 

instability in cycling cells (Cleary & Pearson, 2005; Cleary et al., 2002; Liu et al., 

2010; Liu & Leffak, 2012; Miret et al., 1998; Yang et al., 2003). Furthermore, 

treatment of DM1 fibroblasts, or repeat containing HeLa cells, with replication 

inhibitors aphidicolin or emetine led to increases in instability (Liu et al., 2010; 

Yang et al., 2003). Further evidence that replication and TNR instability are linked 

comes from studies showing that TNRs can cause replication fork stalling 

(Pelletier et al., 2003; Voineagu et al., 2009) and that disruption of different 

replication factors can affect instability (Kim & Mirkin, 2013; Lopez Castel et al., 

2010).  

There are two central ideas to models of replication instability. The first is that a 

TNR secondary structure forms during the replication process and is then 

converted to an expansion (if it forms on the nascent DNA), or to a contraction (if 

it forms on the template DNA) in the next round of replication (Figure 1.6 A). The 

second is that TNR secondary structures are more likely to form on the lagging 

strand template. This is because during replication a region of the lagging strand 

template, called the Okazaki initiation zone, remains transiently single-stranded, 

thus providing an opportunity for TNR repeats to fold into secondary structures 

(Liu & Leffak, 2012).  

Accordingly, two models of TNR structure-forming during lagging strand 

synthesis have been proposed; 3’ replication slippage and 5’ flap (Figure 1. 6 B) 

(Kim & Mirkin, 2013). In the 3’ replication slippage model the DNA polymerase 

stalls at the repetitive TNR region, leading to transient dissociation of the newly 
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synthesised DNA from its template. Incorrect re-association of the strands results 

in misalignment and hairpin formation on the nascent strand. The second model 

involves TNRs folding to form hairpin structures in the 5’ flap formed during 

Okazaki fragment maturation (Figure 1.6 C). The structure is thought to inhibit 

flap processing by FEN1, instead the end of the flap anneals with the adjacent 

Okazaki fragment leading to maintenance of the looped out TNRs (Gordenin et 

al., 1997). Based on these models, expansions should be more predominant if 

the more structure-prone sequence forms the nascent lagging strand (e.g. 

(CTG)!(CTG) repeats are most prone to expansion when (CAG) is on lagging 

strand template, thus, (CTG) will be on nascent lagging strand). This is the case 

in E. coli, yeast, HeLa cell extracts, simian cells and cultured human astrocytes 

models (Claassen & Lahue, 2007; Cleary et al., 2002; Farrell & Lahue, 2006; 

Freudenreich et al., 1997; Kang et al., 1995; Miret et al., 1998; Panigrahi et al., 

2002). 

In this study, two model systems are employed; a Saccharomyces cerevisiae (S. 

cerevisiae) yeast model system, and a human astrocytic cell line, SVG-A. There 

is evidence for the involvement of replication in modulating TNR instability in both 

systems (Claassen & Lahue, 2007; Farrell & Lahue, 2006; Miret et al., 1998). 

Further insights into the mechanisms responsible were gleaned from studying 

replication mutants. In S. cerevisiae, the Srs2 helicase and the post replication 

repair (PRR) pathway were shown to be important factors in preventing TNR 

expansions (Bhattacharyya & Lahue, 2004; Daee et al., 2007). Subsequent 

investigations of human homologs of Srs2 and PRR factors in SVG-A cells 

revealed a conserved protective role against expansions for RTEL1, HLTF, and 

RAD18 (Frizzell, 2012). Srs2 is a 3’-5’ helicase and can selectively unwind TNR 

hairpin substrates in vitro (Dhar & Lahue, 2008), thus it is thought to inhibit 3’ 

replication slippage hairpin formation. For the 5’ flap model, FEN1 is predicted to 

prevent hairpin formation by cleaving the flap before secondary structures form. 

This is supported by yeast data showing that loss of the FEN1 homolog, Rad27, 

results in an increase in expansions (Daee et al., 2007; Freudenreich et al., 1998).  

However, the protective function of FEN1 has not been recapitulated in 

transgenic mouse models heterozygous for FEN1 (Entezam et al., 2010; Spiro & 

McMurray, 2003; van den Broek et al., 2006), or in human cell models, including 

the SVG-A assay used in this study (Frizzell, 2012; Moe et al., 2008).  
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Figure 1.6 Replication-based models for repeat expansions. A A basic model 
of replication-based instability. If the structure forms on the nascent strand during over-
replication of the TNR, a second round of replication can fix the expansion in the allele. If 
the TNR loops out to form a structure on the template strand it will be converted into a 
contraction in the next round of replication. B 3’ replication slippage model. Polymerase 
slippage occurs at the 3’ end of an Okazaki fragment because of the repetitive nature of 
the TNR tract. This leads to hairpin formation, which would result in repeat expansion in 
the next round of replication. C 5’ flap model. During Okazaki fragment maturation, a 5’ 
flap is formed. Persistence of this flap containing TNRs can result in formation of a hairpin 
structure that is resistant to normal flap processing. Ligation of this hairpin to the next 
Okazaki fragment could then lead to expansion after the next round of replication. TNR 
repeats are in blue, genomic DNA in black.  
 

1.5.2 Transcription 

Most of the disease-causing TNRs are transcribed in the human genome, with 

many undergoing bidirectional transcription (Budworth & McMurray, 2013). No 

correlation has been found between transcript level and repeat instability for DM1 

and HD mouse models, or HD patient tissues (Bhide et al., 1996; Dure et al., 

1994; Goula et al., 2012b; Lia et al., 1998). Despite this, there is evidence for a 
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role for transcription in mediating TNR instability. In bacteria, induction of 

transcription increased TNR instability, with effects differing depending on the 

length, sequence and orientation of the repeat (Bowater et al., 1997; 

Oussatcheva et al., 2001; Parniewski et al., 1999). This suggests that secondary 

structure formation is important. The role of transcription in mediating TNR 

instability in yeast has not been investigated. In a human cell (CTG)!(CAG) 

contraction assay, induction of transcription increases contractions by around 15-

fold (Lin et al., 2006). Transcription was also shown to be important for 

expansions in a (GAA)!(TTC) human cell model system (Ditch et al., 2009). In a 

HD mouse model, higher levels of markers for transcriptional elongation 

correlated with increased (CAG) instability (Goula et al., 2012b). There is 

evidence that R-loops can form at repeat-containing sequences during the 

passage of RNA polymerase II (RNA Pol II) and that the presence of these R-

loops contribute to TNR instability (Grabczyk et al., 2007; Lin & Wilson, 2012; Lin 

et al., 2010; Reddy et al., 2011). Abnormal structures formed by TNRs can stall 

RNA Pol II in vitro (Belotserkovskii et al., 2010; Salinas-Rios et al., 2011).  

A current model suggests that the formation of R-loops at TNRs (in which 

nascent RNA binds to DNA to form a double stranded RNA:DNA molecule), 

exposes ssDNA on the non-template strand, allowing abnormal DNA secondary 

structures to form (Figure 1.7). Removal of the RNA may also expose ssDNA on 

the template strand allowing structures to form there, or incorrect re-alignment 

may allow slipped-stranded DNA to form. Subsequent processing of these 

structures by DNA repair machinery is then believed to result in changes in TNR 

length. An alternative model suggests that these secondary structures are 

stabilised and persist. This leads to stalling of RNA Pol II at the next round of 

transcription and recruitment of transcription coupled repair factors (Lin & Wilson, 

2007). This model is discussed in further detail later (Figure 1.10).  

In the model systems employed in this study, the transcriptional status of the 

repeat is unknown. The reporter gene is located just downstream of the TNR and 

it is transcribed, so it is possible that, even if the TNR is not transcribed, the 

transcription machinery could engage with the repeat.  
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Figure 1.7 Model for formation of secondary structures in TNRs during 
transcription. Upon transcription of TNR DNA (blue), stable RNA:DNA hybrids (R-loops) 
form. The displaced non-template DNA strand is single-stranded and thus can adopt non-
B DNA structures such as CTG or CAG hairpins. These non-B DNA structures may be 
recognised directly by cellular DNA repair processes such as MMR or TC-NER. 
Alternatively, if the RNA (orange) is removed from the R loop, the template strand could 
incorrectly realign with the non-template strand to generate slipped-stranded DNA, which 
then engages a DNA repair process.  
 

1.5.3 Repair 

DNA repair is the predominant mechanism by which TNRs in non-dividing cells 

are thought to expand. Several types of DNA repair have established roles in 

promoting TNR instability, including nucleotide excision repair (NER), mis-match 

repair (MMR) and base excision repair (BER). The normal role of DNA repair 

proteins is to act as guardians against mutation. However, for TNRs, the 

presence of some repair proteins actually promotes the occurrence of expansions. 

It is believed that the normal protective functions of these repair proteins are 

corrupted by the abnormal TNR DNA secondary structures. If defective repair 

were causative for TNR instability, genome-wide instability and cancer 

predisposition would be evident, such as occurs upon loss of MMR factors in 
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hereditary non-polyposis colorectal cancer (Boland & Goel, 2010), or loss of NER 

factors in xeroderma pigmentosum (XP) (Lehmann et al., 2011). This is not the 

case, as in TNR disorders there is locus-specific instability, without overall 

genomic instability.  

For this introduction the focus on repair will be on the NER pathway, as 

investigations in Chapter 4 reveal a role for this pathway in promoting expansions 

in yeast. Models that describe the roles of MMR and BER in promoting TNR 

instability will also be addressed briefly.  

 

A. Nucleotide excision repair 

Nucleotide excision repair (NER) is an important DNA repair pathway within the 

cell that has been implicated in TNR instability (Costa et al., 2003). It is solely 

responsible for removing bulky DNA lesions such as UV-induced photoproducts 

(e.g. cyclobutane pyrimidine dimers (CPD)) but can repair essentially all DNA 

lesions, thus it can act as a ‘back-up’ for other repair pathways (Sancar & Tang, 

1993). It can repair 8-oxoguanine (8-oxoG) and the abasic sites produced during 

BER (Melis et al., 2013) and can interact with the MMR pathway to repair some 

kinds of damage, such as DNA interstrand cross-links (Zhao et al., 2009). In 

eukaryotes, NER involves a large number of proteins that act in a complex 

pathway to achieve repair. Here, the yeast NER factors will be discussed, with 

reference to their human homologs (Table 1.1, Figure 1.8 and Figure 1.9).  

There are two NER sub-pathways that differ solely in how they recognise DNA 

lesions, while the core pathway is common to both. Global genome NER (GG-

NER) can occur throughout the genome on both transcribed and non-transcribed 

DNA. Transcription-coupled NER (TC-NER) occurs at genes that are actively 

being transcribed. An existing model of how NER influences TNR instability 

predicts TC-NER, but not GG-NER, involvement. The question of the relative 

roles of these sub-pathways forms part of the investigations in Chapter 4. The 

differences between lesion recognition in GG-NER and TC-NER, and the factors 

that are unique to each sub-pathway are highlighted in the following sections.  
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Lesion recognition – GG-NER 

GG-NER is initiated when the Rad4-Rad23 complex senses distortion of the DNA 

helix and binds to the undamaged strand opposite the lesion (Min & Pavletich, 

2007) (Figure 1.8 Step 1). Recent evidence suggests that a third subunit might 

complete this complex. Rad33 has been shown to interact with Rad4 in a region 

distinct from its Rad23 binding domain. Deletion of Rad23 or Rad33 result in 

decreased Rad4 levels and an intermediate UV sensitivity phenotype, whilst 

deletion of both Rad23 and Rad33 results in complete NER deficiency (den Dulk 

et al., 2006; den Dulk et al., 2008; Verhage et al., 1996). The human homolog of 

this Rad4-Rad23-Rad33 complex is XPA-HR23A/B-Centrin 2, and its function in 

lesion recognition in GG-NER is retained (Boiteux & Jinks-Robertson, 2013). 

However, it must be noted that, in yeast, deletion of Rad4 completely abolishes 

both GG-NER and TC-NER (Verhage et al., 1994), whilst in human cells 

inactivation of XPC results in defects only in GG-NER, with TC-NER function 

retained (Venema et al., 1991).  

Thus, in yeast, the only subunits that appear to be unique to the GG-NER 

pathway are Rad7 and Rad16 (Hanawalt & Spivak, 2008; Verhage et al., 1994), 

two factors also involved in recognising damaged DNA. Loss of either protein 

results in an intermediate UV sensitivity phenotype (Verhage et al., 1994). Rad7 

and Rad16 have multiple roles in lesion recognition. As a complex in itself, Rad7-

Rad16 can bind to UV-irradiated DNA and interact with Rad4. However, Rad7-

Rad16 can also interact with Elc1-Cul3 and with Abf1. Interaction with Elc1-Cul3 

results in formation of a cullin-RING E3 ubiquitin ligase complex that can promote 

UV-dependent ubiquitination of Rad4 (Boiteux & Jinks-Robertson, 2013) (Figure 

1.8 Step 1). The Rad7-Rad16-Abf1 complex can generate superhelical torsion in 

DNA in vitro, leading to the suggestion that it can generate DNA conformational 

changes to facilitate Rad4 recruitment (Yu et al., 2004). No Rad7-Rad16 

homologs exist in human cells, although the DDB1-DDB2 (XPE) complex 

appears to share some functions. DDB1-DDB2 can bind UV-damaged DNA and 

interact with XPC (Rechkunova & Lavrik, 2010). This complex can also bind 

Cul4A-Roc1 to form a cullin-RING ubiquitin ligase that can ubiquitinate XPC. The 

DDB-ubiquitin ligase complex also polyubiquitinates DDB2, leading to its 

degradation, and initiation of GG-NER (Iovine et al., 2011).  
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Figure 1.8 Nucleotide excision repair in yeast. Step 1: Lesion recognition.  
During GG-NER, a helix-distorting lesion is recognised by Rad4-Rad23-Rad33 and Rad7-
Rad16 complexes. Rad7-Rad16-Abf1 has chromatin remodelling activity. Rad7-Rad16-
Elc1-Cul3-E2 has ubiquitin ligase activity. It modifies Rad4 and probably other additional 
factors (protein X). These reactions allow efficient recognition of damage by Rad4 and 
opening of the helix. Step 2: Pre-incision complex. TFIIH components (in blue), Rad14 
and RPA are recruited to form a pre-incision complex. This complex verifies the lesion 
and further unwinds the DNA through the action of the Rad3 and Rad25 helicases. The 
DNA damage recognition complexes are released. Step 3: Dual incision. Rad1-Rad10 
and Rad2 are positioned to incise the 5’ and 3’ of the lesion, respectively. The 5’ incision 
is first, followed by 3’. Step 4: Repair synthesis. A single-stranded oligonucleotide 
containing the lesion, about 25-30 nucleotides, is released. Synthesis across the gap is 
performed by DNA Pol ! or Pol " and Cdc9 seals the nick.  
 

Lesion recognition – TC-NER 

In TC-NER, the NER machinery is recruited to a stalled RNA Pol II complex by 

the action of the Rad26 protein (Figure 1.9). This permits the rapid, strand-
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specific removal of a transcription-blocking lesion (Tornaletti, 2009). Recent 

evidence in yeast suggests that Rad26 is associated with RNA Pol II during 

transcription elongation, thus RNA Pol II stalling would lead to its immediate 

recruitment (Malik et al., 2010). This model is strengthened by the findings that 

both Rad26 and its human homolog, CSB, play roles in transcription elongation in 

the absence of damage (Balajee et al., 1997; Lee et al., 2001; Selby & Sancar, 

1997). An important difference, however, between Rad26 and CSB is the 

resulting UV sensitivity phenotype upon their disruption. Deletion of Rad26 

results in defects in repair in the transcribed strand but with mild or no UV 

sensitivity (Li et al., 2007; van Gool et al., 1994). In contrast, disruption of CSB 

function results in Cockayne syndrome (CS) in humans, a condition characterised 

by hypersensitivity to sunlight, severe growth defects and progressive nervous 

system abnormalities (Brooks, 2013). Human CS-B cells, with a mutation in the 

CSB gene, are highly sensitive to UV irradiation (Mallery et al., 1998). In humans, 

the CSA protein is also required for TC-NER. Based on sequence homology 

Rad28 was suggested to be the yeast CSA homolog, but no NER defect has 

been identified in strains lacking Rad28 (Bhatia et al., 1996).  

Upon stalling and Rad26 recruitment, three options for the stalled RNA Pol II 

complex have been proposed, depending on the severity of the blockage 

(Gaillard & Aguilera, 2013; Tornaletti, 2009). Firstly, there is evidence that Rad26 

can promote transcription elongation through some types of damage such as 8-

oxoG, and abasic sites (Lee et al., 2001, 2002; Yu et al., 2003). Thus, at a 

moderately blocking lesion, Rad26 can promote bypass and allow transcription to 

continue (Figure 1.9 A). In the next two scenarios the blockage is too severe, and 

RNA Pol II must be removed from the site to allow repair to occur. This is 

achieved by either RNA Pol II backtracking (Figure 1.9 B), or by ubiquitination 

and subsequent proteasomal degradation of RNA Pol II (Svejstrup, 2007; Wilson 

et al., 2013) (Figure 1.9 C). In yeast, degradation of stalled RNA Pol II depends 

on the Def1 protein, which forms a complex with Rad26 (Somesh et al., 2005; 

Woudstra et al., 2002). Removal of RNA Pol II from the lesion site allows 

recruitment of core NER factors and DNA repair before transcription is allowed to 

proceed again. Finally, there is evidence for a Rad26-independent pathway in 

TC-NER via Rpb9, a non-essential subunit of RNA Pol II, as double deletion 

mutants of Rpb9 and Rad26 are completely defective in TC-NER (Li & Smerdon, 

2002).  
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Figure 1.9 Resolution of stalled RNA Pol II at DNA lesions. A Lesion bypass. 
Following transient arrest, RNA Pol II may be able to bypass the lesion, but may result in 
errors in transcription. B RNA Pol II backtracking. RNA Pol II may reverse translocate to 
expose the lesion and allow NER factors to assemble. C Removal of RNA Pol II. At a 
strongly blocking lesion, RNA Pol II stalls irreversibly. Def1 and Rad26 co-ordinate RNA 
Pol II polyubiquitination and degradation. After removal, Rad26 recruits the NER factors 
and repair occurs.  
 

Other additional factors have been identified as playing roles in TC-NER (Gaillard 

& Aguilera, 2013). In eukaryotes the transcription process is tightly coupled with 

mRNA processing and the formation of export-competent mRNA 

ribonucleoprotein particles (mRNPs) that must be transported to the cytoplasm. 

One group has investigated the pathway between transcription elongation and 

mRNP export with regard to TC-NER. This pathway begins with the THO 

complex, which acts at the interface between transcription elongation and mRNP 

formation. Some of the members of this complex interact with mRNA export 

proteins to form the TREX complex. Finally, the TREX-2 complex functions in 

mRNA export by docking mRNP to nucleoporins at nuclear pore sites. Mutants 

deficient in mRNA export showed UV sensitivity in the absence of GG-NER 

(Gaillard et al., 2007; González-Barrera et al., 2002). These mutants reduce RNA 

Pol II processivity (Mason & Struhl, 2005), which may result in increased RNA 
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Pol II stalling at UV induced lesions, explaining their requirement for functional 

Def1 (Gaillard et al., 2007). These results are of interest to this work as a TREX-2 

subunit, Thp1, is discussed in Chapter 3.  

 

Core NER pathway 

Following lesion recognition the two sub-pathways converge. Rad14 confirms the 

damaged DNA, whilst the helicase subunits of TFIIH (Rad25 and Rad3) unwind 

the duplex around the damage. Replication protein A (RPA) binds the exposed 

ssDNA on the non-damaged strand. The endonucleases Rad1-Rad10 and Rad2 

are then recruited to cleave 5’ and 3’ of the lesion, respectively, to release a 

lesion-containing single strand of 25-30 nucleotides. Following incision, RPA and 

Rad2 associate with PCNA and RFC to form a platform for Pol ! or " to fill in the 

gap (can be performed by Pol !, Pol " or Pol # in humans). The nick is sealed by 

DNA ligase 1 (Cdc9) (Figure 1.6 Steps 2-4) (Boiteux & Jinks-Robertson, 2013).  
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Table 1.1 NER factors in yeast and their human homologs 
 

Step Pathway S. cerevisiae Human Function/Activity 

Rad4-Rad23-
Rad33 

XPC-HR23A/B-
Centrin 2 

Damaged DNA 
binding, assembly 

platform 

Rad7-Rad16 
(Elc1-Cul3) 

(Abf1) 
- 

Damaged DNA 
binding 

GG-NER 

- 
DDB1-

DDB2/XPE 

Damaged DNA 
binding, XPC 
recruitment 

RNA Pol II RNA Pol II RNA polymerase 

1. Lesion 
recognition 

TC-NER 
Rad26 CSB 

TCR coupling factor, 
transcription 
elongation 

Rad14 XPA 

DNA damage 
binding, lesion 

verification, complex 
stabilisation 

RPA RPA ssDNA binding 

Rad25 XPB 
3’ to 5’ helicase TFIIH 

subunit 

Rad3 XPD 
5’ to 3’ helicase, 

TFIIH subunit 

2. Pre-
incision 
complex 

NER 

TFB1/2/4/ TFB5,      
SSL1 

GTF2H1/4/3, 
TTDA, GFT2H2 

Core TFIIH 
components 
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NER and TNR instability 

Several research groups, using a variety of model systems, have attempted to 

determine the role of NER in TNR instability, but often with confounding results 

(Lahue & Slater, 2003; Lin et al., 2009; Lopez Castel et al., 2010). Studies in 

Escherichia coli (E. coli) and human cells have investigated the role of NER in 

modulating transcription-driven, large TNR contractions. While this is useful for 

insight into factors that stimulate TNR instability, the mechanisms that control 

expansions and contractions could be distinct. To date, the single indication that 

NER can affect somatic expansions, which is the focus of this thesis, has come 

from an SCA1 mouse model deficient in XPA (Hubert et al., 2011). 

In E. coli, the NER pathway is far simpler than that of eukaryotes, and is 

composed of just four core proteins. UvrA is responsible for lesion recognition 

and recruitment of the UvrB helicase. UvrB then recruits and activates UvrC, 

which incises either side of the damage. UvrD removes the damaged 

oligonucleotide, and repair is completed by DNA synthesis and ligation. In an E. 

coli TNR instability assay, disruption of UvrA resulted in an increase in 

contractions of a transcribed (CTG)!(CAG)175. However, uvrB mutants and 

uvrAuvrB mutants showed a significant reduction in contractions when compared 

to wild type (Parniewski et al., 1999). In a separate study, the rate of large (19 or 

55 repeats) contractions of transcribed (CTG)43 or (CTG)79 repeats was 

significantly lower for both uvrA and uvrB mutants (Oussatcheva et al., 2001). 

This group also showed that UvrA dimers preferentially bind in vitro to 

heteroduplex (CTG)!(CAG) substrates that contained loops, when compared to a 

duplex DNA control. Thus, they concluded that UvrA could bind looped out TNR 

DNA and initiate a mutagenic NER pathway leading to contraction.  

Table 1.2 summarises the experiments performed thus far in eukaryotes. In a 

human cell assay, siRNA mediated knockdown of TC-NER factors, but not GG-

NER, resulted in a stabilisation of contraction rates (Lin & Wilson, 2007; Lin et al., 

2006). This assay was designed to investigate the effect of transcription on large 

somatic contractions of a (CAG)95 TNR tract. Transcription across a HPRT mini-

gene containing the repeat is induced using a doxycycline inducible promoter. 

Instability is detected upon loss of >55 repeats, at this shortened length the TNR 

is spliced out, the functional HPRT gene is expressed, and cells can be selected 

for HAT resistance (Lin et al., 2006). Suppression of transcription-induced 

contraction rates was seen upon knockdown of CSB, ERCC1, XPG, TFIIS and 
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XPA, but not when XPC levels were reduced (Lin & Wilson, 2007; Lin et al., 

2006). These results led the Wilson lab to propose a model in which stalling of 

RNA Pol II at TNR secondary structures initiates a mutagenic TC-NER pathway 

(Figure 1.10) (Lin & Wilson, 2007). 

 

Figure 1.10 Model for NER involvement in TNR instability. In this model, (CAG) 
repeats are on the top, (CTG) repeats on the bottom. RNA Pol II (blue oval) transcribes 
from left to right. The passage of RNA Pol II causes secondary structures to form in the 
repeat tract. This model suggests that the hairpin is stabilised by MutS$ (blue and green 
rectangles, see next section), resulting in its persistence to the next round of transcription. 
When RNA Pol II encounters the hairpin it stalls irreversibly and is degraded by the 
proteasome. The TC-NER pathway is initiated, resulting in contraction or expansion 
depending on the number and location of the structures relative to the repair. Adapted 
from Lin & Wilson, (2007).  
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This model is supported by evidence that transcription-induced contraction rates 

are decreased upon depletion of MMR proteins MSH2/3, some TC-NER factors, 

proteins involved in resolving R-loops, and proteins involved in processing stalled 

RNA Pol II (Hubert et al., 2011; Lin & Wilson, 2012; Lin et al., 2009, 2010). 

Furthermore, a pull-down assay has shown that XPA can bind (CAG) and (CTG) 

hairpins in vitro (Lin & Wilson, 2012). 

In mouse models of TNR disorders the evidence for NER involvement is unclear. 

In a SCA1 mouse model, knockout of Xpa resulted in suppression of somatic 

(CAG) instability in several brain tissues, but not in the kidney or liver. TNR 

instability in male or female germlines was unaffected in these mice (Hubert et al., 

2011). Deficiency of Xpc in a knock-in HD mouse model, HdhQ111, did not 

influence (CAG) repeat intergenerational instability or somatic striatal instability 

(Dragileva et al., 2009). This agrees with the model proposed by Lin & Wilson 

(2007), where knockout of Xpa, which affects both TC-NER and GG-NER, would 

affect expansions, but knockout of Xpc, which affects only GG-NER. would not.  

However, using the transgenic HD mouse model R6/1, Kovtun et al., (2011), 

found that knockout of CSB, a factor involved in TC-NER, did not alter somatic 

instability. Instead, CSB deficiency resulted in an increase in intergenerational 

expansions, suggesting a role for CSB in protecting germline TNR stability. 

Between these mouse models, the (CAG) tract lengths are relatively comparable; 

100 – 150 repeats in length. However, they differ in construction. The SCA1 and 

HdhQ111 models are knock-in, that is the expanded repeat is placed at the 

endogenous murine ataxin-1 or huntingtin gene locus, but the R6/1 model 

contains an integrated human transgene. R6/1 mice show milder disease and 

instability phenotypes when compared to a similar mouse model, R6/2, in which 

the transgene has been integrated at a different random site in the genome 

(Crook & Housman, 2011; Goula et al., 2009). Recent characterisation of these 

mouse models showed a more active chromatin state, and higher transgene 

expression, in R6/2 mice versus R6/1 mice (Goula et al., 2012b). Is it possible 

that, for TC-NER to affect TNR instability, a high rate of transcription across the 

TNR is required? Alternatively, CSB has roles distinct from NER in transcription 

and chromatin remodeling that may have confounded the result seen by Kovtun 

et al., (2011) (Citterio et al., 2000; Kamileri et al., 2012).  

It is worth noting here that the (CAG) tract lengths used in these human cell and 

mouse models are already disease-causing length; in a HD patient a (CAG) 
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length of > 60 repeats would result in juvenile onset of severe symptoms and a 

short life expectancy (Nance & Myers, 2001). Thus, no work to date has 

addressed the role of NER in modulating expansions of threshold length TNR 

alleles. 

 

Table 1.2 NER factors tested in eukaryotic (CAG) repeat disease models 

Gene 
disrupted 

Yeast 
homolog 

Model TNR Effect Reference 

Human cell model 

CSB 
ERCC1 
XPG  
TFIIS 
 XPA 
 
 
XPC 

RAD26  
RAD10 
RAD2 
TFIIS 
RAD14 
 
 
RAD4 
 

Human cell 
assay, monitors 
transcription -
induced large 
contractions.  

(CAG)95 Reduced contraction 
rates 

 

 

No change in 
contraction rates 

(Lin & 
Wilson, 
2007; Lin et 
al., 2006) 

Drosophila model 

Mus201 RAD2 Drosophila SCA3 
fly model.  

(CAG)78 Suppression of 
germline expansions 

(Jung & 
Bonini, 
2007) 

Mouse models 

Xpa RAD14 SCA1 knock-in 
mouse model. 

(CAG)145 No effect on germline 
instability. Reduction 
of somatic instability in 
neuronal tissues 

(Hubert et 
al., 2011) 

Xpc RAD4 HD knock-in 
mouse model 
(HdhQ111). 

(CAG)100 No effect on germline 
or somatic instability  

(Dragileva 
et al., 2009) 

Csb RAD26 HD transgenic 
mouse model 
(R6/1). 

(CAG)130 Increased germline 
expansions, no effect 
on somatic instability 

(Kovtun et 
al., 2011) 

 

B. Mismatch repair 

The strongest evidence for a role of repair proteins in promoting expansions 

comes from studies of MMR proteins. The normal role of the MMR pathway is to 

remove mismatches incorrectly created during replication (Kunkel & Erie, 2005). 

In eukaryotes the initiation of MMR involves two complexes with different binding 

preferences: MutS% (MSH2/MSH6) and MutS$ (MSH2/MSH3). MutS% 

preferentially binds base-base mismatches and small insertion/deletion loops, 
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while MutS$ binds larger insertion/deletion loops (Hsieh & Yamane, 2008). 

Investigations in numerous transgenic mouse models have revealed that the 

MutS$ complex has a role in promoting expansions of long (CTG)!(CAG) TNR 

tracts. Loss of MSH2 leads to decreases in both somatic and germline 

expansions in DM1 mice (Savouret et al., 2003) and in several HD mouse models 

(Kovtun & McMurray, 2001; Manley et al., 1999; Wheeler et al., 2003). Loss of 

MSH3, but not MSH6, resulted in a reduction of somatic expansions similar to 

that seen in MSH2 deficient DM1 (Foiry et al., 2006; van den Broek et al., 2002) 

and HD mice (Owen et al., 2005).  

In yeast, MutS$ does not seem to play the same role in promoting (CTG)!(CAG) 

expansions (Miret et al., 1998; Rolfsmeier et al., 2000; Schweitzer & Livingston, 

1997) although a recent paper reported conflicting results. Kantartzis et al., (2012) 

reported that deletion of Msh3, but not Msh6, resulted in a significant decrease of 

(CTG) and (CAG) expansions. The yeast assay used in this study was the same 

as previously used (Rolfsmeier et al., 2000), so this discrepancy is hard to 

explain.   

In the human astrocyte (SVG-A) expansion assay used in this study, siRNA 

mediated depletion of MSH2 and MSH3, but not MSH6, reduced (CTG)22 

expansion frequencies. Chromatin immunopreciptation at the TNR tract showed 

enrichment for MutS$, but not MutS% (Gannon et al., 2012). Thus, MutS$ is 

involved in promoting expansions of threshold-length TNRs in human astrocytes.  

Two potential models have been proposed to explain how MMR proteins promote 

(CTG)!(CAG) TNR expansions. In the first model, there is ‘hijacking’ of the 

MutS$ complex function. This model predicts that MutS$ binds the mismatches 

present in TNR hairpins but does not coordinate the downstream signaling to 

other MMR components. MutS$ function is essentially hijacked and instead it 

serves to stabilise the abnormal structure, compounding the repair problem. This 

model is based on evidence that binding of MutS$ to TNR hairpins impairs its 

ATPase activity and prevents downstream signaling (Lang et al., 2011; McMurray, 

2008). However, subsequently it was demonstrated that MutS$ ATPase activity 

decreases to the same extent when it binds TNR hairpins or its preferred 

substrate (Tome et al., 2009). Also, in a DM1 mouse model, the ATPase activity 

of MSH2 was shown to be required for germline and somatic expansions (Tome 

et al., 2009). The second model suggests that a functional MMR pathway is 

required for TNR expansions. This model is supported by evidence that the MMR 
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protein PMS2, which functions downstream from MutS$, is partially required for 

somatic expansions in DM1 mice (Gomes-Pereira et al., 2004).  

Irrespective of the exact mechanism involved, it is clear that MutS$ has an 

important role in driving expansions of both somatic and germline (CTG)!(CAG) 

TNRs. The role of MutS$ in (GAA)!(TTC) instability is less clear. Investigations of 

germline instability in a human FRDA YAC transgenic mouse model showed 

differing results for several MMR factors. MSH2 and MSH3 protected against 

repeat contractions, MSH6 gave minor protection against both expansions and 

contractions, and PMS2 prevented germline expansions while promoting 

contractions (Ezzatizadeh et al., 2012). Thus, the MMR pathway appeared to be 

playing a normal, protective role, against germline instability. In somatic tissues of 

these mice, knockout of MSH2 or MSH6 reduced instability in the cerebellum and 

cerebrum (Bourn et al., 2012). However, loss of PMS2 resulted in accumulation 

of large expansions in neuronal tissues, but not in non-neuronal tissues, 

suggesting a role for PMS2 independent of MMR (Bourn et al., 2012). In a human 

cell model, shRNA knockdown of MSH2 or MSH3, but not MSH6, slowed 

expansion rates (Halabi et al., 2012). In FRDA patient derived induced pluripotent 

stem cells (iPSCs), shRNA of MSH2 and MSH6 reduced expansions (Du et al., 

2012; Ku et al., 2010) (MSH3 was not checked). In FRDA iPSCs, MSH2/3/6 

protein levels are upregulated in comparison to the levels seen in the patient 

fibroblasts from which they were derived, and which show no TNR instability (Du 

et al., 2012; Ku et al., 2010). Ectopic expression of MSH2 and MSH3 in such 

patient fibroblast cells induced expansions (Halabi et al., 2012). Thus it appears 

that the MMR pathway also plays a role in driving somatic, but not germline, 

instability of (GAA)!(TTC) repeats. However, the relative involvement of MutS% 

and MutS$ has not been clarified, and it seems that PMS2 can protect against 

large somatic expansions, by an unknown mechanism independent of MMR.  

 

C. Base excision repair 

Base excision repair is another repair pathway linked to TNR instability (Liu & 

Wilson, 2012). BER is responsible for the repair of the oxidative DNA damage 

that occurs frequently in the cell. The initial step of BER involves a damage-

specific glycosylase removing the oxidised base to leave an abasic site (AP site), 

which is cleaved by an AP endonuclease (S. Maynard et al., 2009). Two DNA 

glycosylases have been shown to promote somatic expansions in the transgenic 
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HD mouse model R6/1, with (CAG) tracts of 115 or 130 repeats. In both Neil1 

and Ogg1 knockout R6/1 mice, somatic expansions were significantly reduced 

(Kovtun et al., 2007; Møllersen et al., 2012). Neil1-/- mice also showed a 

suppression of germline expansions (Møllersen et al., 2012). While knockout of 

two other glycosylases, Aag or Nth1, did not affect expansions (Kovtun et al., 

2007). In vitro reconstitution of BER of (CAG) repeat templates containing an 8-

oxoG base resulted in expansion products (Kovtun et al., 2007). The BER 

enzymes OGG1, APE1, Pol$ and DNA ligase 1 were used in this assay. The 

expansions are hypothesised to result from mis-coordination between Pol$ and 

FEN1 during long patch BER because of (CAG) hairpin formation (Liu et al., 

2009). Studies of tissue-specific somatic expansion in HD mouse models 

discovered that tissues displaying high rates of somatic expansion (e.g. the 

striatum) correlated with low FEN1 levels and activity, and Pol$ enrichment at the 

repeat (Goula et al., 2009). In vitro studies demonstrated that mimicking the 

stoichiometry of BER proteins in the striatum resulted in less efficient repair of 

damaged repeats than the cerebellum stoichiometry (Goula et al., 2012a). 

Recent work (Lai et al., 2013), showed that treatment of human cells with 

oxidative DNA damaging agents resulted in deletion and expansion of short (20 

and 35) (CTG)!(CAG) repeats. Lai et al. (2013) also demonstrated that the 

position and number of base lesions on the TNR tract is important for determining 

the outcome of repair (deletion, expansion or no change). 

 

1.6 The chromatin context of the TNR 

TNR instability is a product of cis elements of the repeat (Section 1.4) and trans 

DNA metabolism proteins (Section 1.5). The chromatin context of the repeat 

modulates the interaction between these two sets of factors, restricting or 

permitting access of proteins to the TNR DNA. Evidence from different mouse 

models of TNR disorders illustrates the importance of the genomic context of the 

TNR for instability. Mice carrying a (CAG)92 SCA7 cDNA construct showed little 

intergenerational instability, while mice with a 13.5kb genomic fragment 

containing the repeat showed instability and expansion bias (Libby et al., 2003). 

Subsequent investigations determined the importance of a CTCF binding site 

near the SCA7 locus. Methylation or mutation of this binding site increased 

instability of the (CAG)92 tract (Libby et al., 2008). In creating two HD mouse 

models, R6/1 and R6/2, an identical transgenic construct (~ 1kp of human HTT 
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promoter, HTT exon-1 with (CAG)115 and 262 bp of HTT intron-1) was integrated 

into the same mouse background (Mangiarini et al., 1996). The loci were 

subsequently mapped to chromosome 3 in R6/1 mice and chromosome 4 in R6/2 

mice. What is interesting is that R6/2 mice display a higher level of somatic 

instability (Goula et al., 2009; Goula et al., 2012b), and a faster progression of 

HD-like phenotypes, than their R6/1 counterparts (Crook & Housman, 2011). 

Thus it was hypothesised that the chromatin context and transcription activity of 

the respective loci could impact on the instability of the repeat. In addressing this 

possibility, Goula et al., (2012b), found that increased chromatin accessibility (as 

assessed by histone marks), and increased transcription of the HD transgene, 

correlated with the increased instability seen in R6/2 tissues when compared to 

their R6/1 counterparts.  

It is well established that for some disorders expanded, but not normal, TNR 

alleles are associated with a heterochromatic environment. This has been 

demonstrated for FRDA, FRAXA, FRAXE and a severe form of DM1 (>1000 

CTGs) (Dion & Wilson, 2009; Kumari & Usdin, 2009). It was also shown that the 

heterochromatin marks around the FRDA and FRAXA loci were maintained 

during cell reprogramming (Ku et al., 2010; Urbach et al., 2010). It is unknown 

what triggers or maintains heterochromatin at expanded TNRs, or how this 

affects TNR instability. However, it is probable that this local heterochromatin 

environment results in down-regulation of the surrounding genes, thus 

contributing to the gene silencing associated with many of these non-coding 

disorders.  

Some chromatin-modifying factors have been implicated in modulating TNR 

instability in several model systems. Inhibition of the DNMT1 DNA 

methyltransferase in DM1 patient fibroblasts increased expansions (Gorbunova 

et al., 2003). A heterozygous DNMT1 knockout SCA1 mouse showed an 

increase in germline expansions (Dion et al., 2008; Gorbunova et al., 2004). In 

yeast and human cells disruption of specific histone deacetylase (HDAC) 

complex components resulted in a suppression of expansions of (CTG)20 or 

(CTG)22 (Debacker et al., 2012). Treatment of yeast, human cells and a 

Drosophila SCA3 model with HDAC inhibitors resulted in a decrease in TNR 

expansions (Debacker et al., 2012; Jung & Bonini, 2007). There is also evidence 

that implicates the opposing set of enzymes, histone acetyltransferases (HATs). 

In a SCA3 Drosophila model, haploinsufficiency of CBP increased 

intergenerational expansions of a (CTG)78 repeat, while in human astrocytes 
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siRNA-mediated depletion of CBP/p300 increased expansions of a (CTG)22 

repeat. However there is evidence that, at least in yeast, the mechanism by 

which HDACs modulate expansions may be via non-histone targets (Debacker et 

al., 2012). 

 

1.7 A general model for TNR instability 

Based on the existing evidence of factors and mechanisms that affect TNR 

instability, a general working model for this study is presented in Figure 1.11 A. In 

this model, the intrinsic features of the TNR, coupled with the genomic context, 

affect its propensity to form abnormal DNA secondary structures. During DNA 

metabolism, exposure of single stranded TNR DNA allows these structures to 

form. Subsequent processing of the secondary structures leads to expansions. At 

both stages, structure forming and structure processing, there are two sets of 

proteins that act on the TNR. The first set of proteins can inhibit the expansion 

process. These include proteins that may prevent the structure from forming, 

remove the structure, or can process the structure without error. The second set 

of proteins acts to promote the expansion process. They may encourage ssDNA 

exposure and thus secondary structure formation, stabilise the structure, or 

promote the abnormal processing of the structure that leads to expansion. 

Factors that have been demonstrated to promote somatic (CTG)!(CAG) TNR 

expansions in yeast, human cell and mouse models are shown in Figure 1.11 B. 

The work in this thesis contributes further to the knowledge of factors that 

promote somatic TNR expansions. 
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Figure 1.11 General model of TNR instability. A The characteristics of the TNR 
DNA influence its propensity to form an abnormal secondary structure. Exposure of 
ssDNA during DNA metabolism and the influence of promoting proteins causes structure 
formation. Further processing of these structures results in instability. Two sets of 
proteins act to either promote or inhibit the expansion process. B Factors known to 
promote somatic (CTG)!(CAG) expansions in different model systems are listed. The 
question mark after Msh3 represents the conflicting results in the literature with regard to 
its role.  

 

1.8 The ubiquitin-proteasome system 

Chapter 3 describes experiments that show that the 26S proteasome promotes 

TNR expansions in both yeast and human cells. Thus, the structure and functions 

of the proteasome will be introduced here. The proteasome lies at the heart of 

the ubiquitin-proteasome system (UPS), a highly complex system responsible for 

the timely and selective degradation of proteins within the cell. Proteins destined 

for destruction are marked by addition of ubiquitin chains. Conjugating ubiquitin 

to a protein requires a multi-step pathway performed by the E1-E2-E3 enzyme 
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cascade (Figure 1.12). The E1 (ubiquitin activating) enzyme, activates ubiquitin in 

a process requiring ATP. Activated ubiquitin is then transferred to one of the E2 

(ubiquitin conjugating) enzymes. Finally E3 (ubiquitin ligase) enzymes catalyse 

the addition of the ubiquitin to a lysine residue in the substrate protein. The 

specificity of ubquitin conjugation is dependent upon the E3 enzymes, which 

interact with a distinct set of substrates. Figure 1.12 also shows the diverse 

nature of ubiquitin conjugation. Mono, poly or multi ubiquitin attachments can 

alter protein function or signaling, or target the protein for destruction. Futher 

complexity is achieved by altering the internal ubiquitin lysine residue to which 

the next ubiquitin is conjugated. Thus, in polyubiquitin chains the link can be via 

Lys48, Lys63, Lys11, Lys6, Lys27, Lys29 or Lys33. Of these, the three most 

abundant linkages are Lys48, Lys63 and Lys11 (Xu et al., 2009). In general, 

Lys48-linked polyubiquitin chains mark a protein for destruction by the 

proteasome. At the proteasome they are recognised, deubiquitinated and 

degraded into peptides. The released ubiquitin then returns to the free ubiquitin 

pool to be used in the many cellular functions that require ubiquitin signaling.  

 

Figure 1.12 Conjugation of ubiquitin to proteins. Ubiquitin is activated by E1 in 
an ATP-dependent step, transferred to an ubiquitin-conjugating enzyme (E2) and then 
attached to substrate proteins via the substrate specific ubquitin ligase (E3). 
Monoubiquitination involves the addition of a single ubiquitin molecule to a protein. 
Repeated rounds of the E1-E2-E3 cascade results in multi- or poly- ubiquitinated proteins. 
 

1.9 The 26S proteasome 

The 26S proteasome is composed of a core particle subunit (often termed 20S 

proteasome) capped by one or two regulatory particle subunits (also called 

PA700 or 19S) (Figure 1.13 A). A major function of the 26S proteasome is to 

recognise polyubiquitin tagged proteins and degrade them. The 26S proteasome 
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is central to most cellular functions. It is required for the timely degradation of 

factors and the removal of unwanted or incorrectly folded proteins. The 26S 

proteasome is highly conserved throughout eukaryotes. For simplicity, the 

description here will use the yeast nomenclature for proteasome subunits.  

 

Figure 1.13 The 26S proteasome. A Electron micrograph of the core particle (20S 
proteasome) and regulatory particle(s) (19S/PA700). Shown are averaged electron 
micrograph images of 20S proteasome (left) and 26S proteasomes with one copy of the 
regulatory particle (center) and two copies of the regulatory particle (right). Adapted from 
DeMartino, (2005). B Simple schematic of the 26S proteasome with two regulatory 
particles. The regulatory particle is composed of base (green and pink) and lid (yellow) 
subunits. The core particle is composed to two rings each of seven % (red) and $ (blue) 
subunits. The % subunits form a gate to the barrel of the core particle that is opened by 
interaction with the regulatory particle. Six of the $ subunits have catalytic activities, and it 
is in this core particle barrel that proteolysis occurs.  

 

The regulatory particle is composed of lid and base subunits (Figure 1.13 B). The 

base is made up of six ATPase subunits (Rpt1-6), which, despite sequence 

similarity, are not functionally redundant and are all essential. Also within the 
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base are two non-ATPase subunits, Rpn1 and Rpn2. These large scaffold 

subunits serve to recruit a variety of factors, including shuttling receptors which 

bring ubiquitinated proteins to the proteasome. The final base subunit is the 

ubiquitin receptor Rpn13, which docks at Rpn2 (Finley et al., 2012).  

The lid subcomplex of the regulatory particle is composed of 10 subunits only two 

of which are non-essential. They are thought to have distinct functions in 

recognising or processing the ubiquitin chains attached to the targeted proteins. 

However, due to their essential nature, they have not been well studied. The 

exception is Rpn11, which has been shown to have deubiquitinating activity 

(Guterman & Glickman, 2004; Verma et al., 2002). More is known of the non-

essential subunits, Rpn10 and Sem1 (sometimes referred to as Rpn15). Rpn10 is 

a well characterised ubiquitin receptor that is located at the lid-base interface 

(Elsasser et al., 2004; Mayor et al., 2007; Saeki et al., 2002a; van Nocker et al., 

1996; Verma et al., 2004; Zhang et al., 2009). Sem1 is a small (89 amino acids in 

yeast) protein that interacts with Rpn3 and Rpn12 in the lid subcomplex (Wei et 

al., 2008). It is required for proper proteasome stability and function (Funakoshi et 

al., 2004; Sone et al., 2004). It also has functions outside its role as a 

proteasome subunit, in mRNA splicing and transcription coupled mRNA export 

(Faza et al., 2009; Jimeno et al., 2011; Wilmes et al., 2008). 

The core particle is composed of four stacks of rings made of seven subunits 

each (Figure 1.11 B). The seven % subunits cap two rings of seven $ subunits. 

With the exception of the %3 subunit, termed Pre9, all core particle subunits are 

essential (Velichutina et al., 2004). The % subunits form the gate that controls 

entry to the core particle $ barrel. There are three types of proteolytically active 

subunits. $1 subunits have trypsin-like activities and cleave after basic residues. 

The caspase-like activity is performed by $2 subunits, which cut after acidic 

residues. Finally, the chymotrypic-like acitivity of cleaving after hydrophobic 

residues is performed by the $3 subunits (Finley et al., 2012).  

 

1.10 Protein degradation 

As the main protein degradation tool, the 26S proteasome is at the heart of many 

cellular processes. Not only is it required for the removal of misfolded and 

damaged proteins, it also controls processes such as cell-cycle, gene expression, 

apoptosis and the DNA damage response by performing the selective and timely 
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degradation of regulatory proteins (Motegi et al., 2009). One central cellular 

process that is highly dependent on proteasome proteolytic activity is cell-cycle 

regulation. Cell cycle regulation involves three classes of molecules: cyclins, 

cyclin-dependent kinases (CDKs) and cyclin-dependent kinase inhibitors (CKIs). 

The timely ubiquitin-mediated proteolysis of these proteins by the proteasome is 

a key process underpinning cell cycle control. Two major ubiquitin ligase 

complexes are involved. The first is the Skp1-Cullin-F-box protein (SCF) 

complex, which functions mainly at the G1 to S phase transition. The second is 

the anaphase-promoting complex/cyclosome (APC/C) that plays a critical role in 

mitotic progression by promoting the degradation of securin and mitotic cyclins A 

and B (Tu et al., 2012).  

For protein degradation to occur, proteins targeted for degradation by 

polyubiquitin chains must be recognised, transported to the proteasome, 

deubiquitinated, unfolded, translocated into the core particle and finally degraded 

into peptides by the action of the catalytic $ subunits (Figure 1.14). 

 
Figure 1.14 Protein degradation in the UPS Proteins to be degraded are tagged 
with polyubiquitin. These proteins are brought to the proteasome by ubiquitin shuttle 
factors that recognise and bind the polyubiquitin tag. At the proteasome the protein is 
deubiquitinated and the released free ubiquitin is recycled back to the free ubiquitin pool. 
The protein is unfolded and translocated into the core particle, where it is degraded into 
peptides.  
 

Proteins are targeted for degradation by the addition of a polyubiquitin chain, but 

the mechanism by which they are selectively transported and recognised at the 

26S proteasome is still not fully resolved. It is believed that these tagged proteins 

are recognised and brought to the proteasome through the action of ubiquitin 
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shuttle factor proteins. These proteins can bind both ubqiuitin, via a ubiquitin-

associated domain (UBA) and the proteasome, via a ubiquitin-like domain (UBL). 

The proteasome also contains two known intrinsic ubiquitin receptors, Rpn10 and 

Rpn13, which can recognise polyubiquitnated proteins. The shuttle factors are 

thought to dock at the Rpn1 subunit of the regulatory particle, although evidence 

suggests that they may also interact with Rpn10 and Rpn13 (Gomez et al., 2011; 

Husnjak et al., 2008; Rosenzweig et al., 2012; Saeki et al., 2002a, 2002b). At the 

proteasome there are also intrinstic (Rpn11) and proteasome-associating (Ubp6) 

deubiquitinase enzymes that remove the ubiquitin from the target proteins before 

degradation (Finley et al., 2012). In the absence of the Ubp6 enzyme, ubiquitin is 

taken into the core particle and degraded, leading to a depletion of free ubiquitin 

in the cell (Leggett et al., 2002). Following deubiquitination, the protein is 

unfolded by the ATPase subunits in the base of the regulatory particle. These 

subunits also interact with the % subunits of the core particle to open the gated 

channel and translocate the protein into the core particle barrel-like chamber. 

There, the protein is degraded by the action of the proteolytic $ subunits. 

The importance of proteasome-mediated protein degradation is evident from the 

widespread disruption of cellular function that occurs upon inhibition of proteolytic 

activity (Adams, 2004). A range of proteasome inhibitors has been developed 

that target the different catalytic activities of the proteasome with different 

efficiencies. Bortezomib, a dipeptide boronic acid, is a reversible inhibitor of the 

$5 subunit currently being used for treatment of relapsed multiple myeloma 

(Moore et al., 2008). A second reversible inhibitor that acts to inhibit $5 activity, a 

peptide aldehyde called MG132, is used widely in experiments because of its 

ability to quickly enter cells and because of its low costs (Meiners et al., 2008). 

Both Bortezomib and MG132 form reversible covalent bonds with the active site 

threonine of $5, but may also inhibit other catalytic subunits at high drug 

concentrations (Meiners et al., 2008).  

 

1.11 26S proteasome function in DNA metabolism – transcription and repair 

It is now well established that the 26S proteasome has proteolytic and non-

proteolytic roles during gene expression and the DNA damage response (DDR). 

Genome-wide analysis in yeast showed that one or more proteasome subunits 

interact with the majority of transcribed genes (Auld et al., 2006; Sikder et al., 

2006). The 26S proteasome has been implicated in almost every step in gene 
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transcription including control of activators and coactivators, histone and 

chromatin modifications, transcription elongation and termination, and repression 

of cryptic transcription (Geng et al., 2012). There is evidence for different 

contributions of the regulatory and core particles of the proteasome in 

transcription (Ezhkova & Tansey, 2004; Ferdous et al., 2002, 2007; Gonzalez et 

al., 2002; Malik et al., 2009; Sikder et al., 2006). Often the base subcomplex of 

the regulatory particle alone is implicated, with many studies focusing on the non-

proteolytic roles of the ATPase subunits Rpt6 and Rpt4 (Sug1 and Sug2) 

(Kodadek, 2010; Kwak et al., 2011).  

Ubiquitin signalling plays a key role in the cellular DDR (Al-Hakim et al., 2010), 

and the 26S proteasome is important for both DDR signalling and some types of 

repair (Kouranti & Peyroche, 2012; Motegi et al., 2009). Inhibition of proteasome 

activity can indirectly disrupt the DDR by depleting the free ubiquitin available in 

the cell and therefore stalling the signalling repsonse (Stone & Morris, 2013). 

However, there is also evidence that the proteasome has an important direct role 

to play. Proteasomes were shown to be recruited to sites of damage in yeast 

(Krogan et al., 2004) and mammalian cells (Blickwedehl et al., 2007; Butler et al., 

2012). Could the proteasome act as a regulator of repair protein levels on 

chromatin by removing those that are no longer needed? This has been 

described for RNA Pol II, whereby polymerases stalled at DNA damage are 

polyubiquitinated and degraded (McKay & Cabrita, 2013). Many other DNA repair 

factors are degraded by the 26S proteasome but it is unclear if this is subsequent 

to their repair activity, or a central part of the repair process. The ‘ubiquitin clock’ 

has been hypothesised to explain how the proteasome could temporally control 

DNA repair proteins. In this model, the process of polyubiquitination represents a 

temporal regulation whereby cycles of ubiquitination must occur before the 

protein can be degraded. At the same time, deubiquitinating enzymes can 

remove the ubiquitin, thus delaying the ubiquitin clock and degradation (Daulny & 

Tansey, 2009; Kouranti & Peyroche, 2012). 

A link between the proteasome and homologous recombination repair (HR) was 

established in human cells with the discovery that a regulatory particle subunit, 

DSS1 (Sem1 in yeast), interacted with, and stabilised, the HR protein BRCA2. 

Depletion of DSS1 resulted in a decrease in BRCA2 levels and HR activity 

(Kristensen et al., 2010; Li et al., 2006). However, knockdown of DSS1 has only 

slight effect on proteasome activity (Jacquemont & Taniguchi, 2007; Kristensen 

et al., 2010). Treatment with the proteasome inhibitor MG132 reduced HR activity 



Introduction 

39!

levels, but not to the same extent as DSS1 depletion (Kristensen et al., 2010). 

Thus DSS1, or the regulatory particle as a whole, probably acts independently of 

proteasome proteolytic activity to control HR. Whilst there is no homolog of 

BRCA2 in yeast, the DSS1 homolog, Sem1, may also play a role in HR (Krogan 

et al., 2004).   

The proteasome is involved in regulating NER through both proteolytic and non-

proteolytic mechanisms. One of the main links between these two systems is the 

ubiquitin shuttle factor/DNA damage sensor protein Rad23 (HR23A and HR23B 

in humans). Deletion of the UBL domain of Rad23, through which it interacts with 

the regulatory particle of the proteasome, resulted in compromised NER (Ortolan 

et al., 2004; Russell et al., 1999; Watkins et al., 1993). As a ubiquitin shuttle 

factor, Rad23 recruits proteins to the proteasome to be degraded (Chen & 

Madura, 2002; Elsasser et al., 2004; Kim et al., 2004; Saeki, et al., 2002a). 

However, as an NER factor, Rad23 stabilises Rad4 from proteasome-mediated 

degradation. Upon deletion of Rad23, Rad4 levels decrease and NER is 

defective (Lommel et al., 2002; Ortolan et al., 2004). This situation is mimicked in 

human cells where HR23A and HR23B play roles in stabilising XPC from 

proteasomal degradation (Ng et al., 2003). In GG-NER in human cells the DDB-

ubiquitin ligase complex is responsible for polyubiquitinating DDB2, leading to its 

subsequent degradation (Sugasawa, 2010). Treatment of human fibroblasts with 

MG132 resulted in retention of DDB2 after UV and defective repair of the DNA 

damage (El-Mahdy et al., 2006; Wang et al., 2005). Thus, proteolysis by the 

proteasome appears to play an important role in NER.  

However, there is evidence in yeast that non-proteolytic roles of the proteasome 

are crucial to its role in NER. Temperature sensitive mutants of the ATPase 

subunits Rpt4 and Rpt6 were defective in NER. However the core particle 

mutants, pre1-1 and pre4-1, did not show reduced NER activity. Treatment of 

yeast with the proteasome inhibitor lactacystin also did not affect NER in yeast in 

vitro (Gillette et al., 2001, 2006; Russell et al., 1999). 

 

 1.12 The proteasome in TNR disorders 

The only existing research that links the proteasome to TNR instability is from a 

transcription-based contraction human cell assay. Upon treatment of these cells 

with MG132 the rate of TNR contractions decreased, implying that proteasome 
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function promotes instability in the form of long contractions (Lin & Wilson, 2007). 

The role of the proteasome in TNR expansions had never been investigated.  

However, there is much research focused on the role of the UPS in TNR disease 

pathology. One of the pathological characteristics of the polyQ disorders is the 

presence of protein aggregates. These types of protein aggregates are also a 

feature of other neurodegerative disorders, such as Alzheimers disease and 

Parkinsons disease (Schipper-Krom et al., 2012). It is clear that the UPS and 

autophagy systems are vital for dealing with these toxic proteins (Rubinsztein, 

2006). However, polyQ aggregates stain for ubiquitin and for proteasome 

subunits, leading to the question of whether the proteasome is impaired in such 

disorders (Davies et al., 2007). The data are conflicting with regard to the precise 

role of the proteasome in polyQ protein degradation, and whether the presence 

of polyQ proteins results in proteasome impairment (Schipper-Krom et al., 2012). 

Several studies using cellular models of polyQ diseases or in vitro systems 

indicated that expanded polyQ proteins can impair UPS function (Bence et al., 

2001; Bennett et al., 2005; Jana & Nukina, 2003). Purified 20S proteasomes 

were unable to cleave within polyQ stretches in vitro (Venkatraman et al., 2004). 

This was thought to result in polyQ-rich fragments that could clog the 

proteasome, slow proteasome function, or sequester proteasome subunits in 

aggregates. Partially degraded polyQ proteins were shown to be ‘trapped’ at the 

proteasome following overexpression of polyQ expansion proteins or mutant N 

terminal huntingtin (Holmberg et al., 2004). In mimicking the polyQ fragments that 

would be released from the proteasome, Raspe et al., (2009), showed that polyQ 

peptides exceeding the threshold length of ~40 glutamines showed resistance to 

degradation, leading to accumulation and aggregation. These results indicated 

that the proteasome cannot correctly process polyQ proteins, leading to 

proteasome impairment. 

However, in vivo studies of polyQ disease mouse models revealed no global 

impairment of the UPS in the mouse brains (Bett et al., 2006, 2009; Bowman et 

al., 2005; C. J. Maynard et al., 2009; Tydlacka et al., 2008; Zhou et al., 2003). 

Instead, an age-dependent decline in UPS activity is found to correlate with the 

age-related accumulation and aggregation of mutant huntingtin in HD mouse 

brains (Zhou et al., 2003). The work on proteasome impairment in polyQ 

disorders is complicated by the number of different assays in different systems, 

each with advantages and disadvantages (Davies et al., 2007). Recent work has 
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sought to reconcile the conflicting results. Using a UPS reporter mouse crossed 

with an inducible HD mouse, Ortega et al., (2010), showed in vivo that UPS 

impairment occurred transiently after mutant huntingtin expression. UPS function 

was subsequently restored in correlation with the appearance of protein 

aggregates. UPS impairment was also evident in the synapses of HD mouse 

brains, indicating that impairment might be localised (Wang et al., 2008).  

Despite the ongoing disparities regarding UPS impairment, it is clear that correct 

26S proteasome function protects against polyQ protein toxicity. Proteasome 

inhibition resulted in accumulation of mutant huntingtin in brains of HD transgenic 

mice (Li et al., 2010) and in cellular models (Bennett et al., 2005; Waelter et al., 

2001; Wyttenbach et al., 2000). Recently, increasing proteasome activity by 

using a phosphorylated Rpt6 mimic resulted in reduced mutant huntingtin 

aggregates and improved motor impairment in transgenic HD mice (Lin et al., 

2013).  

Work in this thesis describes a role for the 26S proteasome in promoting somatic 

TNR expansions. Thus, with the involvement of the UPS in polyQ protein 

disorders, the opportunities for therapeutic intervention may be limited to the non-

coding TNR diseases.  

  

1.13 Thesis objectives  

The work presented here addresses the role of promoting factors of expansions 

of threshold-length TNRs. The results section is divided into two chapters. 

Chapter 3: The 26S proteasome promotes TNR expansions in yeast and human 

cells. 

Previous work in the Lahue lab identified a multi-functional protein as a possible 

promoting factor of TNR expansions (Debacker et al., 2012). This candidate 

mutant, and its role as a proteasome subunit, was confirmed as a driver of 

expansions in yeast. Subsequent investigations of human homologs were 

performed in a human astrocytic cell line assay. The results identify the 26S 

proteasome, in both yeast and human cells, as a novel promoting factor of TNR 

expansions by a mechanism that requires its proteolytic activity. The results 

presented in Chapter 3 also describe a novel role for the TREX-2 complex in 

promoting expansions. 



Introduction 

42!

Chapter 4: The nucleotide excision repair pathway promotes trinucleotide repeat 

expansions in yeast 

Evidence that NER is involved in TNR instability comes from studies of long TNR 

repeats in human cells and mouse models. The predominant model suggests the 

involvement of TC-NER, but not GG-NER, in driving instability. The main 

questions addressed in this chapter were threefold: 1) Does NER affect 

expansions of threshold-length expansions in yeast? 2) If so, which branches of 

NER are involved? 3) Given the existing link between NER and the proteasome 

in the literature, do these pathways interact to affect TNR expansions? The 

results show that both GG-NER and TC-NER promote expansions of threshold-

length (CTG) repeats in yeast, through a shared pathway with the 26S 

proteasome.  
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2.1 Summary  

This chapter will describe the methods used to investigate the instability of TNRs 

using the yeast model organism, Saccharomyces cerevisiae (S. cerevisiae), and 

a human SVG-A cell line. The chapter will first describe methods used in yeast 

and then those used in human cells. Methods that are applicable to both model 

systems are then described.  

Unless otherwise stated all chemical and molecular reagents were obtained from 

Fisher Scientific, Sigma Aldrich, Formedium or New England Biolabs. All primers 

for PCR were obtained from Eurofins MWG Operon. All plastics and 

consumables were purchased from Starstedt or Fisher Scientific.  

 

2.2 Yeast methods  

2.2.1 Introduction 

S. cerevisiae has been used as a model organism to study many diverse 

pathways and functions. As eukaryotes, S. cerevisiae shares many biological 

pathways with human cells, and many proteins are highly conserved in function 

between S. cerevisiae and humans (Botstein & Fink, 2011). Investigations of 

TNR instability in S. cerevisiae involved using a sensitive and selective reporter 

assay developed in the Lahue lab (Dixon et al., 2004). Studies using the Lahue 

TNR instability reporter assay have shown that it recapitulates many of the 

genetic features of somatic TNR instability such as sequence and length 

dependence and the threshold effect (Miret et al., 1997; Rolfsmeier & Lahue, 

2000; Rolfsmeier et al., 2001). The assay allows quantitative analysis of 

expansion or contraction rate changes. Additionally, the number of TNR repeats 

added or lost can be measured by PCR.  

The assay exploits the specific spacing requirements of the Saccharomyces 

pombe (S. pombe) ADH1 promoter. This promoter is used to drive the 

downstream expression of a reporter gene, the expression of which can be 

monitored by gain or loss of a selectable phenotypic trait. When TNRs are 

integrated between this promoter and the reporter gene, contraction and 

expansion rates can be measured by a process called fluctuation analysis. Thus, 

this assay allows selection for expansion events making it sensitive even to low 

frequencies of instability. A limitation of this assay is the number of repeats that 
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can be used as the starting tract. Because the spacing is sensitive to length 

changes, evaluation of expansions from a starting tract length of greater than 26 

repeats (CAN1 reporter) or 30 repeats (URA3 reporter) is not possible as the 

reporter genes are already not expressed at these TNR lengths. Also, because 

the constructed TNR reporter is integrated at a selected genomic locus, the effect 

of endogenous sequences flanking ‘natural’ TNR repeats is not studied. Finally, 

the reporters are not constructed in a way to drive transcription of the TNR. Thus, 

it remains unclear whether transcription occurs across the TNR in this assay, and 

whether it contributes to the instability seen.  

Figure 2.1 provides a flow-chart overview of the methods involved in investigating 

the expansion rate of a targeted deletion mutant. Deletion of targeted yeast 

genes of interest was carried out using a PCR based replacement cassette 

method (Hegemann et al., 2006). Upon confirmation of the deletion by PCR, 

and/or phenotype tests, deletion mutants underwent fluctuation analysis 

alongside a wild type strain. Colonies selected for having an expansion were 

checked by PCR to verify the number of real expansions and then final 

expansions rates were determined. This allowed comparison of the mutant strain 

rate to the wild type rate.   

[A quick note on yeast nomenclature: Wild type genes are denoted by capital 

italics; SEM1, deleted genes are denoted by lowercase italics; sem1, whilst 

proteins are referred to with non-italic, initial letter uppercase; Sem1. When a 

gene is replaced with another as occurs in the targeted deletion protocol it is 

written as; sem1!::LEU2, where the SEM1 gene has been replaced by the 

functional LEU2 gene.]  
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Figure 2.1 Flow chart to show the methods used for testing the expansion 
rate of a deletion mutant of interest. Using PCR, a deletion cassette that is 
designed to replace the target gene with a marker gene was constructed. This 
deletion cassette was then transformed into a wild type strain that already 
contains a TNR reporter integrated at the LYS2 locus. By homologous 
recombination, the yeast can replace the target gene with the marker. This was 
confirmed by PCR and/or spot tests for previously reported mutant phenotypes. 
Once confirmed, the deletion mutant underwent fluctuation analysis alongside the 
wild type strain. Drug resistant colonies selected for expansion were then tested 
by PCR across the TNR tract to calculate the number of real expansions. Final 
corrected rates were subjected to mean centring, where each rate is compared to 
the average wild type rates. The bold numbers in brackets list the subsections in 
which the relevant method is described.  
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2.2.2 Yeast media and reagents 
 
Yeast was grown in yeast extract-peptone-dextrose (YPD) or synthetic complete 

(SC) media in either liquid or solid (with agar) form. YPD was composed of 2% 

w/v peptone, 1% w/v yeast extract and 2% w/v glucose. SC media was made up 

of 0.35% w/v Difco yeast nitrogen base without amino acids (BD Biosciences), 

0.2% w/v ammonium sulfate, 2% glucose and synthetic complete mix containing 

all amino acids required for growth. SC dropout medium allows for the selection 

of a nutritional marker by omission of a specific amino acid. For example, leucine 

is omitted from the media for selection of a plasmid with the LEU2 marker gene. 

This is written as SC-Leu and only those yeast that contain the LEU2+ plasmid 

can grow on such media.  

 

2.2.3 Yeast strains and plasmids 

All strains used in this study were of the background S1502B (MATa leu2-3 leu2-

112 his3-" trp1-289 ura3-52) (Jamieson et al., 1994) or BY4741 (MATa his3!1 

leu2!0 met15!0 ura3!0) (Brachmann et al., 1998). Most strains were created by 

a PCR deletion cassette protocol. This protocol allowed replacement of the 

targeted gene with a marker gene that can be detected by nutritional advantage 

or drug resistance. BY4741 sem1!::kanMX was purchased from Open 

Biosystems. The tet-titratable promoter essential proteasome gene strains were a 

kind gift from Dr. Kirill Lobachev (Georgia Tech).  

The plasmids used in this study are shown in Table 2.1 along with their function, 

nutritional marker and source. When performing experiments with non-integrating 

plasmids with a nutritional marker, the appropriate drop-out medium was used to 

maintain selection.  
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2.2.4 Yeast TNR reporters 

Schematics of the important features of the TNR expansion and contraction 

reporters used are shown in Figure 2.2. The S. pombe ADH1 promoter is 

employed in this assay, as it is sensitive to the spacing between the TATA box 

and the preferred transcription initiation site (Dixon et al., 2004). As seen in 

Figure 2.2, the TNR is inserted between the TATA box and this initiation site, 

which is where transcription of a reporter gene begins. Thus, changes in the TNR 

length will affect transcription, either turning ‘off’ or ‘on’ the expression of the 

reporter gene, allowing quantification of TNR instability. The reporter construct 

also contains the nutritional marker gene HIS3, which allows the yeast to grow on 

media lacking the amino acid histidine. This allows selection for yeast that 

contain the reporter. See Figure legend 2.2 for further details of the specific 

reporters used in this study.  

The reporter construct was integrated into the yeast genome at the LYS2 locus 

on chromosome II for all yeast strains used. For this study, the majority of strains 

were created by deleting genes from strains that already contained an integrated 

reporter, however, for a subset of strains, the reporter had to be integrated into 

the genome. For integration, the reporter was linearised at LYS2 using Bsu36I 

restriction enzyme digest and transformed into the yeast. Selection for reporter-

containing cells was by growth on SC-His media. Genomic DNA (see Section 

2.2.13) from colonies to be tested were digested with BamHI (New England 

Biolabs) and subjected to Southern blot using a LYS2 probe. For Southern blot, 

the DIG (digoxigenin-dUTP) High Prime DNA Labeling and Detection starter kit 

(Roche) was used. The sizes of the bands visualised using this probe were 

determined to be 14.4 Kb and 2.5 Kb for correct, single integrants, with an extra 

band at 1.15 Kb if the reporter had been integrated twice (Figure 2.3 A). No band 

at 2.5 Kb indicates that the reporter has not integrated at the LYS2 locus. Figure 

2.3 B shows examples of the visualization of single or double integrants at the 

LYS2 locus. 

A note here on TNR reporter nomenclature: As all (CTG) TNR repeats involve 

another (CAG) repeat tract on the opposite strand, they are often referred to as 

(CTG)!(CAG) repeats. Reporters here are named after the TNR orientation that 

is on the lagging nascent strand during replication, which is the orientation most 

prone to TNR expansions (Miret et al., 1998).  
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Figure 2.2 Yeast TNR expansion and contraction reporters. A The (CTG)20-
CAN1 expansion reporter. The TNR is inserted between the TATA box and the preferred 
transcription initiation site (I), in green. At the starting (CTG) tract length of 20 repeats, 
transcription begins at (I), and the CAN1 gene is expressed. Cells die on media 
containing the drug canavanine (CanS). If an expansion of 6 or more repeats occurs, the 
distance between the TATA box and (I) becomes too great. Transcription begins 
upstream of (I), and includes an out-of-frame ATG start codon, resulting in translational 
incompetence. The CAN1 gene is not expressed, cells are resistant to canavanine, and 
survive on media containing the drug (CanR). The (CTG)25-URA3 expansion reporter is 
set up similarly with a few exceptions. The starting tract length is 25 (CTG) repeats and 
expansions of 5 or greater will ‘switch off’ the expression of the URA3 reporter gene. 
Expansions in this system are detected by growth on media containing the drug 5-FOA 
(5-Fluorootic Acid). B The (CTG)25 + (C,T,G)8-URA3 contraction reporter. This 
nomenclature refers to a tract of 25 (CTG) repeats followed by 24 C,T or G nucleotides in 
random order. At the starting length of this reporter the URA3 gene is not expressed and 
cells cannot survive on media lacking the amino acid uracil (SC-Ura media). Once a 
contraction of 5 or more repeats occurs the spacing between the TATA box and (I) 
becomes shortened enough to permit proper expression of the URA3 gene and cells can 
survive on SC-Ura media. 
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Figure 2.3 Integration of yeast TNR reporter at the LYS2 locus. A Schematic of 
different types of integrants possible at the LYS2 locus. The black lines represent 
genomic DNA, the blue represent integrated plasmid DNA with the TNR reporter. The 
important restriction sites are noted. For Southern blot, the DNA was digested with 
BamHI, the green arrows and bold type illustrate the band sizes recognised by the LYS2 
probe upon no integration, single integration and double integration. B Example Southern 
blot to confirm integration at LYS2. Lane 1 is a DNA ladder, lanes 2 & 3, 6 & 7 show 
correct, single integrants. Lanes 4 & 5 show double integrants. Lane 8 has only a faint 
band at 2.5Kb and thus may not have integrated properly at the LYS2 locus.  
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2.2.5 Targeted deletion of yeast genes by deletion cassette protocol 
 

To create targeted gene deletion strains a gene deletion cassette protocol was 

used (see Figure 2.3). Primer sequences to match the flanking region of the gene 

of interest were sourced from the “Saccharomyces Genome Deletion Project”. 

Plasmid templates used come from a collection of plasmids that contain various 

yeast markers (“EUROSCARF” ; Güldener et al., 1996). These markers allow 

selection by either a nutritional benefit, allowing growth on media lacking a 

certain amino acid, or by conferring drug resistance, allowing selection on media 

containing a certain drug. Primers were designed to contain the flanking region of 

the gene of interest and a sequence complementary to the plasmid template. 

These primers were used to create a deletion cassette containing the flanking 

regions of the gene of interest and the deletion marker to be used (Figure 2.3 A). 

PCR was performed under standard conditions using GoTaq polymerase 

(Promega). The deletion cassette was then run on an agarose gel and gel 

extracted using a Qiagen gel extraction kit. This cassette was subsequently 

transformed into yeast using a lithium acetate transformation protocol (see 

Section 2.2.6). The complementary flanking region of the gene of interest allows 

homologous recombination-mediated replacement of the wild type gene with the 

marker gene. Subsequent selection of yeast that contained the marker on 

appropriate media allowed for identification of transformants. Confirmation PCR 

was then used to check for the correct integration of the deletion cassette (Figure 

2.3 C and Section 2.2.7) 
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Figure 2.4 Gene deletion by PCR based deletion cassette. A The deletion 
cassette primers are composed of a region 45bp up or down stream of the gene of 
interest (blue) and 19 or 22 base pairs that are homologous to the deletion marker 
plasmid to be used (red). Using these primers and the template plasmid a deletion 
cassette is created that contains a marker gene flanked by regions homologous to up and 
down stream of the gene to be deleted. Shown here is the nutritional marker gene LEU2, 
which allows growth on media lacking the amino acid leucine. B Upon transformation, a 
subset of yeast will undergo homologous recombination at the homologous regions (blue) 
and replace the target gene with the LEU2 marked deletion cassette. These yeast 
transformants are selected for by growth on SC-Leu media. C Confirmation PCR is 
performed subsequently to ensure that the deletion cassette has been integrated at the 
correct place. This schematic shows the location of the primers used. Primer A binds to a 
region upstream of the gene of interest in the yeast genome. It is paired with either primer 
BLeu, which only binds when the LEU2 marker gene is present, or with primer B, which 
only binds when the endogenous gene is present. Amplification with primer set A-BLeu 
and not A-B means the deletion has occurred. Similarly amplification with primer set CLeu-
D and not C-D will indicate the target gene has been replaced with the LEU2 marker. 
Generally all four primer sets are used for confirmation PCR.  
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2.2.6 Yeast transformation 

Yeast transformation was performed using a high efficiency PEG/LiAC 

transformation protocol (Gietz & Woods, 2002). A single colony from a freshly 

grown yeast plate was used to inoculate 5 mL of liquid YPD media. The culture 

was incubated at 30oC overnight with shaking at 200 rpm. A fresh 50 mL YPD 

was inoculated with 1.5 mL of the overnight culture and was further incubated at 

30oC until an OD600 of 0.7 – 1 was reached. The yeast culture was then 

centrifuged at 1,500 x g for 5 min and washed twice with sterile water. Cells were 

resuspended in 1 mL water and aliquoted into 100 µL volumes, one per 

transformation. Cells were centrifuged at 10,000 x g for 30 s, the water removed 

and pellets resuspended in 326 µL of transformation mix (240 µL 50% PEG 3500, 

36 µL 1M LiAC and 50 µL boiled salmon sperm carrier DNA per transformation). 

For transformation of deletion cassettes that are to undergo homologous 

recombination, 0.5 – 1 µg of DNA was used. For transformation of non-

integrating plasmids, 100 – 200 ng of DNA was used. Sterile water is used to 

make up the total transformation mixture volume to 400 µL. The tubes were then 

vortexed vigorously and incubated in a 42oC water bath for 40 min. The cells 

were pelleted by centrifugation at 10,000 x g for 30 s and the supernatant was 

removed. The transformed cells were resuspended in 200 µL of water and then 

plated onto the appropriate selection medium for the plasmid/cassette introduced.  

 

2.2.7 Confirmation PCR 

Because it is possible that the deletion cassette could integrate at a different site, 

thus leading to marker presentation but not target gene deletion, the proper 

integration of the cassette was confirmed. Genomic DNA preparations (Section 

2.2.13) were made for candidate mutants and confirmation PCR was performed. 

In this PCR, four sets of primers were used (Figure 2.3 C). Thus, PCR reactions 

using primer sets A-BLeu and CLeu-D produced a product only if the proper 

integration had occurred. Likewise, primer sets A-B and C-D only produced a 

product when the wild type gene locus had been retained. All deletion strains 

created were confirmed using this PCR method. Confirmation primer sequences 

were sourced from the “Saccharomyces Genome Deletion Project”. When 

possible, phenotypic confirmation was used to further ensure correct deletion of 

the target gene.  
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2.2.8 Yeast sensitivity spot test assay 

Spot tests allow visualization of the sensitivity of yeast strains to certain 

treatments. Sequential dilutions of yeast were spotted onto control or treatment 

plates and the growth was compared after several days. Overnight stationary 

phase cultures of yeast in appropriate media were spun down at 1,500 x g for 5 

min, the supernatant discarded and the cell pellet resuspended in 2 mL of sterile 

water. The OD600 of each culture was used to estimate the number of yeast 

present. The yeast cultures were accordingly further diluted with sterile water to 

give a final concentration of 5,000 yeast cells per µL. This was then serially 

diluted 1 in 5 to give 6 different dilutions of yeast (5,000 cells/µL, 1,000 cells/µL, 

200 cells/µL, 40 cells/µL, 8 cells/µL, 1.6 cells/µL). 5 µL of each dilution were 

spotted onto both the control and treatment plate. When a spot test was 

performed using a non-integrating plasmid, selection for the plasmid nutritional 

marker by dropout media was maintained throughout the experiment.  

 

2.2.9 Fluctuation analysis 

Using the TNR yeast reporters, fluctuation analysis allowed for an accurate TNR 

expansion or contraction rate determination (events per cell generation). Yeast 

was grown on a non-selective medium, such as YPD, which does not 

discriminate between cells harbouring different TNR tract lengths. Individual 

colonies were picked, with aliquots plated onto selective media (to score the 

number of expansions or contractions) and onto non-selective media (to identify 

total number of cells in the colony). These two values were then used to calculate 

the rate of expansion or contraction, as detailed later in Section 2.2.10. The steps 

in fluctuation analysis are described below and in Figure 2.5 A. In general, a 

small test fluctuation analysis was performed first with a new deletion mutant to 

give an estimate of instability. For all fluctuation analyses a wild type strain was 

included for analysis alongside the mutant strains. For investigation of double 

mutants, the single mutants were also included in the same experiment.   

 1. Yeast to be tested were streaked out from -80oC glycerol stocks and 

allowed to grow at 30oC for 2 days. 100 - 300 yeast cells were then plated on 

non-selective media. This was usually done with at least three genetically 

independent clones from two different strain isolates (two independent clones for 
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a test flux). The non-selective media used was generally YPD but when selection 

for a plasmid was required media lacking the nutritional marker was used instead.  

 2. The yeast cells were grown at 30oC until visible colonies appear. It is 

during this growth that expansions and contractions are permitted to occur. The 

yeast colony was allowed grow to a predetermined size, depending on the test 

fluctuation analysis results. The test results determined whether the tract is 

unstable, moderately unstable or stable. An appropriate colony size was then 

selected based on the estimated mutation rate. 

 3. When the colonies had reached the desired size, five similar sized 

colonies per plate were picked and resuspended in 200 µL of sterile water (three 

colonies for a test flux). A small aliquot of this resuspension was diluted 

accordingly and plated on to non-selective media (YPD) to determine the total 

number of cells in the original colony. A volume from the rest of the resuspension 

was plated onto appropriate selective media (see Figure 2.5 B) to look for cells 

that have undergone a TNR mutation. Histidine was omitted from all selective 

plates because it is used as a marker for the reporter construct. As a result, only 

yeast cells that contained this construct were able to grow on the selective media.  

 4. After plating, the cells were allowed to grow for 2 days (for non-

selective media) or for 7 days (for selective media) at 30oC. The mutation rate 

was determined by counting the number of colonies on the selective and non-

selective plates.  

 5. The overall mutation rate per cell generation was ascertained by 

comparing the mean number of yeast cells that were able to grow on the 

selective media with the total number of cells that were in the original colony (see 

Section 2.2.10). The equation used to derive this rate is the method of the 

median (Lea & Coulson, 1948).  

 6. Once rates were calculated, single-colony PCR analysis was performed 

on two colonies from each selective plate, and from two colonies from YPD plates 

for each isolate (Figure 2.6). PCR amplification of the TNR tracts from the 

colonies on the selective plates was used to confirm that the TNR tract lengths 

have indeed changed, and corrections were made to compensate for any false 

positives. Rates were corrected by multiplying the percent bona fida expansion or 

contractions by the apparent mutation rates obtained by fluctuation analysis. 

Performing PCR on colonies from YPD plates allows confirmation of the proper 

starting tract length.  
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Figure 2.5 Schematic of fluctuation analysis. A As described in the text (Steps 1-
6), for each fluctuation analysis, 3 genetically independent colonies were taken from a 
freshly streaked yeast plate and plated on to non-selective media (1). After 2 days, 5 
colonies were selected from this plate and resuspended in water (2). The yeast was 
diluted and a volume estimated to contain ~100 yeast was plated on to non-selective 
media to determine colony size. A suitable volume from the rest of the yeast suspension 
was plated on to the appropriate selective media (3). After incubation the yeast were 
counted and the mutation rate calculated (4 & 5). Single colony PCR across the TNR 
tract allowed visualisation and quantification of the expansions or contractions (6). B The 
selective media used depends on the reporter construct that is employed. To detect 
expansions using the CAN1 reporter the media contained the drug canavanine. 
Canavanine is an arginine analog and so to avoid interference this amino acid must be 
omitted from the media. To detect expansions using the URA3 reporter the media 
contained the drug 5-FOA (5-Fluoroorotic Acid) which is converted to a toxic form (5-
Flurouracil) only when the URA3 gene is expressed. To detect contractions the cells were 
plated onto media lacking uracil. When a contraction occurs the URA3 gene is expressed 
and the cells survive on this media. Histidine was omitted in all cases to allow selection 
for the presence of the reporter construct.  
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2.2.10 Sample fluctuation analysis calculation 
 

1. Experimental details 

The yeast colonies were resuspended in 200 µL water. Depending on the colony 

size an appropriate dilution was made to ensure ~ 100 yeast are plated on non-

selective media.  
 Example: colony size 2.5 million cells.  
 Serial dilution of 10 µL of cell suspension into 1000 µL water (2 dilutions).  
 Dilution factor = (1010/10) 2 = (101) 2 = 10201.  

 Plated 100 µL of this dilution on non-selective plates.  
 
Non-selective conversion factor:  
(dilution fold x resuspension volume) / volume plated 
 (10201 x 200 µL) / 100 µL = 20402 
 
A volume of the original suspension was plated on to the selective media. This 

volume depended on both the size of the colony and also the instability of the 

mutant to be tested.  
 Example: 10 µL of 200 µL resuspension was plated on to selective plates.  
 
Selective conversion factor: 
resuspension volume / volume plated 
 200 µL / 10 µL = 20 
 
2. Count selective and non-selective plates  
 
Example count results for one strain isolate 

Plate Non-selective 
media 

Selective 
media 

1 56 23 

2 63 18 

3 68 35 

4 49 24 

5 54 37 

 Average: 58 Median: 24 

 
The average of non-selective and median of selective were calculated. 
 
3. Determine total number of yeast cells 
average non-selective count x non-selective conversion factor 
 58 x 20402 = 1,183,316 
 
4. Determine growth of cells on selective media 
(Median selective count x correction factor) / rom* 
 (24 x 20) / rom = 480 / 5.7 = 84.21 

                                            
* This is known as the method of the median, rom is determined from Lea and Coulson, (1948)  
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5. Calculate instability rate 
growth on selective media / total number of yeast cells 
 84.21 / 1,183,316 = 7.12 x 10-5 
 
6. Correct for % real events 
Colonies on non-selective plates were tested for TNR length changes by PCR 

(Section 2.2.11). The percentage of real events was used to adjust the instability 

rate.  

 
instability rate x % real events 
 (7.12 x 10-5) x 90% = 6.40 x 10-5 

 

2.2.11 Single colony PCR to detect TNR length changes 

PCR amplification across the TNR tract allows detection of TNR length changes. 

This permits the correction of fluctuation analysis rates for the percentage of real 

events and the quantification of the number of repeats added or lost. Colonies 

from fluctuation assay selective plates (canavanine or 5-FOA selective plates for 

expansions, SC-Ura for contractions) were lysed in 100 µL of 20mM DTT with 

0.5% Triton X-100, incubated at 37oC for 30 min and 95oC for 9 min. Two 

colonies from the non-selective YPD plates were also included to check starting 

tract length. PCR was then performed with Cy5 labeled primers that flank the 

TNR tract and Promega GoTaq polymerase. The PCR was run for 30 cycles of; 1 

min at 95oC, 1 min at 60oC and 1 min at 72oC, with a final extension at 72oC for 5 

min. For detection of expansions and contractions the forward primer was 

oBL251; CY5-GATGTTACTTGGGGAGAGGTGCGATAAT-3’. The reverse primer 

varied depending on whether the reporter gene was CAN1 (CAN1-reverse; CY5-

TGCTTCTCCTCTATGTCGGCGTCT-3’) or URA3 (oBL2152; CY5-

AGTAGCAGCAGGTTCCTTATATGTAGCTTT-3’). PCR products were analysed 

on a denaturing 6% polyacrylamide gel. Product sizes were determined by 

comparison of the sample products with standards containing repeats of known 

sizes. Due to polymerase slippage on the repetitive DNA during PCR, most 

samples give multiple bands. Repeat lengths were determined to within ±2 

repeats by estimating the size of the largest distinct band (Figure 2.6).  
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Figure 2.6 Single colony PCR allows visualization of repeat length changes. 
Yeast containing the (CTG)20-CAN1 expansion reporter were subjected to fluctuation 
analysis. Subsequently, canavanine resistant (CanR) colonies were tested by single 
colony PCR for changes in TNR repeat length. On the left are the standards of known 
lengths of (CTG)20, (CTG)22 and (CTG)25 which were included in the PCR. The next two 
lanes show yeast that were taken from non-selective plates, they show the (CTG)20-
CAN1 reporter starting tract length. The canavanine resistant colonies show clear 
expansion above this starting tract length and are labeled with their estimated (CTG) 
repeat number. 

 

2.2.12 Statistical analyses of fluctuation assay results  

Yeast expansion rate data is presented in mean centering format. For every 

experiment each corrected expansion rate value was normalised to the average 

wild type value of that experiment (see Table 2.2) (Kromrey & Foster-Johnson, 

1998). This allows comparison between experiments where variability in media 

batches may have altered the absolute expansion rates but not the comparative 

change between wild type and mutant strains. All P values were determined by 

two-tailed Student’s t-test of mean centering values. 

Table 2.2 Example of mean centering fluctuation analysis data 

Strain – 
isolate 

Corrected 
Rate 

Wild type 
average 

Mean Centre 
(corrected rate/ 

wild type average) 

wild type - 1 1.34E-04  1.01 
wild type - 1 1.65E-04 1.33E-04 1.24 
wild type - 1 9.98E-05  0.75 

sem1 - 1 2.37E-05  0.18 
sem1 - 1 2.66E-05  0.20 
sem1 - 1 1.63E-05  0.12 
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2.2.13 Yeast genomic DNA preparation 

A 5 mL culture of YPD or SC media was seeded with yeast early in the day and 

allowed to grow overnight (16 – 20 hr). The cells were near saturation when 

harvested (OD600nm = 5). Yeast was spun at 1,500 x g for 8 min and the 

supernatant removed. The pellet was resuspended in 250 µL yeast disruption 

buffer (10 mM Tris-Cl, pH8, 2% v/v Triton X-100, 35 mM SDS, 0.1 M NaCl, 1 mM 

EDTA) and transferred to a new tube. Then 250 µL of acid washed glass beads 

in TE buffer and 250 µL phenol-chloroform were added before the tube was 

vortexed for 10 min. Subsequently the tubes were centrifuged at 10,500 x g in a 

desk-top centrifuge for 11 min and 450 µL of the clear supernatant transferred to 

a new tube, with care taken not to disturb the cloudy layers. The supernatant was 

treated with RNAse for 10 min at 37oC before 1 mL of 100% ethanol was added, 

mixed with inversion and incubated at room temperature for 5 min. The tubes 

were then centrifuged for 2 min at 10,500 x g. The ethanol was then removed 

and the DNA pellet was allowed to dry before suspension in TE buffer or water.  

 

2.2.14 Preparing yeast whole cell extracts 

Whole cell lysates were prepared by glass bead disruption. Logarithmically 

growing cells were harvested, washed with water and resuspended in glass bead 

disruption buffer (50 mM Tris-Cl, pH 7.4, 5 mM EDTA, 100 mM NaCl, 0.1% Triton 

X-100, 10% glycerol, 1 mM NaN3) with 1x yeast protease inhibitor cocktail 

(Fisher). 100 µL of disruption buffer was used per 1 OD600nm of cells. 100 µL of 

glass beads were then added and the samples were vortexed at 4oC for 10 min. 

The samples were microcentrifuged at 4oC at 15,000 g for 2 min. The 

supernatant was retained as whole cell extract. Protein concentration was 

determined when needed by the Biorad DC assay. 

 

2.2.15 MG132 treatment of yeast 

One colony of approximately 1 x 106 erg6 cells with an integrated (CTG)20-CAN1 

reporter was split into two 5 mL YPD cultures and incubated for 10 doublings (as 

determined by OD600 measurements) with either DMSO or 100 µM MG132. 

Deletion of ERG6 allows MG132 to enter yeast cells (Lee & Goldberg, 1996). An 

aliquot of each culture was diluted and plated on non-selective plates or plates 
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containing 60 µg/mL canavanine to measure the expansion frequency. The 

remaining cultures were lysed and the whole cell extracts were analyzed by 

western blot for accumulation of polyubiquitinated proteins as described below.  

 
2.3 Human cell methods 
 

2.3.1 Introduction 

The S. cerevisiae TNR instability assay was further developed in the Lahue lab to 

be used in a human astrocytic cell line, SVG-A (Figure 2.8) (Pelletier et al., 2005; 

Farrell &  Lahue 2006; Claassen & Lahue 2007; Debacker et al., 2012; Gannon 

et al., 2012). The reporter plasmid as used in the yeast assay is adapted to allow 

replication in cultured human cells. The plasmid is transfected into the human 

cells and allowed to replicate. After cell harvesting, the plasmid is recovered and 

DpnI digested, to remove plasmid that did not replicate in the human cells. The 

digested plasmid is subsequently transformed into S. cerevisiae – to monitor 

expansions that have occurred, and into E. coli – to monitor total levels of the 

plasmid. Background control measurements are taken to ensure that the 

expansions detected have occurred only in human cells. siRNA knockdown or 

chemical inhibition is used to deplete or interfere with proteins of interest. Thus 

this assay allows sensitive detection of instability events that occur in human cell 

culture.  

 

Figure 2.7 Overview of SVG-A TNR instability assay. The TNR reporter shuttle 
vector is transfected into SVG-A cells and allowed to replicate. The shuttle vector is then 
recovered and DpnI digested to remove any plasmid that did not replicate in the SVG-A 
cells. The DpnI digested plasmid is then transformed into yeast and E. coli to allow 
calculation of expansion frequencies. To determine background expansions, the shuttle 
vector is also directly transformed into yeast and E. coli. 
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The SVG-A cells used are derived from primary human glial cells and were 

immortalised by origin defective simian tumour virus 40 (Major et al., 1985). They 

are amenable to RNA interference and plasmid transfection and have been 

shown to display instability in the form of both contractions and expansions of 

threshold-length (CTG) repeats, as well as typical characteristics of TNR 

expansion such as length and sequence dependence (Farrell & Lahue 2006; 

Claassen & Lahue 2007; Debacker et al., 2012). It has been shown that 

expansions occur in glial cells from the brains of both human Huntington’s 

disease (HD) patients and knock-in HD mice (Shelbourne et al., 2007). Thus, this 

assay is a useful tool in investigating mechanisms of somatic TNR instability. In 

particular the assay described here has the advantage of allowing the 

investigation of expansion of short alleles. Typical non-selective methods used to 

measure TNR length changes in mouse or human cell cultures include Southern 

blot or PCR. These methods require frequent expansion due to their lack of 

sensitivity, therefore many mouse or cell line models often use long TNR tracts to 

ensure that instability is high enough to be detected by such methods. One major 

advantage of the SVG-A reporter assay is that, due to its selective nature, it 

allows detection of those infrequent expansions of short, threshold length alleles. 

It has been shown that some expansions detected in this system can cross the 

typical threshold boundary that demarcates stable and unstable repeats 

(Claassen & Lahue 2007; Debacker et al., 2012). The assay does have some 

disadvantages. As mentioned for the yeast assay, the starting length of the 

repeat tract is limited due to the spacing requirements, thus prohibiting analysis 

of disease length alleles. Because the SVG-A cells are SV40 transformed, certain 

DNA metabolic processes are altered which may influence repeat instability. The 

assay itself is cumbersome with many variables to be accounted for, which 

inhibits the ability to do high-throughput screens. Finally, due to the non-

chromosomal nature of the shuttle vector, the effects of the endogenous location 

and flanking DNA of TNRs cannot be studied in this system.  

 

2.3.2 Culturing of SVG-A cells 

Cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented 

with 10% FBS, Penicillin-Streptomycin and Amphotericin B at 37oC in a 

humidified 5% CO2 atmosphere. When required, cell viability was determined by 

nigrosin staining. An aliquot of cell suspension was removed and an equal  
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volume of 0.2 % nigrosin in PBS (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 

1.47 mM KH2PO4, pH 7.4) was added. Cells were counted on a haemocytometer 

and cell viability was calculated as the number of viable cells (unstained) divided 

by the total number of cells (stained and unstained). Before seeding cells for 

siRNA and shuttle vector transfection experiments, nigrosin staining and counting 

is used to more accurately determine the number of healthy cells for seeding.  

 

2.3.3 TNR reporter shuttle vector 

The TNR reporter shuttle vector used in this study is named pBL302. It contains 

numerous genetic elements that allow it to propagate in bacteria, yeast and 

mammalian cells (Figure 2.9). The plasmid is able to replicate in SVG-A cells 

(and other mammalian cells expressing the SV40 large T antigen) by means of 

the SV40 origin of replication. pBL302 contains elements of the yeast (CTG)22-

CAN1 reporter including the upstream ADH1 promoter and HIS3 marker gene. 

But this plasmid is not integrated into the yeast genome, thus it also contains 

ARS and CEN elements to allow low-copy plasmid replication in yeast. The E. 

coli origin of replication (ori) and ampicillin resistance gene (AmpR) are needed 

for two reasons. Firstly, they are required for plasmid propagation and selection 

to allow preparation of large quantities of plasmid. Secondly, they allow 

calculation of the total plasmid recovery by allowing selection of E. coli 

transformed with the plasmid on media containing ampicillin.  
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Figure 2.8 Shuttle vector for detecting expansions in SVG-A cells. The 
important genetic elements of the plasmid are shown. Those that facilitate propagation in 
bacteria are shown in green, yeast are shown in blue and the SV40 origin that allows 
replication in SVG-A cells is shown in red.   
 

2.3.4 siRNA and shuttle vector transfections 

 
The targeted siRNAs used in this study were siGENOME SMARTpool siRNAs 

(see Table 2.3) and the control was scrambled non-targeting siRNA (Scr siRNA; 

D-001810). All siRNA was resuspended at a stock concentration of 20 µM in 1x 

siRNA buffer (made by dilution of 5x siRNA buffer (Dharmacon) with HyCLone 

HyPure RNase-free H2O (Fisher Scientific)). Aliquots were stored at -80oC.  

 

Table 2.3 Targeting siRNAs used in this study 
 

Target gene Catalogue number 

PSMC5 M-009484-02 

PSMB3 M-017489-00 

DSS1 (SHFM1) M-021353-00 

HR23B M-011759-01 
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Figure 2.9 Schematic of siRNA treatment of SVG-A cells. As described in the 
text 300,000 SVG-A cells are seeded on Day 0 and transfected with the first set of siRNA 
24 hr later. After 48 hr the cells are transfected with both siRNA and TNR reporter shuttle 
vector. The cells are harvested on Day 5 and undergo different treatments depending on 
if they are to be used to determine knockdown, to analyse expansions or to investigate 
proteasome activity.  
 

The RNA interference experiments were performed as outlined in Figure 2.10. 

After nigrosin staining and counting, SVG-A cells were seeded at a density of 

300,000 cells in 4 mL DMEM + 10% FBS with no antibiotics in 60 mm tissue 

culture dishes. After 24 hrs, cells were transfected with the appropriate siRNAs  
from Dharmacon using DharmaFECT 1 transfection reagent. For each 

transfection 10 µL of the 20 µM stock siRNA was diluted with 190 µL DMEM. In a 

separate tube 8 µL of DharmaFECT 1 was diluted with 192 µL DMEM. After 5 

min the tubes were combined and incubated at room temperature for 20 min. The 

transfection reaction (final volume of 400 µL) was added to the dishes containing 

1.6 mL of new DMEM + 10% FBS media (final concentration of siRNA was 100 

nM). After 48 hrs the cells underwent a second transfection, including a re-

transfection of the siRNAs and a transfection of 7 µg of shuttle vector using 

Lipofectamine 2000 (Invitrogen) as the transfection reagent. Per transfection, 10 

µL of siRNA was combined with 7 µg of shuttle vector and diluted with DMEM to 

a volume of 200 µL. In a separate tube, 10 µL of Lipofectamine was combined 

with 190 µL of DMEM. Again after 5 min the tubes were combined and incubated 

for 20 min. The old media were then removed from the dishes, the cells were 

washed briefly with DMEM and 1.6 mL of fresh DMEM was added. After the 20 

min incubation, the 400 µL of transfection mixture was added to the each dish. 

After 6 hrs the dishes were supplemented with 1 mL DMEM + 20% FBS. The 

following day the media were replaced with 4 mL of fresh DMEM + 10% FBS. 

The cells were harvested the day after (48 hrs after the second transfection). 
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When performing this experiment, both targeted siRNA and scrambled siRNA 

dishes were prepared in either duplicate or triplicate. Upon harvesting, one set of 

dishes underwent shuttle vector isolation to allow calculation of expansion 

frequencies. Another set was used for either preparation of whole cell extracts for 

western blot or RNA extraction for reverse transcription (RT) real-time PCR. In 

the case of siRNA targeting proteasome subunits, a third set was often used to 

determine proteasome activity.  

 

2.3.5 Shuttle vector isolation and DpnI digestion of recovered plasmids 

To allow measurement of expansions that have occurred, the TNR reporter 

plasmid must be recovered from the SVG-A cells. Digestion with DpnI enzyme is 

then used to eliminate any plasmids that did not undergo replication in SVG-A 

cells. In E. coli, replicated plasmids are methylated at their adenine residues in 

GATC sequences, while those replicated in human cells are not. DpnI cuts at the 

sequence GATC only when the A residue is methylated, thus plasmids replicated 

in E. coli will be digested fully, but a plasmid that has undergone replication in 

human cells will not.  

The TNR reporter shuttle vector was extracted from SVG-A cells by Hirt’s alkaline 

lysis (Hirt, 1967). The media is aspirated and the cells were washed gently with 

PBS. 1 mL of Hirt’s lysis buffer (0.6% SDS, 0.01 M EDTA, 0.01 M Tris-HCl, pH 

7.4) was added to the dish and was swirled gently. The lysate was decanted into 

a 1.5 mL microcentrifuge tube and 250 µL of 5 M NaCl was added. The tube was 

then inverted several times and stored at 4oC overnight. The lysate was 

subsequently centrifuged at 15,000 g at 4oC for 40 min. The supernatant was 

transferred to a new tube and incubated with proteinase K to a final concentration 

of 100 µg/mL at 50oC for 2 hr. The lysate was then transferred to an Amicon Ultra 

50K centrifugal filter unit (Millipore) and centrifuged at 2,400 g at 4oC for 10 min. 

The centrifugal unit was inverted into a new vial and centrifuged at 1,000 g at 4oC 

for 5 min to recover the retentate. This was transferred to a new tube and 

precipitated with two volumes of 100% ethanol overnight at -20oC. The sample 

was then centrifuged at 15,000 g at 4oC for 15 min. The resulting pellet was air-

dried and resuspended in 100 µL TE buffer (pH 8). 

For the DpnI digest, 50 µL of the recovered TNR reporter plasmid DNA was 

incubated with 1 µL RNase A (10 mg/mL), 3 µL DpnI (60 units) and 6 µL 10 X 
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buffer 4 at 37oC for 1 – 3 hr and subsequently heat-inactivated at 75oC for 10 min. 

Both the undigested and DpnI-digested recovered shuttle vectors were then 

subjected to agarose gel electrophoresis to examine DpnI resistance.  

DpnI-digested recovered shuttle vector was then transformed into S. cerevisiae, 

for measurement of expansions by selection for canavanine resistance, or into E. 

coli, for determining total plasmid numbers as measured by ampicillin-resistant 

colonies.  

 

2.3.6 Transformation of recovered shuttle vector into yeast and replica 
plating on to canavanine containing media 

Transformation of the DpnI-digested recovered shuttle vector into yeast was 

performed as described in Section 2.2.6 with a few alterations. The strain used 

for these transformations was of the S1502B background with the CAN1 gene 

replaced with the kanMX drug resistance marker gene (MATa leu2-3 leu2-112 

his3-" trp1-289 ura3-52 "can1::kanMX). For each transformation 34 µL of DpnI-

digested recovered shuttle vector was used. To allow estimates of transformation 

efficiency and to calculate background expansion measurements, 625 ng of stock 

plasmid (pBL302) was transformed into the yeast. Following incubation and 

centrifugation, cells were resuspended in 200 µL of sterile water as normal. Two 

volumes for each transformation were then plated on to SC-His plates. For 

recovered shuttle vector-transformed cells 50 µL and 150 µL were plated. For 

stock plasmid-transformed cells 2 µL and 4 µL were plated. Plates were then 

incubated at 30oC for 2 days. Colonies from these SC-His plates were then 

replica-plated on to SC-His-Arg+Can (100µg/mL) plates using three waste plates 

in between, this replica plating allows correction for any phenotypic lag. The 

plates were incubated at 30oC for a further 5 days. Subsequent to this incubation 

period, colonies were counted and changes in repeat length were analysed by 

single colony PCR to detect expansions (Section 2.2.11). 

 

2.3.7 Transformation of recovered shuttle vector into E. coli  

For each sample a 50 µL aliquot of E. coli transformation-competent cells was 

thawed on ice. Recovered DpnI-digested shuttle vector was diluted 1/5 in sterile 

water and 3 µL was added to the cells. 140 pg of pUC19 control plasmid was 
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included each time to allow calculation of transformation efficiency and an 

appropriate dilution of pBL302 stock was included to permit background 

calculations. Cells were incubated on ice for 30 min, heat-shocked in a 42oC 

water bath for 30 s and incubated on ice for 5 min. 950 µL of LB media was then 

added to the cells and the cultures were incubated at 37oC for 2 hr shaking at 

200 rpm. An appropriate volume of the cultures (generally 100 µL) was then 

plated on to LB plates containing ampicillin (75 µg/mL). Plates were incubated 

overnight at 37oC. The number of ampicillian resistant colonies was counted and 

used as the total transformant number when calculating expansion frequency.  

For transformation of plasmids into E. coli for preparation of plasmid stocks the 

same protocol was followed with the exception that 100 – 200 pg of DNA was 

transformed. 100 µL of final culture was then plated onto LB+ampicillin plates (for 

all plasmids used, ampicillin resistance was the selective marker for E. coli).  

 

2.3.8 Sample SVG-A expansion frequency calculations 

SVG-A expansion frequencies were calculated by comparing the number of CanR 

yeast colonies to the total plasmid number as measured by E. coli transformation 

number (Figure 2.11). PCR analysis allowed correction of the expansion 

frequency for the number of real, genetically independent expansions. Bypassing 

the SVG-A cells, and transforming stock pBL302 directly into yeast and E. coli, 

allowed calculation of the frequency of the background expansions that occurred 

outside of the human cells. To compare data sets, the expansion frequencies 

were normalised for the yeast and E. coli transformation efficiencies for each 

experiment. Statistical analysis was then performed on the normalised data sets.  

 

 

 

 

 

 

 



Materials and methods 

86!

 

Figure 2.10 SVG-A expansion frequency calculations. SVG-A cells were 
transfected with scrambled or targeted siRNA, and pBL302 shuttle vector. The plasmid is 
allowed to replicate in the SVG-A cells. It is then recovered and DpnI digested to remove 
any plasmid that did not replicate in human cells. The plasmid is subsequently 
transformed into yeast and E. coli to allow calculation of the number of expansions that 
have occurred (CanR yeast) and the total number of transformants (AmpR E. coli). The 
values shown in blue are examples of typical numbers obtained for a scrambled siRNA 
treated sample, when all dilution factors have been taken into account. To calculate 
background expansion frequencies (i.e. the percentage of expansions that occur in yeast 
and are not due to replication in human cells) the shuttle vector is directly transformed 
into yeast and E. coli without being transfected into human cells.  

 

1. Experimental details 

Yeast transformation: 

34 µL of recovered DpnI digested pBL302 was transformed into yeast. The cells 
were resuspended 200 µL water and plated on SC-His. After two days they were 
replica-plated to SC-His-Arg+Can.  
 SC-His-Arg+Can count: Scr = 250 
 

E. coli transformation: 

3 µL of a 1/5 dilution of recovered DpnI digested pBL302 was transformed into 
DH5! competent cells. The cell suspension (100 µL in a total of 1000 µL, giving a 
plating dilution of 1/10) was plated on to LB+ampicillin. 
 LB+ampicillin count: Scr = 105 
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2. Dilution and plating factors 

Yeast transformation: not applicable 

E. coli transformation:  
 
(dilution fold of recovered DNA x plating dilution) / (volume of diluted DNA 
transformed x volume of prep transformed into yeast)  

    = (5 x 10) / (3 µL x 34 µL) 

If Scr count on LB + ampicillin plates is 105 then total transformant number:  
= (105) x (5 x 10) / (3 µL x 34 µL) = 59,500 
 

3. Calculate expansion frequency 
 
Observed expansion frequency = (number of His+CanR colonies / number of 
AmpR colonies) x 100,000 
 
 For Scr example: (250 / 59,500) x 100,000 = 420 / 105 events 
 
Corrected expansion frequency = observed expansion frequency x fraction 
of real genetically independent expansions 
 
PCR analysis (Section 2.2.11) determined the number of genetically independent 
real expansions allowing correction of expansion frequency.  
 
 For Scr:   example 6 real, 7 false positives. 
 420 x (6 / 13) = 194 / 105 events 
 
The same calculations were applied to the targeted siRNA counts. 
 
 PSMB3 example corrected expansion frequency = 101 / 105 events 
 
Changes in expansion frequency were expressed as fold change over scrambled 
siRNA, where scrambled siRNA is arbitrarily defined as 1.  
 PSMB3 siRNA / Scr siRNA = 101 / 194 = 0.52  
 
Corrected background frequency is also calculated for each plasmid maxi-prep 
that was made. The background expansion frequencies of pBL302 maxi-preps 
used in this study are shown in Table 2.4. In addition, the background values 
normalised for the corresponding scrambled siRNA results for each maxi-prep 
are presented for comparison. On average ~7% of expansions were found to 
have occurred outside the SVG-A cells.  

 

4. Normalising for yeast and E. coli  transformation efficiencies for statistical 
analysis between data sets 
 
There was variation in the absolute corrected expansion frequencies from data 
set to data set, likely because of the many elements and variables involved in the 
assay. In order to control for any variation in transformation efficiencies each 
yeast or E. coli count per experiment is normalised to the transformation 
efficiency for that experiment. This calculation was performed for each 
experiment and ‘normalised corrected expansion frequencies’ were used for 
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statistical analysis. All P values were determined by two-tailed Student’s t-test 
assuming unequal variances.  
 
 
Example:  
Normalised His+CanR: Number of His+CanR colonies / yeast transformation 
efficiency  
 Scr siRNA: 250 / 100 colonies/ng = 2.5 
 PSMB3 siRNA: 198 / 100 colonies/ng = 1.98 
 
Normalised AmpR: Number of ampR colonies / E. coli transformation 
efficiency 
 Scr siRNA: 59,500 / 20,000 colonies/ng = 2.97 
 PSMB3 siRNA: 51,800 / 20,000 colonies/ng = 2.59 
 
Normalised observed expansion frequency: Normalised His+CanR / 
normalised ampR 
 Scr siRNA: 2.5 / 2.975 = 0.84 
 PSMB3 siRNA: 1.98 / 2.59 = 0.76 
 
Normalised corrected expansion frequency: Normalised observed 
expansion frequency x fraction of real genetically independent expansions 
 Scr siRNA: 0.84 x (6 / 13) = 0.38 
 PSMB3 siRNA: 0.76 x (5 / 19) = 0.20 
 

Table 2.4 Background expansion frequencies of pBL302 maxi-preps used 

Maxi prep 
number 

Average background 
corrected expansion 

frequency / 105 

Average relative 
background / scrambled 

siRNA 
1 3.59 0.03 
2 15.34 0.11 
3 8.16 0.2 
4 11.91 0.11 

Average  0.07 
 

2.3.9 Harvesting of SVG-A cells  

Following siRNA transfection the media was aspirated from the dishes. Cells 

were washed with ice-cold PBS, scraped on ice in 1 mL PBS and centrifuged at 

400 g for 5 min. The cell pellet was washed twice more with 1 mL ice-cold PBS. 

After washing, the pellets were then stored at -80oC until required or used 

immediately for preparation of whole cell extracts, RNA isolation or for 

proteasome activity assays.  
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2.3.10 Preparation of whole cell extracts 

Cell pellets were resuspended in RIPA lysis buffer (150 mM NaCl, 10 mM Tris 

HCl pH 7.5, 0.1% SDS, 0.1% Triton X, 1% sodium deoxycholate, 5 mM EDTA) 

supplemented with 1x protease inhibitor cocktail III (Fisher Scientific) at a 

concentration of 106 cells/50 µL and placed on ice for 30 min. Samples were 

sonicated using a Diagenode Biodisrupter for 5 x 30 s intervals with 30 s on ice in 

between to minimise viscosity. Samples were then microcentrifuged for 40 min at 

15,000 g at 4oC. The supernatant was retained as whole cell extract and stored 

at -80oC. Protein quantification was determined using the BioRad DC assay kit.  

 

2.3.11 RNA isolation, cDNA synthesis and real-time RT-PCR 

Knockdown of DSS1 was quantified by mRNA transcript levels, due to previously 

reported difficulties in performing DSS1 western blot (Butler et al., 2012; Marston 

et al., 1999; Wei et al., 2008). RNA was isolated from SVG-A cells using a 

Qiagen RNeasy Kit and cDNA synthesis was performed using a Precision 

nanoScript Reverse Transcription kit (Primer Design, UK). cDNA was analysed 

using SYBR GreenMaster Mix on the 7500 Fast Real-Time PCR system (Applied 

Biosystems). Primers used were for DSS1 (forward; 

CGCGGACAGTCGAGATGTC, reverse; GCCAGCCCAGTCTTCGG) (Kristensen 

et al., 2010) and for HPRT1 (forward; TGACACTGGCAAAACAATGCA, reverse; 

GGTCCTTTTCACCAGCAAGCT) (Baelde et al., 2007). Using the !!Ct method 

(Livak & Schmittgen, 2001), results were normalised for cDNA quantity using 

HPRT1 control primers and abundance values were expressed relative to 

scrambled siRNA, defined as 100%. 

 

2.3.12 Proteasome activity assay 

Approximately 5 x 106 SVG-A cells treated with scrambled, DSS1 or PSMB3 

siRNA were resuspended in 50 µL lysis buffer (13 mM Tris-Cl, 5 mM MgCl2, pH 

7.8) and subjected to two rounds of freeze-thaw lysis. The experiment was 

performed in duplicate, lysate (25 µL) was brought to a final volume of 200 µL by 

addition of lysis buffer supplemented with 5 mM ATP, 0.5 mM DTT, 5 mM EDTA 

and 100 µM final concentration of fluorescent substrate N-Succ-LLVY-AMC 

(Chymotrypsin substrate III, Calbiochem, 539142). Fluorescence of released 
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AMC was read at an excitation wavelength of 355 nM, emission wavelength of 

460 nm on a Wallac VICTOR3 plate reader. The assay was run for 30 cycles with 

1 measurement per min at 37oC. The rate of activity was calculated from the 

slope of fluorescence increase over time. Using a standard curve measurement 

of free AMC (Calbiochem), this slope was calculated as nmol AMC released per 

min. This was then normalised to the protein concentration as measured using 

the Biorad protein concentration assay. Enzyme activity in nmol AMC 

released/min/mg protein used was then normalised to activity in the scrambled 

siRNA sample.  

 

2.4 Common methods 

2.4.1 Plasmid DNA preparation 

Plasmid preparations were performed using Machery-Nagel midi or maxi kits. For 

preparation of pBL302 for use in SVG-A cells, the Nucleobo Xtra Maxi Endotoxin 

Free kit was used. Briefly, 200 mL or 400 mL of LB with 75 µg/mL ampicillin was 

inoculated with a single colony of E. coli expressing the relevant plasmid. The 

flask was incubated at 37oC overnight with shaking at 200 RPM. For any 

plasmids that contained TNR repeats, care was taken to ensure that the culture 

did not reach stationary phase by measuring the OD600nm of the culture and 

harvesting the cells when OD600nm was between 0.5 – 1 (OD >1 is stationary 

phase). This precaution was taken as it was previously shown that TNRs in E. 

coli undergo high frequencies of contractions as the cells proceed through 

stationary phase (Bowater et al., 1996). All TNR plasmids were checked by either 

sequencing or PCR across the TNR tract.  

 

2.4.2 SDS-PAGE and transfer to PVDF membrane 

Two methods for SDS-PAGE and transfer were utilised in this study. Tris-SDS 

gels were employed for analyzing most proteins, with the percentage of 

acrylamide varying from 8 – 12% depending on the size of the protein of interest. 

The resolving gel was overlaid with a 5% acrylamide stacking gel. Running buffer 

(25 mM Tris, 193 mM glycine, 0.1% SDS) was used in the Mini PROTEAN III Cell 

electrophoresis unit (Biorad). Electrophoresis was performed at 100V until the 

bromophenol blue dye front had reached the bottom of the gel. For detecting free 
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ubiquitin (molecular weight ~8.5 kDa), a 16% Tricine-SDS gel was used 

(Schägger, 2006) with a tris-tricine running buffer (100 mM Tris, 100 mM Tricine, 

pH 8.3, 0.1% SDS).   

The protein was then transferred onto PVDF membrane. A TRANSBLOT transfer 

unit (Biorad) was employed. For Tris-SDS PAGE the tank was filled with pre-

cooled Tris-glycine transfer buffer (25 mM Tris, 193 mM glycine, 10% methanol) 

and transfer was completed at 4oC with an ice block and magnetic stir bar in 

order to keep temperatures low. Depending on the size of the protein of interest, 

the transfer was performed at 100V for 120 – 150 min. For Tricine-SDS PAGE 

the tank was filled with pre-cooled CAPS buffer (10mM CAPS, pH 11, 10% 

methanol) and the transfer was performed overnight (16 – 20 hr) at 4oC at 20V.  

Following transfer, the membrane was stained with Ponceau S (0.2% w/v 

Ponceau S in 5% acetic acid) to check for effective transfer of proteins and equal 

loading.  

 

2.4.3 Western blotting 

After Ponceau S staining the membranes were washed in deionised water and 

PBS before being blocked in 5% non-fat milk PBS-T (PBS with 0.05% Tween-20) 

for 1 hr at room temperature or overnight at 4oC. All primary antibodies were 

diluted appropriately in 5% milk in PBS-T and incubated with the membrane 

overnight at 4oC. Table 2.5 describes the antibodies used and the required 

dilutions. The membrane was subsequently washed three times with PBS-T for 

10 min. Then the membrane was incubated with the appropriate HRP-conjugated 

secondary antibody diluted 1/10,000 in 5% PBS-T at room temperature for 45 

min. Secondary antibodies conjugated to horseradish peroxidase were 711-035-

152 (donkey, anti-rabbit) and 115-035-003 (goat, anti-mouse) from Jackson 

ImmunoResearch Laboratories. Following incubation with secondary antibody, 

the membrane was washed 3 times for 10 min in PBS-T before a final wash for 5 

min in PBS. Visualization was by chemiluminescence (Western Lightning Plus-

ECL, PerkinElmer) and exposure to X-ray film (Kodak). Film was developed using 

a CP1000 Automatic Film processor with Devalex X-ray developer and FixaPlus 

X-ray fixer. Analysis and quantification was performed using Image J software 

(rsbweb.nih.gov). 



Materials and methods 

92!

Table 2.5 Antibodies used in this study 

Antigen Source Cat. No. Raised in Dilution 
Actin Sigma A2066 rabbit 1 in 500 

Ubiquitin Santa Cruz sc-8017 mouse 1 in 4000 
PSMC5 Novus Biologicals NB100-345 mouse 1 in 2000 
PSMB3 Biomol pw8130 mouse 1 in 1000 
HR23B BD transduction 611019 mouse 1 in 1000 
HA tag Abcam 12CA5 mouse 1 in 5000 

FLAG tag Sigma F1804 mouse 1 in 1000 
 

2.4.4 Statistical analysis of changes in repeat length 

When analysing changes in repeat length the range of TNR repeats added, the 

weighted mean of the number of repeats added and the median are presented. 

To investigate whether there is a statistically significant difference between two 

yeast strains, a Student’s t-test was performed between the two data sets of 

number of repeats added. 
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3.1 Summary  

This chapter describes experiments that demonstrate a role for the 26S 

proteasome in promoting TNR expansions in both yeast and human cells. 

Previous work in the Lahue lab identified the SEM1 gene as a candidate 

promoting factor using a blind screen. Initial work focused on validating this 

result. It was subsequently shown that the proteasomal function of Sem1 is 

important for its effect on expansions, with a lesser role attributed to its function 

as a member of the TREX-2 (transcription-coupled mRNA export) complex. The 

importance of the proteasome in driving expansions was verified, as reduced 

expansion rates occurred upon deletion of other non-essential regulatory or core 

particle proteasome subunits, or upon chemical inhibition of the proteasome. 

Double mutant analysis indicated that both the core and regulatory particles 

operate through a shared pathway to affect expansions. Importantly, the 

proteasome mutant expansion phenotype was shown not to be an indirect result 

of a stress response triggered by depletion of free ubiquitin. 

The 26S proteasome is a highly conserved complex in eukaryotic evolution, 

therefore it seemed prudent to test the effect of disruption of proteasomal 

function in human cells. In a human astrocytic cell line, expansions were 

suppressed by siRNA mediated knockdown of 26S proteasome subunits PSMC5 

or PSMB3, but not for the SEM1 human homolog DSS1. The expansion effect 

corresponded with loss of proteasome activity upon knockdown. Free ubiquitin 

levels were not perturbed upon human proteasome subunit depletion. Thus the 

results demonstrate that the 26S proteasome is a novel factor that drives 

expansions in both yeast and human cells through a mechanism dependent on 

proteolytic activity.  
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3.2 Introduction 

One of the striking features of TNR expansion is that certain proteins within the 

cell act to promote this disease-causing mutation. It is thought that the normal, 

beneficial activity of such proteins is corrupted by the presence of the abnormal 

TNR DNA secondary structure (McMurray, 2010; Mirkin, 2007). While germline 

expansions are important for the inheritance of disease-causing alleles, ongoing 

somatic expansions contribute to disease progression for several TNR disorders 

(Kovtun et al., 2007; Swami et al., 2009; Wheeler et al., 2003). Therefore, the 

identification and characterisation of proteins that drive this expansion process 

forward provides both further mechanistic knowledge on how expansions occur, 

and possible opportunities for therapeutic intervention.  

If a protein helps drive expansions, then mutation of its corresponding gene 

should reduce expansion rates. Based on this premise, the Lahue lab performed 

a screen in S. cerevisiae to identify mutants with reduced threshold-length 

expansion rates compared to wild type (Debacker et al., 2012). A S1502B 

background strain containing the integrated (CTG)20-CAN1 reporter was 

randomly mutagenised using a gene disruption library covering ~50% of the non-

essential yeast genes (Figure 3.1). The mutants underwent several rounds of 

phenotype screening to identify those that had a reduced expansion rate when 

compared to wild type. The screen identified 11 confirmed mutants that showed 

reduced expansion rates when either the (CTG)20-CAN1 or (CTG)25-URA3 

reporter was used. The work presented in this chapter begins then with the 

validation and confirmation of SEM1 as a promoting factor of TNR expansions.  
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Figure 3.1 Schematic of the yeast screen for promoting factors. A A mini-
Tn3::LEU2 transposon was inserted into a yeast genomic library to mutagenise the yeast 
DNA at random. The mutagenised yeast sequence was then transformed into a yeast 
strain containing the (CTG)20-CAN1 TNR reporter. Transformants were identified by 
growth on SC-Leu. B The mutants underwent a ‘patch test’, which is a qualitative way of 
assessing TNR instability. Mutants to be tested and a wild type strain were struck out 
onto SC-Leu-His media (for transposon and reporter selection). They were then spread 
onto SC-Leu-His starter plates in duplicate patches, permitted to grow, and then replica 
plated on to a selective plate (SC-His-Arg+Can 60 µg/mL). The number of papillae that 
grew on the selective plate was subsequently compared. Mutants that showed a reduced 
number of papillae compared to wild type were brought on for further screening. C The 
mutants that passed the ‘patch test’ phenotype screen were then subjected to fluctuation 
analysis using two different reporters. Those mutants that consistently demonstrated a 
reduced expansion rate when compared to wild type were selected. Vectorette PCR and 
subsequent sequencing identified the genomic location at which the mini-transposon 
inserted (Debacker et al., 2012). 11 genes were determined to be promoting factors of 
threshold-length TNR expansions. 
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3.3 Results  

3.3.1 Yeast Sem1 promotes (CTG)•(CAG) repeat expansions 

Mutant M101, with a disruption in the SEM1 gene, was identified from the yeast 

screen (Figure 3.1) as having consistently suppressed expansion rates. Several 

control experiments were performed to confirm that it was disruption of SEM1 

alone that was causing the effect on TNR expansion rates. Targeted deletion of 

SEM1 reduced (CTG)20-CAN1 reporter expansion rates to approximately 10% of 

the wild type level and this phenotype was partially rescued by introduction of 

plasmids expressing either wild type SEM1 or its human homolog DSS1 (pSEM1 

or pDSS1, Figure 3.2 A). Additional, previously reported, phenotypes of sem1 

were also recapitulated in the mutant and were rescued by these plasmids. 

Deletion of SEM1 results in accumulation of polyubiquitinated proteins (Sone et 

al., 2004) and this can be partially rescued by re-introduction of pSEM1 or 

pDSS1 (Figure 3.2 B). Both the targeted sem1 disruption strain and the original 

mutant (M101) were temperature sensitive at 37°C (Figure 3.2 C), as previously 

reported for sem1 (Funakoshi et al., 2004; Sone et al., 2004). Add-back of 

pSEM1 or pDSS1 reversed this phenotype in the sem1 strain (Figure 3.2 C). The 

suppressive effect of sem1 on expansions primarily affects the triplet repeat, not 

the reporter, because reduced expansion rates were seen for sem1 mutants 

using two reporters in two strain backgrounds (Figure 3.2 D). 

To ensure that the reduced expansion rate phenotype was not an artefact of 

sem1 sensitivity to the drugs used to score expansions, a series of spot tests was 

performed. Deletion of SEM1 did not result in increased sensitivity to 5-FOA 

(Figure 3.3 A), indicating that the reduction in expansions measured by the URA3 

reporter system cannot be attributed to 5-FOA sensitivity. SEM1 deletion was 

previously reported to confer hypersensitivity to canavanine (Funakoshi et al., 

2004). This sem1 hypersensitivity to 1 µg/µL canavanine (Figure 3.3 B), and its 

dependence on the presence of the CAN1 gene (Figure 3.3 C) was confirmed. 

The key control was to confirm that a sem1 mutant with an expansion grew 

normally on canavanine-containing media at the 60 µg/µL concentration used to 

score expansions. To test this, a expanded (CTG)•(CAG)30 tract was inserted into 

the CAN1 reporter and spot test analysis was performed. There was 

approximately equal growth for both wild type and sem1 strains (Figure 3.3 D). 

The conclusion drawn from these results is that mutation of SEM1 suppresses 

expansions in this system due to effects on the TNR, not the reporter.  
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Figure 3.2 Sem1 promotes expansions in yeast. A Expansion rates in strains that 
are wild type (w.t.), sem1 or sem1 complemented with a plasmid that expresses either 
the wild type SEM1 gene (pSEM1) or the wild type human DSS1 gene (pDSS1). pRS314 
is the empty vector control. * P<0.05, compared to w.t.+pRS314, ⌘ P<0.05 compared to 
sem1+pRS314. Strain is of S1502B background with (CTG)20-CAN1 reporter. B The 
accumulation of polyubiquitinated proteins seen in sem1 mutants can be partially rescued 
by addition of the pSEM1 or pDSS1 plasmids. C Targeted sem1 mutants display the 
characteristic temperature sensitivity phenotype that can be rescued by addition of 
plasmids expressing wild type SEM1 or DSS1 genes. M101 is a mutant with a disruption 
in the SEM1 gene. D Expansion rates of sem1 mutants in two different strains (S; 
S1502B background, B; BY4741 background) with two different reporters [C; (CTG)20-
CAN1, U; (CTG)25-URA3] relative to wild types. * P<0.05 compared to wild type. For A 
and D error bars denote ± one SEM. (See Appendix 1 for n and P values) 
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Figure 3.3 Testing the drug sensitivity of sem1 mutants. A Wild type and sem1 
strains expressing URA3 were plated on SC-Ura+5-FOA (0.25 g/L) plates to test 
sensitivity to 5-FOA. The sem1 mutation does not interfere with 5-FOA sensitivity. B Wild 
type and sem1 strains expressing wild type CAN1 were plated on SC-Arg+Can (1 µg/mL) 
plates. Canavanine hypersensitivity is evident in sem1 strains. Thus, control experiments 
were performed to ensure that this hypersensitivity does not confound the CAN1 reporter 
TNR expansion assay results. C In a can1::kanMX background, both wild type and sem1 
strains show resistance to canavanine. Thus sem1 strains are no longer hypersensitive to 
canavanine when CAN1 is knocked out. D This experiment tests whether sem1 mutants 
with an expanded (CTG) repeat grow similarly to wild type on selective media. These 
strains have the can1::kanMX mutation and contain the His marked (CTG)20-CAN1 
reporter integrated at LYS2. From PCR analysis a (CTG)30 expansion was identified. Wild 
type and sem1 colonies containing a starting length (CTG)20 or an expanded (CTG)30 
TNR were plated on SC-His (control) or SC-His-Arg+Can (60 µg/mL) plates. The 
experimental conditions (time, temperature and selective media) were the same as used 
when measuring expansion rates. The results indicate that once an expansion has 
occurred and the CAN1 gene is no longer expressed the sem1 strain displays similar 
growth rates as the wild type strain. Thus, the reduced expansion rates in sem1 mutants 
cannot be attributed to slow growth on canavanine-containing media.  
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3.3.2 Sem1 and the HDAC complexes Rpd3L and Hda1 affect TNR 

expansions by different pathways 

Components of two histone deacetylase complexes (HDACs) were also found in 

the screen that identified Sem1 as a promoting factor (Debacker et al., 2012, 

Figure 3.1). Sin3 and Pho23 are members of the Rpd3L HDAC complex whilst 

Hda3 is a member of the Hda1 HDAC complex. Deletion of these HDAC 

components or chemical inhibition of HDACs using trichostatin A resulted in 

strong suppression of (CTG)!(CAG) expansions in yeast (Debacker et al., 2012). 

Components of these HDAC complexes genetically interact with SEM1 (Collins et 

al., 2007; Wilmes et al., 2008) and a role for Sem1 in regulating histone 

modification has been suggested (García-Oliver et al., 2013; Pick et al., 2009; 

Qin et al., 2009). To determine if Sem1 works independently of the HDACs to 

affect expansions, TNR expansions in double mutants of sem1 with hda3 

(defective in Hda1 complex) or sin3 (defective in Rpd3L) were assayed. Single 

mutants showed similarly reduced levels of expansions to 10-25% of wild type, 

but the double mutants sem1 hda3 and sem1 sin3 show a much larger effect, 

reducing triplet repeat expansions to 2-4% of normal rates (Figure 3.4). This 

result indicates that Sem1 promotes expansions by a mechanism that is distinct 

from these HDAC complexes. Work was therefore performed to address 

alternative functions of Sem1.  

 

 

Figure 3.4 sem1 and HDAC double mutants A Genetic interactions between 
SEM1 and the histone deacetylase complexes Hda1 (hda3) and Rpd3L (sin3). Performed 
in S1502B background with (CTG)20-CAN1 reporter * P < 0.05, compared to wild type, + 
P < 0.05 compared to wild type and to each single mutant (see Appendix 1 for n and P 
values). 

 



The 26S proteasome promotes TNR expansions 

104!

3.3.3 Distinguishing among the functions of Sem1 

The Sem1 protein has several important functions. It is a member of the 

regulatory subunit of the 26S proteasome in yeast (Bohn et al., 2013; Funakoshi 

et al., 2004; Krogan et al., 2004; Sone et al., 2004) and this relationship is 

conserved throughout eukaryotes (Wei et al., 2008). Genetic interaction maps 

and subsequent investigations revealed additional roles for yeast Sem1 in 

pathways of mRNA export, processing and splicing (Faza et al., 2009; Wilmes et 

al., 2008). Sem1 is a member of the TREX-2 transcription-coupled mRNA export 

complex and is required for its stability and correct functioning (Ellisdon et al., 

2012; Faza et al., 2009; García-Oliver et al., 2013). It also plays a role in mRNA 

splicing and transcription elongation when in a complex with the COP9 

signalosome protein Csn12 and with Thp3 (YPR045) (Jimeno et al., 2011; 

Wilmes et al., 2008). Finally a role for Sem1 in the COP9 signalosome has been 

postulated due to the interaction with Csn12 (Jimeno et al., 2011) and also due to 

the similarity in binding domains and scaffolding structure used between the 

proteasome and the COP9 signalosome (Pick et al., 2009). To determine which 

activity of Sem1 is most important for promoting TNR expansions, SEM1 

interacting genes that are specific for each of its known functions were tested. 

Mutations that impair function were included for the proteasome (pre9), the 

TREX-2 complex (thp1) and the COP9 signalosome (csn9) or pre-mRNA splicing 

(csn12). Deletion of PRE9 resulted in the largest decrease in expansions, to 

about 10% of wild type levels, similar to deletion of SEM1 (Figure 3.5). The thp1 

mutant yielded a more modest reduction, while deletion of COP9 signalosome 

genes CSN9 and CSN12 did not affect expansion rates. It can be concluded that 

Sem1 facilitates expansions primarily through its proteasome function, with a 

lesser effect mediated through its role in the TREX-2 complex.  
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Figure 3.5 Investigating the functions of Sem1 responsible for affecting 
TNR expansions. Mutational analysis of SEM1 functions. The sem1 mutant affects the 
26S proteasome, the TREX-2 mRNA export complex, the COP9 signalosome and pre-
mRNA splicing. These pleiotropic effects were separated using mutants specific to each 
function, namely pre9, thp1, csn9 and csn12, respectively. S1502B background, (CTG)20-
CAN1 reporter. * P < 0.05, compared to wild type (see Appendix 1 for n and P values). 

 

3.3.4 Double mutant analysis of sem1 thp1 and pre9 thp1 mutants 

It is possible that the expansion suppression phenotypes of thp1 and pre9 

mutants represent two distinct functions of Sem1 that affect expansions through 

independent pathways. However it is also possible that the TREX-2 complex and 

the proteasome operate by a shared pathway to influence expansions. To 

investigate, double sem1 thp1 and pre9 thp1 mutants were constructed and 

subjected to fluctuation analysis alongside their respective single mutants (Figure 

3.6 A and B). The sem1 thp1 mutant rate was indistinguishable from the sem1 (P 

= 0.24) phenotype but was significantly different from the thp1 single mutant 

result. Similarly the expansion rate of the pre9 thp1 mutant was not statistically 

different to the pre9 (P = 0.97) rate but was different to the thp1 result (Table 

3.1). These results indicated that the proteasome and Thp1 are operating by a 

shared pathway to influence expansions (this was in contrast to the results seen 

in Figure 3.4 for the sem1 hda3 and sem1 sin3 double mutants). Deletion of the 

TREX-2 and SAGA complex subunit Sus1, also resulted in suppression of 

expansions to ~30% of wild type rates (Figure 3.6 C). 
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Figure 3.6 Double mutant analysis of sem1 thp1 and pre9 thp1. A Fluctuation 
analysis results of thp1, sem1 and sem1 thp1 mutants. B Results for the pre9 and thp1 
single and double mutants. For panels A and B all single and double mutants show a 
statistically significant difference in expansion rate to wild type (P < 0.05, see Table 3.1). 
+ P < 0.05 compared to thp1 single mutant. C Deletion of the TREX-2 subunits Thp1 and 
Sus1 result in a decreased expansion rate phenotype. For panel C, * P < 0.05, compared 
to wild type. For all panels, the S1502B strain background with the (CTG)20-CAN1 
reporter was used. Error bars denote ± SEM (see Table 3.1 for n and P values). 
 

Table 3.1 Analysis of sem1 thp1 and pre9 thp1 double mutants, n and P 
values.  
 

(average wild type expansion rate = 1.3 x 10-5) 
A average SEM n P vs w.t. P vs sem1 P vs thp1 

wild type 1.00 0.04 8    
sem1 0.10 0.01 10 1.17E-09   
thp1 0.35 0.05 7 6.72E-08   
sem1 thp1 0.14 0.02 10 5.77E-13 0.24 1.08E-03 

B average SEM n P vs w.t. P vs pre9 P vs thp1 
wild type 1.00 0.08 8    
pre9 0.06 0.01 10 1.17E-09   
thp1 0.33 0.04 9 1.47E-06   
pre9 thp1 0.06 0.01 11 2.55E-10 0.97 6.25E-07 
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3.3.5 TNR instability is enhanced by the yeast 26S proteasome  

The similarity between the expansion rate phenotypes of pre9 and sem1 strains 

(Figure 3.5) suggests that the 26S proteasome is a promoting factor for TNR 

expansions. Sem1 is a component of the lid subcomplex of the 19S regulatory 

particle. Pre9 is the only non-essential subunit of the 20S core particle in yeast; 

when deleted its role is provided by an extra copy of another core component, 

Pre6 (Velichutina et al., 2004). To further investigate the role of the proteasome 

in promoting TNR expansions, additional non-essential proteasome subunits, or 

proteasome interacting factors, were targeted for deletion (Appendix 2 describes 

the investigation of three essential ATPase proteasome subunits). Aside from the 

ubiquitin receptor rpn10, all five other proteasome mutants suppressed 

expansions (sem1, rpn4, rpn13, ubp6 and pre9; Figure 3.7 A and B). These 

genes encode the regulatory particle subunits Sem1 and Rpn13 (also a ubiquitin 

receptor), the proteasome interacting deubiquitinase Ubp6, the core particle 

subunit Pre9, and the transcription factor Rpn4, which is involved in the 

expression of the majority of proteasome subunits (Finley et al., 2012). Moreover, 

Sem1 and Pre9 promote expansions through a shared pathway, since the double 

mutant sem1 pre9 showed an expansion rate phenotype indistinguishable from 

the two single mutants (Figure 3.7 B) and the spectrum of expansion sizes was 

similar for both single mutants and the double mutant (Figure 3.8). Proteasome 

mutants sem1, pre9 and rpn4, but not rpn10, also showed a reduced expansion 

rate phenotype when a (CTG)25-URA3 reporter was used in the BY4741 strain 

background (Figure 3.7 C), indicating that the expansion phenotype is general for 

TNR instability and not specific for the CAN1 reporter. Contraction rates of a 

(CTG)25+8 tract were also reduced upon deletion of SEM1 or PRE9 in a BY4741 

strain background (Figure 3.7 D). Thus mutant analysis of proteasome 

components is consistent with the supposition that Sem1 promotes expansions 

through its role as a proteasome subunit.  
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Figure 3.7 The 26S proteasome promotes TNR expansions in yeast. A 
Schematic of the 26S proteasome divided into the regulatory and core particles, with 
location of subunits tested. TF = transcription factor. (Note: in this schematic, the second 
regulatory particle has been omitted for clarity) B Effects of deleting proteasome 
components on expansion rates as measured by the (CTG)20-CAN1 reporter. P values 
from comparison of the sem1 pre9 double mutant with the single mutants were 0.88 
(sem1) and 0.50 (pre9). C This effect is not reporter dependent as suppression of 
expansions is also seen in proteasome mutants when using the (CTG)25-URA3 reporter. 
D Deletion of sem1 or pre9 also affects (CTG) contractions. For B, C and D, * P < 0.05 
compared to wild type and error bars represent +/- SEM (see Appendix 1 for n and P 
values). 
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Figure 3.8 Summary of expansion sizes seen in sem1, pre9 and sem1 pre9 
mutants. A Histogram displaying the frequency and number of repeats added for wild 
type, sem1, pre9 and sem1 pre9 strains in the S1502B background with the (CTG)20-
CAN1 reporter as determined by single colony PCR of CanR colonies. B Summary of 
expansion size data. Weighted mean is calculated by getting the average of the number 
of repeats added multiplied by the occurrence. C P values were determined by two-tailed 
Student’s t-test between the spectra of repeats added.  

 

Expansions were also suppressed by treatment of proteasome-proficient cells 

with the proteasome inhibitor MG132. This compound is a reversible inhibitor of 

the chymotryptic-like activity of the proteasome. In the presence of 100 µM 

MG132, administered over 10 cell generations, expansions were reduced to 

about 30% the level seen in a vehicle-only control (Figure 3.9 A).  This finding 

supports the idea that the proteolytic activity of the proteasome is important for 



The 26S proteasome promotes TNR expansions 

110!

the expansion rate phenotype. Western blotting with an anti-ubiquitin antibody 

showed the anticipated accumulation of high molecular weight, polyubiquitinated 

proteins upon MG132 treatment (Figure 3.9 B). To attempt to delineate 

proteolytic effects from non-proteolytic, an erg6 sem1 double mutant was treated 

with MG132 alongside a single erg6 mutant. However, treatment of the erg6 

sem1 strain with MG132 resulted in dramatically impaired growth (see Appendix 

3) and expansion frequencies could not be determined.  

Together, the mutant analysis and the inhibitor studies provide compelling 

evidence that the 26S proteasome is important for promoting TNR expansions in 

our yeast system. 

 

 

Figure 3.9 MG132 treatment suppresses expansions in yeast. A Decreased 
expansion frequency upon chemical inhibition of the proteasome. Cells were treated with 
100 µM MG132 (+) or DMSO only (-) and subsequently tested for expansions. * P < 0.05 
compared to DMSO control. B Representative immunoblot of polyubiquitinated proteins 
upon MG132 treatment. Cells were treated with DMSO only (-) or MG132 (+) as in panel 
A. Cell-free extracts (10 µg protein) were prepared and analysed for polyubiquitinated 
proteins and free ubiquitin levels using an anti-ubiquitin antibody. Actin was used as a 
loading control. (See Appendix 1 for n and P values) 
 

3.3.6 Deletion of the ubiquitin shuttle factors also reduces expansion rates 
 
To recognise substrates, the proteasome makes use of both the regulatory 

particle ubiquitin receptor subunits Rpn13 and Rpn10, and the polyubiquitin 

protein shuttling factors. In yeast there are three known shuttle factors, Dsk2, 

Ddi1 and Rad23, which have both ubiquitin-like (UBL) and ubiquitin-associated 

(UBA) domains. These domains allow interaction with the proteasome (UBL) and 

polyubiquitinated proteins (UBA) (Finley et al., 2012) (see Figure 3.10 A). 
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Because of the difference in expansion rate phenotype seen for the rpn13 and 

rpn10 mutants (Figure 3.7 A), it was decided to test the three shuttle factor 

proteins. As evident in Figure 3.9 B, deletion of any shuttle factor resulted in a 

significant reduction in TNR expansions, with a similar phenotype seen for all 

three mutants. 

 

 
 
Figure 3.10 Expansion rates of shuttle factor deletion mutants. A Schematic 
of the role of ubiquitin shuttle factor proteins. These factors contain a UBA domain that 
binds polyubiquitin and a UBL domain that can interact directly with the regulatory particle 
of the proteasome. 1. The shuttle factor proteins can bind to polyubiquitinated proteins 
and transport them to the proteasome. 2. Via the UBL domain, the shuttle factors interact 
with Rpn1, a regulatory particle scaffold protein in the base. 3. At the regulatory particle 
the protein is deubiquitinated, and free ubiquitin is released back into the ubiquitin pool. 
The protein is then unfolded and fed through the core particle gate. 4. Degradation occurs 
in the barrel of the core particle, with release of peptides. B Expansion rates are 
suppressed upon deletion of the three yeast UBA-UBL shuttle factor proteins. The 
S1502B strain background with the (CTG)20-CAN1 reporter was used. * P < 0.05. Error 
bars denote ± SEM. (See Appendix 1 for n and P values) 
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3.3.7 Depletion of ubiquitin levels cannot explain the TNR expansion 

phenotype 

Because ubiquitin is released at the proteasome to replenish free ubiquitin pools 

(Figure 3.10 A), it was possible that proteasome deficiency or inhibition could 

deplete the levels of free ubiquitin, leading to a stress response that indirectly 

suppressed expansions. If so, then add-back of ubiquitin on a yeast plasmid 

should overcome the expansion deficit in sem1 or pre9 cells. To test this, a 

plasmid that contains the ubiquitin gene under the control of a copper inducible 

promoter was used. In the absence of copper this plasmid expresses ubiquitin at 

approximately wild type levels (Hanna et al, 2007). The data show a continued 

expansion deficit in sem1 and pre9 strains harboring the ubiquitin-expressing 

plasmid pUB (Figure 3.11 A). Thus, depletion of ubiquitin levels is not responsible 

for the reduced expansion rate phenotype in mutants with impaired proteolytic 

activity. This conclusion was confirmed through the use of a ubp6 mutant. In the 

absence of the deubiquitinase Ubp6, ubiquitin is taken into the core particle and 

degraded, leading to depletion of ubiquitin levels without affecting the activity of 

the proteasome (Hanna et al., 2006, 2007; Leggett et al., 2002). In the expansion 

assay, add-back of the pUB plasmid to the ubp6 strain rescued the expansion 

rate phenotype back to wild type levels, unlike the continued expansion deficit in 

sem1 and pre9 mutants (Figure 3.11 A). Proteasome activity was assessed by 

examining levels of polyubiquitinated proteins. Polyubiquitinated proteins 

accumulated in proteasome-defective mutants sem1, pre9 and sem1 pre9, but 

not in the ubp6 strain (Figure 3.11 B).  
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Figure 3.11 Expansion differences cannot be explained by changes to free 
ubiquitin levels. A Expansion rates in strains that are wild type, sem1, pre9 or ubp6 
containing the pUB plasmid that expresses wild type levels of ubiquitin (Hanna et al., 
2007). Error bars represent ± SEM. * P < 0.05, compared to wild type (w.t.+pUB) control. 
(See Appendix 1 for n and P values) B Western blot analysis of polyubiquitinated proteins 
in proteasome mutants sem1, pre9, sem1 pre9 and ubp6. C Analysis of free ubiquitin 
levels in yeast strains with or without pUB plasmid. The numbers show the relative levels 
of free ubiquitin compared to wild type without pUB (w.t.) levels after normalisation to 
actin.  
 

A second prediction of the indirect stress response theory is that free ubiquitin 

levels should be detectably reduced in yeast proteasome mutants. As seen in 

Figure 3.11 C, this is not the case for sem1 and pre9 mutants, which show similar 

free ubiquitin levels to wild type strains. These levels increased slightly when pUB 

was present. There was also no apparent depletion of free ubiquitin when wild 

type cells were treated with MG132 (Figure 3.9 B). As described previously 

(Hanna et al., 2007), free ubiquitin levels did decrease in ubp6 strains, and were 

restored upon add-back of the pUB plasmid (Figure 3.11 C).  
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In summary, it is concluded that disruption of proteasome activity, and not 

depletion of ubiquitin levels, is responsible for the decrease in TNR expansion 

rates in sem1 and pre9 mutants.  

 

3.3.8 The 26S proteasome promotes (CTG)•(CAG) expansions in cultured 

human astrocytes 

 
The 26S proteasome is highly conserved from yeast to humans. To address 

whether the role of the proteasome in promoting TNR expansions is also 

conserved, human proteasome subunits were targeted for siRNA-mediated 

knockdown. The targets for knockdown were DSS1, PSMC5 and PSMB3 (Figure 

3.12 A). DSS1 is the human homolog of yeast Sem1 and also a member of the 

19S regulatory particle (Krogan et al., 2004; Wei et al., 2008). However, yeast 

and human proteasomes show different dependency on the two proteins. Yeast 

mutants lacking SEM1 are defective for proteasome activity (Funakoshi et al., 

2004; Sone et al., 2004), whereas knockdown of DSS1 in human cells results in 

only slight effects on proteasome function (Jacquemont & Taniguchi, 2007; 

Kristensen et al, 2010; Wei et al., 2008), perhaps due to genetic redundancy. 

These observations were confirmed by showing that yeast sem1 mutants 

accumulate polyubiquitinated proteins (Figure 3.2 B and Figure 3.11 B) but, as 

will be shown below, knockdown of DSS1 results in only a slight effect on 

proteasome activity. PSMC5 (also known as SUG1, p45, TRIP1) is an ATPase 

subunit in the base of the regulatory particle homologous to the essential yeast 

subunit Rpt6 (Rubin et al., 1996; Wang et al.,1996) (also see Appendix 2). 

PSMB3 is a non-proteolytic beta-type subunit of the core particle (Coux et al., 

1996). PSMC5 and PSMB3 were chosen for knockdown to target the regulatory 

and core particles, respectively, and their successful knockdown by siRNA has 

been previously reported (Jacquemont & Taniguchi, 2007; Koues et al., 2009; 

Yamada & Gorbsky, 2006). 

The knockdown efficiencies for PSMC5 and PSMB3 were to final levels of 33% 

and 17%, respectively, as measured by immunoblot (Figure 3.12 A and B). 

Knockdown of DSS1 was also efficient, to 17%, as measured by transcript level 

(Figure 3.12 C). 

There was significant suppression of TNR expansion frequencies upon 

knockdown of the regulatory particle subunit PSMC5, or the core particle subunit 
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PSMB3, but not DSS1 (Figure 3.13 A). Expansions were reduced to 58% or 38% 

of control levels upon treatment of the cells with siRNA targeting PSMC5 or 

PSMB3, respectively. The effects of DSS1 or PSMB3 knockdown on proteasome 

activity paralleled the expansion results. As expected, DSS1 knockdown showed 

little effect on biochemical assays for the chymotryptic function of the 

proteasome, whereas PSMB3 knockdown reduced activity to 28% of control 

levels  (Figure 3.13 B). Ablation of PSMC5 and PSMB3 also led to the expected 

accumulation of polyubiquitinated proteins (Figure 3.14 A), indicative of a 

proteolytic defect. This accumulation was not seen upon DSS1 knockdown. The 

spectra of expansion sizes were similar in scrambled control cells to all three 

knockdown experiments (Figure 3.13 C). From a starting tract of 22 repeats, 4-17 

additional repeats were added to give final allele sizes of 26 to 39 repeats. Thus, 

a number of expansions in this system cross into the crucial threshold of 30-40 

repeats where instability becomes prominent in humans and disease can initiate 

(Lopez Castel et al., 2010; Mirkin, 2007; Paulson & Fischbeck, 1996). 

In SVG-A cells, knockdown of PSMB3, but not DSS1, results in impaired 

proteolytic activity (Figure 3.13 B and Figure 3.14 A). Free ubiquitin levels were 

indistinguishable between DSS1 or PSMB3 knockdown cells compared to control 

siRNA cells (Figure 3.14 B). As in yeast, these data in human cells do not support 

an indirect stress response as the major mechanism for suppressing expansions. 

It was therefore concluded that the human 26S proteasome enhances 

expansions of threshold-length TNRs in SVG-A cells via a mechanism that 

requires its proteolytic function.  

Attempts to investigate the expansion frequency in SVG-A cells following 

treatment with a proteasome inhibitor proved unsuccessful as treatment of the 

cells with even low doses of MG132 decreased cell viability and cell numbers 

dramatically (Appendix 4). Due to the high variability in the amount of shuttle 

vector recovered, and the compromised condition of the cells upon harvesting, 

the expansion frequency results obtained are thought to be inaccurate.   
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Figure 3.12 Knockdown of proteasome subunits. A Representative immunoblots 
for PSMC5 and PSMB3 knockdown. 50 µg total protein was loaded in each lane. Actin 
was used as a loading control. B Quantification of PSMC5 and PSMB3 protein 
knockdown. Protein levels were determined by immunoblotting (see Chapter 2) and 
analysed using Image J software, normalised to actin loading control and to scrambled 
siRNA control. Error bars denote ± one SEM, n = 4. C Knockdown of DSS1 as measured 
by mRNA levels. Error bar denotes ±SEM, n = 3.  
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Figure 3.13 Effect of proteasome subunit siRNAs on expansions. For panels 
A and B error bars represent ± SEM. A siRNA mediated knockdown of proteasome 
subunits PSMC5 and PSMB3 but not DSS1 result in significant decreases in TNR 
expansion frequencies, * P<0.05, compared to scrambled (Scr) control. Scr; n=8, DSS1; 
n=3, PSMC5; n=5 PSMB3; n=3. A schematic of the 26S proteasome shows the location 
of these subunits. The second regulatory particle, at the ‘bottom’ of the core particle, was 
omitted for clarity. B Cell extracts were prepared following siRNA knockdown and 
assayed for chymotryptic activity of the proteasome as described in Chapter 2. * P<0.05, 
compared to scrambled control. Scr; n = 5, DSS1; n = 3, PSMB3; n = 4. C Summary of 
expansion sizes from SVG-A RNAi experiments, the histogram displays the frequency 
and number of repeats added for cells treated with Scrambled (Scr), DSS1, PSMC5 or 
PSMB3 siRNA. D Summary of expansion size data. 
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Figure 3.14 Ubiquitin blots upon proteasome subunit knockdowns. A 
Representative immunoblot of polyubiquitinated proteins. Cells were treated with 
scrambled control siRNA (Scr) or siRNA to PSMB3, PSMC5 or DSS1, extracts were 
prepared and 10 µg total protein was analysed by immunoblot for polyubiquitinated 
proteins (Ubiquitin). B Immunoblot of SVG-A extracts after treatment with scrambled (Scr) 
siRNA or siRNA directed against DSS1 or PSMB3. Actin was used as a loading control 
for both blots. 
 

3.4 Discussion 

This chapter describes a novel role for the 26S proteasome in driving expansions 

of threshold-length TNRs in both budding yeast and human astrocytes. A blind 

screen for promoting factors of TNR expansions in S. cerevisiae identified the 

SEM1 gene (Debacker et al., 2012). Subsequent analysis showed that 

(CTG)•(CAG) expansions and contractions are stabilised in sem1 mutants. By 

genetic analysis it was determined that the proteasomal function of Sem1 is 

important for promoting TNR instability. Interfering with 26S proteasome function 

through mutation or chemical inhibition in yeast suppressed TNR expansions. 

This role of the 26S proteasome is conserved in human cells, as siRNA mediated 

knockdown of proteasome subunits in a human astrocytic cell line also 

suppressed expansions in a manner that coincided with loss of proteolytic 

activity. The data exclude an indirect effect on expansions through a stress 

response triggered by changes in free ubiquitin levels. Previously, treatment of a 

human fibrosarcoma cell line with MG132 resulted in a significant decrease in the 

frequency of transcription-induced (CAG) contractions (Lin & Wilson, 2007). 

Importantly, the work reported here demonstrates for the first time that the 
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proteasome also affects threshold-length (CTG)•(CAG) expansions in both yeast 

and human cells.  

Deletion of several yeast proteasome subunits (sem1, rpn13 and pre9) resulted 

in a decrease in TNR expansion rates. An expansion defect was also seen upon 

loss of the protein Rpn4. This transcription factor controls the expression of the 

majority of the proteasome genes, and deletion of Rpn4 results in decreased 

levels of proteasome activity (London et al., 2004). Thus, in most cases, 

mutations that affect proteasome subunits led to suppression of TNR expansion 

rates. In contrast, expansions were unchanged in a strain missing Rpn10, a 

ubiquitin receptor that binds to polyubiquitinated proteins targeted for degradation 

(Saeki et al., 2002; van Nocker et al., 1996; Verma et al., 2004).  

It is possible that the lack of expansion rate phenotype in a rpn10 mutant could 

be due to functional redundancy. In addition to the proteasome bound ubiquitin 

receptors Rpn10 and Rpn13, three UBA-UBL shuttle factors act to recognise and 

deliver ubiquitinated proteins to the proteasome by interacting with the base of 

the regulatory particle (Ehlinger & Walters, 2013; Finley, 2009). Indeed, upon its 

discovery, it was recognised that other ubiquitin chain binding proteins must exist, 

as rpn10 cells were viable and showed little UPS impairment (van Nocker et al., 

1996). Individual deletion of ubiquitin receptors shows little interference with 

proteasome activity but a triple rad23 dsk2 rpn10 mutant showed slow growth, 

accumulation of polyubiquitinated proteins, and acute sensitivity to high 

temperatures (Saeki et al., 2002). Interestingly, a mutant with disrupted Rpn10 

and Rpn13 ubiquitin binding domains lacking Dsk2, Ddi1 and Rad23 (rpn10-uim 

rpn13-KKD rad23 dsk2 ddi1) is still viable and showed modest residual ubiquitin 

chain binding capacity (Husnjak et al., 2008), indicating that at least one more 

ubiquitin receptor remains to be discovered. However, as Figure 3.10 B shows, 

single deletion of any of the three UBA-UBL shuttle factors (Dsk2, Ddi1, Rad23) 

resulted in decreased TNR expansion rates, arguing against ubiquitin binding 

functional redundancy. In addition, knockout of Rpn10 or its ubiquitin interacting 

motif results in embryonic lethality in mice (Hamazaki et al., 2007), whilst 

knockout of Rpn13 results in growth defects and reduced litter size (Al-Shami et 

al., 2010). Thus, loss of one of these receptors cannot be fully compensated for 

by the other. Could it be that the subset of proteins that Rpn10 recognises, and 

recruits for degradation, is not involved in the TNR expansion process? In HeLa 

cells it was shown that the ubiquitin receptors homologous to yeast Rpn10 and 

Rpn13 display different substrate specificity (Elangovan et al., 2010). Further 
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evidence of receptor-specific substrates for Rpn13 and Rpn10 has been reported 

in both human cells (Huang & Ratovitski, 2010; Mazumdar et al., 2010) and in 

yeast cells (Mayor et al., 2005).  

It is interesting that single deletion of the UBA-UBL shuttle factors resulted in a 

phenotype, as they have been shown to have some redundant functions in 

ubiquitin binding and substrate degradation (Diaz-Martinez et al., 2006; Kang et 

al., 2006). However, they also show diverse ubqiuitin chain preferences (Raasi et 

al., 2005), and are involved in distinct functions. Rad23 is involved in nucleotide 

excision repair (NER), where it functions in DNA damage recognition (Dantuma 

et al., 2009). Ddi1 has a role in suppression of protein secretion (Lustgarten & 

Gerst, 1999), and Dsk2 is required for the duplication of the microtubule 

organization centre (Biggins et al., 1996). In an added layer of complexity, these 

ubiquitin shuttle factors can bind each other via their UBA-UBL domains (Kang et 

al., 2006, 2007). Thus deletion of one of these factors could interfere with the 

functioning of another. The main docking site for these UBA-UBL proteins was 

revealed to be the Rpn1 subunit in the base of the regulatory particle (Elsasser et 

al., 2002; Rosenzweig et al., 2012), but Rpn13 can also bind the UBL domains of 

these factors (Husnjak et al., 2008). It is probable that these shuttle factors act in 

parallel to deliver substrates to the proteasome, recognizing some specific, and 

some common substrates. Thus, the degradation of multiple proteins is probably 

involved in the expansion rate phenotype. The role of Rad23 in promoting 

expansions will be discussed further in Chapter 4.  

It is noted that the expansion-suppressing phenotype of the ubp6 is most likely 

indirect. While not a proteasome subunit per se, Ubp6 deubiquitinase activity is 

dependent on association with the base of the regulatory particle (Leggett et al., 

2002; Rosenzweig et al., 2012) and Ubp6 levels at the proteasome can be 

altered in response to ubiquitin levels (Hanna et al., 2007). This study found that, 

in a ubp6 mutant, addition of a ubiquitin-expressing plasmid resulted in 

expansion rates and free ubiquitin levels returning to normal. Thus, the 

expansion rate suppression in ubp6 cells is likely due to indirect effects of 

ubiquitin signaling. This finding is distinct, however, from sem1 and pre9 mutants, 

where expansion defects and free ubiquitin levels were not much altered in the 

presence of the ubiquitin-expressing plasmid. Overall, the data support the 

proteasome as a driver of TNR expansions in yeast. 
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Evidence presented here in both yeast and human cells implicate the proteolytic 

function of the proteasome as important for TNR expansions. Sem1 deletion 

results in proteasome instability and a proteolytic defect (Funakoshi et al., 2004; 

Sone et al., 2004). As an alpha-type subunit, Pre9 acts to gate the core particle 

channel, and deletion of PRE9 results in reduced levels of mature proteasomes  

(Velichutina et al., 2004). In this study, deletion of SEM1 and PRE9 resulted in 

accumulation of polyubiquitinated proteins, indicative of a defect in proteolysis. A 

double sem1 pre9 mutant suppressed expansions to the same extent as either of 

the single mutants. These genetic data indicate that in yeast both the regulatory 

particle and core particle work together to drive expansions and that the 

proteolytic activity of the proteasome is important. These mutant effects can be 

phenocopied in wild type cells by addition of MG132, which inhibits the 

chymotryptic activity of the proteasome. Proteolytic activity was also found to be 

crucial for expansions in human cells. In the SVG-A astrocytic cell line, 

expansions were suppressed upon knockdown of the regulatory particle subunit, 

PSMC5, or the core particle subunit, PSMB3. In contrast, knockdown of the 

Sem1 human homolog, DSS1, did not reduce the occurrence of expansions. 

These effects on expansion frequencies mirror the levels of proteolytic activity 

following knockdown. Previous investigations also found a significant reduction in 

proteasome activity upon siRNA-mediated depletion of PSMB3 (Jacquemont & 

Taniguchi, 2007) but not DSS1 (Jacquemont & Taniguchi, 2007; Kristensen et al., 

2010; Wei et al., 2008). Although PSMC5 has primarily been studied for its non-

proteolytic roles in transcription, knockdown of PSMC5 also affects the proteolytic 

activity of the proteasome (Koues et al., 2009; Yamada & Gorbsky, 2006). It has 

been suggested that DSS1 has two functions in human cells, with a primary role 

in stabilizing BRCA2 protein, and a secondary role as a proteasome subunit (Li et 

al., 2006; Marston et al., 1999; Yang et al., 2002). Thus, proteasome function is 

significantly more dependent on Sem1 in yeast than it is dependent on DSS1 in 

human cells. In summary, only those 26S proteasome subunit knockdowns that 

strongly affect proteolytic activity, PSMC5 and PSMB3, result in decreased 

expansion frequency in SVG-A cells.  

How might the proteasome be affecting TNR expansions? Epistasis analysis of 

sem1 and mutants in HDAC components show that the proteasome and HDACs 

affect TNR expansion by distinct mechanisms. The proteasome may be 

degrading protecting factors that otherwise would act to resolve the abnormal 

secondary structures formed by TNRs without causing expansion. DNA repair is 



The 26S proteasome promotes TNR expansions 

122!

an important mechanism by which triplet repeat abnormal secondary structures 

can be converted to expansions (Lahue & Slater, 2003; Lopez Castel et al., 2010; 

McMurray, 2008). Increasing evidence links the proteasome to important 

processes during the DNA damage response and repair pathways. The 

proteasome is required for degradation of certain DNA repair proteins, is 

important for downstream signaling, and has been shown to be recruited to DNA 

double strand breaks (Kouranti & Peyroche, 2012; Krogan et al., 2004; Motegi et 

al., 2009). Thus the proteasome, either by indirect proteolysis or by degrading 

factors at the TNR itself, could negatively alter repair pathways required to 

correctly resolve TNR DNA.  

It has been suggested that RNA polymerase II (RNA Pol II) stalls near TNRs and 

is targeted by the mammalian proteasome. Lin & Wilson (2007) postulated that 

triplet repeat instability could be mediated by proteasomal degradation of stalled 

RNA Pol II at R-loops. This is the damage recognition step for activating the 

transcription-coupled NER (TC-NER) pathway. Several additional studies 

strengthened the correlation between R-loop formation and TNR instability 

(Grabczyk et al., 2007; Lin et al., 2010; Reddy et al., 2011) though the exact 

mechanism by which they are processed to result in mutation is not known. 

Recently a correlation between RNA Pol II levels and CAG instability in a 

Huntington’s disease mouse model was identified (Goula et al., 2012). 

Specifically this study found that the presence at the HD gene of the elongating, 

Ser2 phosphorylated form, but not the initiating, Ser5 phosphorylated form, 

corresponded with CAG instability. Ubiquitination and degradation of RNA Pol II 

is specific for this elongating form (Somesh et al., 2005). One possibility is that 

26S proteasome-mediated degradation of elongation form RNA Pol II stalled at 

TNR DNA could initiate a TC-NER pathway that results in expansions. While 

never previously investigated in a yeast model, there is evidence for NER 

involvement in promoting instability from a SCA3 Drosophila model (Jung & 

Bonini, 2007), a transcription-based human cell model (Lin & Wilson, 2007, 2012) 

and a SCA1 mouse model (Hubert et al., 2011). The proteasome has established 

roles in controlling NER activity through both proteolytic and non-proteolytic 

activities (Reed & Gillette, 2007). Thus, it is possible that the proteasome is 

coordinating RNA Pol II degradation and NER activity to enhance TNR instability.  

Suppression of expansion rates upon deletion of THP1 and SUS1 implicated the 

TREX-2 complex in promoting expansions in yeast. Double mutant analysis of 

sem1 thp1 and pre9 thp1 also indicated that TREX-2 and the proteasome act in 
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the same pathway to affect expansions (Figure 3.6). The primary function of the 

TREX-2 complex is to couple a number of actively transcribing genes with 

nuclear pore complexes in a process called gene gating (Faza et al., 2009; 

García-Oliver et al., 2013). The TREX-2 complex mediates this transcription-

coupled export role by binding to nucleoporins on the nuclear pore complex, to 

the THO-TREX complex and to the SAGA complex (González-Aguilera et al., 

2008; RondÛn et al., 2010; Umlauf et al., 2013). TREX-2 consists of the subunits 

Sac3, Thp1, Sem1, Sus1 and Cdc31. Sus1 is also a SAGA complex member and 

acts to co-ordinate the association of these two complexes (García-Oliver et al., 

2012). THP1 deletion mutants exhibit nuclear accumulation of poly(A)+ RNA at 

restrictive temperatures (Fischer et al., 2002). Within this complex Sem1 interacts 

with Thp1 and Sac3 via their PCI and PAM (PCI-associated) domains 

respectively and thus acts to stabilise the complex (Ellisdon et al., 2012; Faza et 

al., 2009; Wilmes et al., 2008). In sem1 cells poly(A)+ RNA accumulates in the 

nucleus but this defect was not seen in strains deficient in non-essential 26S 

proteasome subunits, temperature sensitive mutants of essential proteasome 

genes or after treatment with the proteasome inhibitor MG132, indicating that this 

effect is independent of the 26S proteasome (Faza et al., 2009). Because the 

mRNA export defect appears specific to Sem1 alone and not to the proteasome, 

it probably does not account for the TNR expansion rate phenotype seen. 

Disruption of mRNA export by Thp1 deletion in the pre9 thp1 double mutant does 

not significantly reduce expansions below the rate seen in the pre9 single mutant. 

Therefore other functions of TREX-2 must explain this result.  

Sem1, the proteasome, and TREX-2 functions overlap in both gene transcription 

and in transcription-coupled repair. Recently, it has been demonstrated that 

Sem1 and TREX-2 play a role in regulating H2B deubiquitylation activity of the 

SAGA complex at a SAGA-regulated gene (García-Oliver et al., 2013). The 

evidence for a proteasomal involvement in transcription initiation and elongation 

is overwhelming. As part of this evidence, the proteasome has been mapped to 

actively transcribed gene regions (Auld et al., 2006; Sikder et al., 2006) and 

the19S regulatory particle has been shown to have a role in recruiting and 

activating SAGA at active promoters (Kwak et al., 2011; Lee et al., 2005) and for 

gene induction-dependent nucleosome eviction in yeast (Chaves et al., 2010). 

Perhaps Sem1/the 26S proteasome and TREX-2/SAGA are recruited to TNR 

tracts and operate together to alter histone modifications and nucleosome 
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density, thus providing a more open chromatin environment in which promoting 

factors can gain access to the TNR DNA. 

It has also been demonstrated that Thp1 is required for efficient transcription-

coupled repair in yeast (Gaillard et al., 2007), and a role for the proteasome in 

this repair process is well established (Dantuma et al., 2009; Gillette et al., 2006; 

Lommel et al., 2002; Russell et al., 1999). Thus, TREX-2 and the proteasome 

could be involved in initiating a mutagenic transcription-coupled repair process 

that results in expansion. This possibility is supported by evidence that disruption 

of TREX-2 function results in defects in NER (Gaillard & Aguilera, 2013). Also, 

TREX-2 and the proteasome are linked to NER through the yeast centrin Cdc31. 

Cdc31, like Dsk2, is required for spindle pole body duplication (Spang et al., 

1993). It is a member of the TREX-2 complex but can also bind to the 

proteasome and polyubiquitinated proteins, and can bind to Rad4 of the yeast 

NER pathway (Chen & Madura, 2008). Deletion mutants are not viable but 

temperature sensitive cdc31 point mutants accumulate polyubiquitinated proteins 

and display UV sensitivity, indicating it plays a functional role in both proteolysis 

and NER (Chen & Madura, 2008). One of the human centrin homologs, Centrin 

2, plays a similar role. The role of Centrin 2 in centriole duplication in vertebrate 

cells is less clear, with conflicting reports about the effects that depletion of 

Centrin 2 has on centriole biogenesis (Dantas et al., 2012). However, it is 

required for for XPC stabilisation and efficient GG-NER damage recognition 

(Araki et al., 2001), and functions in the TREX-2 complex in Xenopus and human 

cells (Jani et al., 2012; Resendes et al., 2008). Thus, one function in which the 

proteasome and TREX-2 may overlap to affect expansions is via the NER 

pathway.  

An alternative model for the role of TREX-2 in promoting expansions is 

suggested by the discovery that mutations in TREX-2 genes counteracted 

hydroxyurea sensitivity and replication fork reversal in checkpoint mutants 

(Bermejo et al., 2011). The model suggested by Bermejo et al. predicts that the 

gene gating controlled by TREX-2 can cause topological stress that disrupts 

replication, and that this can be resolved by the action of the replication 

checkpoint proteins Rad53 and Mec1. Such replication disruption could lead to 

formation of abnormal DNA secondary structures in TNR DNA that could be 

processed to result in expansion. Interestingly, Mec1 and Rad53 have been 

shown to act as protective factors for TNR expansions in yeast (Razidlo & Lahue, 

2008).  
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Currently the proteasome inhibitor bortezomib is being used for treatment of 

hematological malignancies. Could proteasome inhibitors play a role in slowing 

the progression of somatic expansions in TNR disorders? The proteasome is 

important for the clearance of toxic polyglutamine protein aggregates, which 

result from expression of an expanded (CAG) tract in the protein coding region of 

a gene such as occurs in Huntington’s disease (HD) or spinocerebellar ataxia 

type 1 (Schipper-Krom et al., 2012). Thus inhibiting proteasome activity would not 

be beneficial in such polyglutamine disorders and proteasome impairment in the 

striatum of HD mice worsens the disease (Lin et al., 2013). However, the use of 

proteasome inhibitors in the non-polyglutamine disorders such as myotonic 

dystrophy type 1 and Friedreich’s ataxia could potentially suppress somatic 

expansions without having an adverse effect on the disease pathology. 

Proteasome inhibition affects a wide range of cellular pathways, and focus is now 

switching to more precise inhibition of the UPS through targeting of the ubiquitin 

pathway enzymes (Mattern et al., 2012). For example, inhibition of a specific E3 

ubiquitin ligase that acts at a non-proteasomal site allows greater specificity and 

less off-target effects. Thus identification of the proteasome targets that are 

responsible for promoting TNR instability could lead to development of target 

specific modifiers. Stabilization of these factors could therefore help reduce 

instability without adversely affecting the activity of the proteasome.  

To summarise, the results presented in this chapter identify the 26S proteasome 

as a novel promoting factor of TNR expansions in both yeast and human cells. 

This work has shown for the first time that disrupting proteasome activity 

suppresses TNR expansion rates and that the proteolysis activity of the 

proteasome is important for affecting expansions. Also, for the first time the 

activity of the TREX-2 complex has been implicated in TNR instability in a 

pathway shared by the proteasome.  
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4.1 Summary  

This chapter investigates the role of the nucleotide excision repair (NER) pathway 

in TNR expansions in yeast. The rationale for studying NER stems from two 

sources. First, it was shown in Chapter 3 that expansions were suppressed upon 

deletion of the ubiquitin shuttle factor Rad23, a protein that functions in both NER 

and protein degradation (Figure 3.10). Second, other labs have found evidence 

for NER pathway involvement in bacteria, fly, human cell and mouse models of 

TNR instability (Lin et al., 2009). These studies have focused on the instability of 

large TNRs. Therefore, the role of NER in modulating the instability of threshold 

length TNRs had never been addressed. Work in this chapter investigates the 

involvement of NER in regulating threshold length expansions in yeast. A 

combined role for the 26S proteasome and NER in expansions was also 

investigated.  

The results presented here demonstrate that both the global genome (GG) and 

transcription coupled (TC) NER pathways promote TNR expansions in yeast. 

Expansions were suppressed by single deletion mutants of a component specific 

to the GG-NER pathway (Rad16), a factor specific to the TC-NER pathway 

(Rad26) or proteins shared by both pathways (Rad4/Rad23/Rad14). Double 

mutant analysis indicated that the 26S proteasome and NER factors work 

together to drive expansions. Separation of function mutations in Rad23 indicated 

that both its proteasome and Rad4 binding domains are important for promoting 

TNR expansions, with a milder phenotype evident upon disruption of the ubiquitin 

binding domains. In human cells, siRNA mediated knockdown of one of the 

Rad23 homologs, HR23B, did not affect expansion frequencies, possibly due to 

redundancy with HR23A. Thus, the work presented here shows for the first time 

that both branches of yeast NER promote expansions of threshold length TNRs, 

via a pathway shared by the 26S proteasome.  

 

4.2 Introduction 

DNA repair pathways normally act to prevent genome instability by repairing DNA 

damage. However, the surprising identification of the mismatch repair proteins 

MSH2, MSH3 and PMS2 as drivers of TNR expansion mutations prompted 

investigations of other repair systems as potential sources of TNR instability 

(Lopez Castel et al., 2010). Subsequently, OGG1 and NEIL1 of the BER pathway, 
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and XPA of the NER pathway were identified as promoting factors of somatic 

TNR expansions in mouse models (Hubert et al., 2011; Kovtun et al., 2007; 

Møllersen et al., 2012). Knockout of Xpa in a SCA1 mouse model reduced 

somatic expansions in neuronal cells (Hubert et al., 2011). This is the only 

research that describes NER having an effect on somatic expansions. Previous 

work implicating TC-NER in somatic TNR instability investigated rates of large 

contractions in E. coli (Oussatcheva et al., 2001; Parniewski et al., 1999) or a 

human cell assay (Lin & Wilson, 2007; Lin et al., 2006). XPA, the human 

homolog of Rad14, is a core component of NER. Thus, knockout of XPA affects 

both TC-NER and GG-NER. In HD mice models lacking factors specific to GG-

NER (XPC) or TC-NER (CSB), there was no effect on somatic expansions 

(Dragileva et al., 2009; Kovtun et al., 2011). The role of NER factors with regards 

TNR instability had never previously been investigated in yeast, and all assays to 

date used disease-length TNR tracts. Thus, work in this chapter aims to address 

some unanswered questions regarding the role of NER in affecting TNR 

expansions. Does NER affect TNR expansions in yeast? Does NER affect 

expansions of threshold-length alleles? Which sub-pathways of NER are involved 

in TNR instability?  

A second theory investigated here is whether NER and the proteasome modulate 

TNR expansions through a shared pathway. The primary link between these two 

pathways is Rad23, which plays a dual role as a ubiquitin shuttle factor and a 

member of a NER damage recognition complex (Dantuma et al., 2009). As a 

ubiquitin shuttle factor Rad23 binds polyubiquitinated proteins and, through 

interaction with the regulatory particle via the Rpn1 subunit, delivers them to the 

proteasome for degradation (Rosenzweig et al., 2012). As a member of the NER 

pathway Rad23 has an opposing role in binding and stablising Rad4 and 

functions in a DNA damage recognition complex (Boiteux & Jinks-Robertson, 

2013; Ortolan et al., 2004). The Rad23-proteasome interaction is important for 

NER. The ubiquitin-like domain (UBL) of Rad23, through which it interacts with 

the proteasome, is vital for fully functional NER (Dantuma et al., 2009; Schauber 

et al., 1998; Watkins et al., 1993). Evidence suggests Rad23 plays a role in NER 

independent of the proteolytic activity of the proteasome, but dependent on the 

regulatory particle ATPases Rpt6 and Rpt4 (Gillette et al., 2006; Russell et al., 

1999). 

Thus, the aim of the work presented here was to investigate the role of NER in 

expansions of threshold length (CTG)!(CAG) TNRs in yeast, to investigate the 



NER promotes TNR expansions in yeast!
!

!135 

link between the 26S proteasome and NER with regards to TNR expansions, and 

to investigate the role of the intriguing shuttle factor/damage recognition protein 

Rad23 in promoting expansions.  

 

4.3. Results  

4.3.1 Yeast NER factors promote TNR expansions 

It was shown in Chapter 3 that deletion of RAD23 resulted in a suppression of 

expansions to ~30% of wild type rates (Figure 3.10). Rad23 plays an important 

role in NER in yeast. Mutants lacking Rad23 display an enhanced UV sensitivity 

phenotype (Mueller & Smerdon, 1996; Verhage et al., 1996; Watkins et al., 1993), 

and extracts of rad23 strains are defective for NER in vitro (Wang et al., 1997). 

Because of the existing links between NER and TNR instability in the literature, 

the effect of deleting additional NER factors on the expansion of threshold-length 

TNRs in yeast was tested. 

Rad23 binds and stabilises Rad4 and together, possibly with a third protein, they 

form a complex involved in damage recognition in NER. Loss of Rad23 results in 

Rad4 deficiency, which could explain the rad23 expansion phenotype if NER 

were involved in promoting expansions. Thus, it was decided to test Rad4, 

Rad16 (a factor involved in GG-NER only), Rad26 (a component that is specific 

for TC-NER) and Rad14 (a NER factor that is common to both pathways) (Figure 

4.1 A). Single gene deletion of each of these five NER components resulted in 

differing survival responses after UV irradiation (Figure 4.1 B). Deletion of RAD14 

resulted in an extreme sensitivity to UV, indicating a severe disruption of NER 

activity, as previously seen (Bankmann et al., 1992). Deletion of RAD4 also 

results in a strong increase in UV sensitivity, whilst deletion of RAD23 or RAD16 

resulted in the expected intermediate UV sensitivity phenotypes (Prakash & 

Prakash, 2000). Deletion of the TC-NER component, RAD26, did not appear to 

alter the UV sensitivity of this strain, as has been previously reported for other 

strain backgrounds (van Gool et al., 1994). In summary, the NER mutants tested 

displayed UV sensitivities that correspond to results previously reported in the 

literature.  

The functional consequences of NER gene mutations were examined in TNR 

expansion assays. If NER drives expansions in yeast, lower rates of expansions 
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should occur in the mutants compared to wild type cells. As evident in Figure 4.2 

A, deletion of any of the NER factors tested resulted in a significant decrease in 

TNR expansion rates. Deletion of RAD4, RAD23, RAD16 and RAD14 gave a 

similar reduction of expansions, to ~30% of wild type rates, whilst deletion of 

Rad26 resulted in a more modest phenotype, decreasing expansions by ~50%.  

Figures 4.2 B and C illustrate the expansion size data for the NER mutants 

compared to a wild type strain. The spectrum of repeats added is 

indistinguishable from wild type for the rad4, rad23, rad26 and rad14 single 

mutants, indicating that NER deficiency in these mutants alters the frequency of 

expansions, not their size. However, deletion of rad16 results in more expansions 

in the smaller size range (Figure 4.2 B). The weighted mean for the rad16 

mutants is 8.46, compared to 9.31 for wild type yeast, and the spectrum of 

repeats added is statistically different (P vs wild type = 0.03, Figure 4.2 C). 

However, expansions occur across the same range of repeats added as seen in 

wild type (6 to 14), indicating that this shift is not due to an inability to produce 

longer expansions. It appears that deletion of rad16 results in a higher frequency 

of shorter expansion events.  

NER components normally operate to maintain genomic stability. Thus, it is 

possible that deletion of NER components might yield a general mutator effect, 

which could confound the expansion results. However, the results obtained do 

not support a confounding mutator effect for these mutants. Specifically, there 

was no increase seen in the number of CanR colonies that did not contain an 

expansion (that is, which acquired resistance to canavanine by some other 

mutation, rather than an expansion) in any of the five NER deletion mutants. 

Furthermore, deletion of RAD23 or RAD4 did not alter the mutation rates of a 

dinucleotide repeat plasmid that measures microsatellite instability that is distinct 

from TNR expansions (experiments performed by L. Kirkham-McCarthy. Average 

rates: wild type = 3.1x10-06, rad23 = 2.2x10-06, rad4 = 3.3x10-06). Thus, it is 

concluded that suppression of TNR expansions represents a specific role of NER, 

and that both the GG-NER and TC-NER pathways are involved in promoting 

threshold-length TNR expansions in yeast. 
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Figure 4.1 GG-NER and TC-NER factors investigated in this chapter. A Basic 
schematic of the NER pathway highlighting the subunits tested in yeast. UV irradiation 
can cause DNA damage (yellow shape), which is recognised by the Rad23-Rad4-Rad33 
complex to initiate GG-NER. Rad16 is a GG-NER component that works in this sub-
pathway. RNA polymerase II stalls at damaged DNA that is being transcribed resulting in 
recruitment of Rad26 and initiation of the TC-NER pathway. Rad14, a core NER 
component, is common to both pathways. B Deletion of NER factors results in increased 
UV sensitivity. A spot test of the wild type and deletion strains is performed on YPD 
plates and the plates are subjected to different doses of UV, incubated for two days at 
30oC and photographed. Even at a low dose of UV (5 J), rad4 and rad14 mutants are 
sensitive and show a severe growth defect. Deletion of RAD23 and RAD16 results in an 
intermediate UV sensitivity, at a dose of 30 J UV the growth of these mutants is severely 
impaired. Deletion of RAD26 in this strain background (S1502B) does not result in UV 
sensitivity.  
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Figure 4.2 Both GG-NER and TC-NER promote expansions in yeast. A 
Expansion rates in NER mutants using S1502B strain background and (CTG)20-CAN1 
reporter. * P<0.05 compared to wild type. Error bars represent ± SEM. The rad14 mutant 
was assayed separately to the other mutants and therefore is shown separately with its 
corresponding wild type results. Average wild type rate and n and P values are given in 
Appendix 5. B Histogram displaying the frequency and number of repeats added for wild 
type, and NER mutant strains in the S1502B background with the (CTG)20 CAN1 reporter 
as determined by single colony PCR of CanR colonies. C Summary of expansion size 
data. Weighted mean is calculated by getting the average of number of repeats added 
multiplied by the occurrence.  



NER promotes TNR expansions in yeast!
!

!139 

4.3.2 Interaction between the proteasome and NER 

There is a large body of evidence that links the proteasome and NER pathways 

via both proteolytic and non-proteolytic mechanisms. Evidence in yeast suggests 

a mainly non-proteolytic role for the regulatory particle of the proteasome in 

negatively regulating NER activity (Gillette et al., 2001; Gillette et al., 2006; 

Lommel et al., 2000), although proteasome proteolytic activity is important for 

degradation of RNA pol II and Rad4 following UV irradiation (Dantuma et al., 

2009; Wilson et al., 2013). Evidence in human cells suggests that proteasome 

proteolysis is important for positively regulating NER, although this study failed to 

account for disruption of free ubiquitin levels (Wang et al., 2005). While 

disparities and questions remain about the mechanism, it is now well accepted 

that there are clear functional and physical interactions between the 26S 

proteasome and the NER pathway.  

Double mutant analysis was used to investigate if TNR expansions are 

modulated by the functional interaction between the 26S proteasome and NER. 

Deletion of proteasome regulatory particle subunit Sem1, or core particle subunit 

Pre9, was coupled with deletion of the GG-NER specific Rad16, the TC-NER 

specific Rad26, or deletion of Rad14, a NER component important for both 

pathways (Figure 4.1 A). In total, TNR expansion assays and UV sensitivity tests 

were performed for six double mutants and compared to the five single mutants 

and to wild type controls (Figures 4.3 and 4.4). The majority of the evidence 

suggests that the proteasome and NER function together to promote TNR 

expansions in yeast (Figure 4.3 and Table 4.1). All mutants showed a reduced 

rate of expansions. In addition, five of the six double mutants gave expansion 

rate results indistinguishable from the single mutant controls. These five cases 

were sem1 rad14, pre9 rad14, pre9 rad16, pre9 rad16 and sem1 rad26. In the 

case of the sem1 rad14 mutant, the double mutant phenotype was statistically 

indistinguishable from both the proteasome and NER single mutant phenotypes.  

One double mutant, sem1 rad16 gave an expansion rate that was lower than 

either single mutant (Figure 4.3 A and Table 4.1). The UV sensitivity of sem1 

rad16 was also more severe than either the sem1 or rad16 single mutants 

(Figure 4.4 B). In contrast, all other double mutants behave similarly to the NER 

single mutants (Figure 4.4 ABC). Because of the difference in expansion size 

distribution for the rad16 single mutant compared to wild type, the expansion 

sizes in the sem1 rad16 double mutant were analysed. However, the spectrum of 
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repeats in sem1 rad16 doubles was indistinguishable from wild type (P = 0.55), 

rad16 (P = 0.18) and sem1 (P = 0.92) repeat spectra.  

 

Figure 4.3 Analysis of proteasome and NER factor double mutants A 
Expansion rates for proteasome and NER single and double mutants. B Expansion rates 
for sem1 rad26 double mutants compared to single mutants and wild type. These were 
assayed separately to the other mutants. For A and B the (CTG)20-CAN1 reporter in 
S1502B background is used. All single and double mutants show a statistically significant 
difference in expansion rate to wild type (P < 0.05, see Table 4.1). + P < 0.05 compared 
to rad16 single mutant, ⌘ P < 0.05 compared to sem1 single mutant, " P < 0.05 
compared to rad14 single mutant, ♯P < 0.05 compared to rad26 single mutant. Average 
wild type rate and n and P values are shown in Table 4.1 C Schematic showing the NER 
subunits chosen and the NER pathway(s) they are involved in. The interactions that 
resulted in P values greater than 0.05 when the double mutants were compared to the 
single proteasome mutants are noted. This gives strong evidence for a shared pathway 
between the 26S proteasome and the whole NER pathway to affect expansions.  
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Figure 4.4 UV sensitivity of proteasome and NER double mutants A The 
sem1 rad14 and pre9 rad14 double mutants display the same strong UV sensitivity as 
evident for rad14 single mutants. B The sem1 rad16 double mutant shows increased UV 
sensitivity to the rad16 single mutant (compare rows 4 & 5), this spot test was repeated 3 
times to confirm this result. C Even at a higher dose of 50 J deletion of RAD26 does not 
result in increased sensitivity to UV. For all panels, strains were spotted on to YPD media, 
irradiated with UV and incubated at 30oC for 2 days before being photographed.  
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Table 4.1 P values for analysis of 26S proteasome/NER double mutants 
 

genotype 
fold 

change SEM n P v w.t. P v sem1 P v pre9 P v rad14 P v rad16 P v rad26 

Figure 4.2 A          

wild type 1.00 0.08 12       

sem1 0.18 0.03 12 8.19E-10      

pre9 0.11 0.01 12 7.26E-11      

          

rad14 0.16 0.02 12 3.13E-10      

rad16 0.28 0.03 12 1.51E-08      

rad26 0.46 0.03 12 6.60E-09      

          

sem1 rad14 0.18 0.03 12 2.56E-13 8.62E-01  5.07E-01   

sem1 rad16 0.10 0.01 12 5.96E-11 6.67E-03   1.69E-05  

          

pre9 rad14 0.09 0.02 12 6.66E-11  2.46E-01 4.73E-03   

pre9 rad16 0.12 0.03 11 8.62E-10  6.37E-01  9.99E-04  

pre9 rad26 0.19 0.04 12 6.60E-09  7.34E-02   8.18E-05 

(average wild type rate = 3x10-4)        

Figure 4.2 B          

wild type 1.00 0.07 18       

sem1 0.22 0.04 18 3.25E-11      

rad26 0.45 0.05 18 3.98E-07      

sem1 rad26 0.17 0.01 18 5.21E-13 2.53E-01    2.74E-06 

(average wild type rate = 3x10-4)        

 

4.3.3 Investigating which functions of Rad23 promote TNR expansions 

One of the first links between the proteasome and NER was the observation that 

the UBL domain of Rad23 allowed direct interaction with the 26S proteasome 

(Schauber et al., 1998). Subsequently it was shown that loss of the UBL domain 

results in a UV sensitivity phenotype that is intermediate between the rad23 and 

wild type phenotypes (Ortolan et al., 2004; Russell et al., 1999). It was also 

shown that Rad23 binds to Rad4 and stabilises it from proteasome-mediated 

degradation via a Rad4 binding domain (R4B). Loss of this domain results in a 

similar intermediate UV sensitivity phenotype. However, add-back of plasmids 

lacking the UBL and R4B domains together to a rad23 background resulted in full 

recovery of UV resistance back to wild type levels (Ortolan et al., 2004). This 

indicates that there are two distinct functions of Rad23 involved in NER, one 

mediated through binding of Rad4, and one mediated through interaction with the 

proteasome. Rad23 also contains two UBA domains. The sequence of UBA1 

predicts that it primarily interacts with K63-linked polyubiquitinated proteins, whilst 

that of UBA2 suggests it favours K48-linked substrates (Dantuma et al., 2009). 

Several studies showed that Rad23 promotes the degradation of ubiquitinated 
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proteins by the proteasome via its UBA domains (Chen & Madura, 2002; 

Elsasser et al., 2004; Kim et al., 2004; Saeki et al., 2002; Verma et al., 2004). 

Disruption of the UBA domains does not affect cell survival following UV 

irradiation (Ortolan et al., 2004).   

The dual functionality of Rad23 as both a ubiquitin shuttle factor and a NER 

damage recognition protein prompted the question as to which role is involved in 

promoting TNR expansions in yeast. Upon loss of Rad23, some proteins are 

stabilised due to the lack of its shuttle factor activity but, in contrast, Rad4 levels 

are depleted. Figure 4.5 A shows a schematic of the functional domains of Rad23 

and the proteins that interact with these domains. The effect of disruption of these 

domains on UV sensitivity was previously investigated in a rad23 background by 

add-back of plasmids with different Rad23 domains deleted or mutated (Ortolan 

et al., 2004). Here, these plasmids are employed to investigate which Rad23 

domains are important for TNR instability.  

The plasmids were inserted into a rad23 strain containing the (CTG)20-CAN1 

reporter and subjected to UV sensitivity spot tests and fluctuation analysis. Figure 

4.5 B shows that the rad23 strain containing an empty vector (rad23 + vector) is 

sensitive to UV when compared to a wild type strain with a vector control (w.t. + 

vector), or a rad23 strain to which a vector expressing wild type RAD23 has been 

added back (rad23 + RAD23). Expression of RAD23 lacking either the R4B or the 

UBL domains in a rad23 strain (rad23 + rad23!R4B, rad23 + rad23 !UbL) also 

resulted in UV sensitivity. In contrast, disruption of the two UBA domains (rad23 + 

rad23uba) does not significantly alter UV sensitivity when compared to strains 

containing wild type RAD23.  

Figure 4.5 C shows the absolute expansion rate results for wild type and rad23 

strains with an empty vector control, and a rad23 strain in which a plasmid 

expressing wild type RAD23 has been added (rad23 + RAD23). Deletion of 

RAD23 suppressed the expansion rate to 20% of wild type levels, consistent with 

the results of Figure 4.2 A for wild type and rad23 strains. Addition of the RAD23 

expressing plasmid to the rad23 strain rescued the expansion rate back to wild 

type levels. Thus the plasmid system used here reinforces the finding that Rad23 

promotes TNR expansions.   

Figure 4.5 D shows the relative expansion rates for the rad23 strains to which the 

separation of function plasmids have been added. For this graph the results are 

normalised to rad23 + RAD23. Plasmids bearing deletion or disruption of UBL, 
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R4B or UBA domains resulted in a decrease in TNR expansion rates when 

compared to rad23 + RAD23. However, while the expansion rate phenotypes for 

rad23 + rad23 !UbL and rad23 + rad23!R4B are indistinguishable from the rad23 + 

vector phenotype (by Student’s t-test, P = 0.09 and 0.43 respectively), analysis 

shows that the higher expansion rate for rad23 + P]rad23uba is statistically 

different (P = 0.003). This suggests that all Rad23 domains are involved in 

promoting expansions but to differing extents. The role of Rad23 that involves 

ubiquitin binding may not be as important for promoting TNR expansions as 

proteasome and Rad4 binding. However, this interpretation is complicated by the 

fact that the UBA domains can bind UBL domains allowing Rad23 to 

homodimerise or heterodimerase with another shuttle factor protein and therefore 

affect protein stability (Bertolaet et al., 2001). Previous work using a version of 

these plasmids to which a FLAG epitope has been added showed similar 

expression of wild type RAD23 and the mutant rad23 lacking the R4B domain, 

but lower expression of the !UbL and uba mutant forms (Ortolan et al., 2004). 

This group also showed that in the !R4B mutant form levels of Rad4 protein are 

diminished and the Rad23-Rad4 interaction is abolished (Ortolan et al., 2004). 

Overall, the UV sensitivity tests confirmed that the rad23 plasmids confer 

separation-of-function mutants but the expansion results suggest that each 

mutant was deficient in promoting TNR expansions. 

To investigate if depletion of Rad4 levels is responsible for the expansion rate 

phenotype in rad23 mutants, a Rad4-HA plasmid with inducible expression was 

introduced into wild type, rad4 and rad23 strains. However, upon induction of 

expression, no change in the expansion rate phenotype was evident in any of 

these strains (Appendix 6).  
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Figure 4.5 Investigation of Rad23 functional domains A Schematic showing 
functional domains of Rad23 protein. Red represents the ubiquitin-like domain (UBL), 
blue the Rad4 binding domain (R4B) and yellow the ubiquitin-associated domains (UBAs). 
Proteins that interact with these domains are listed. From Dantuma et al. (2009). B Test 
of UV sensitivity of rad23 strain to which plasmids expressing whole or partial RAD23 
have been added. These plasmids are; a control plasmid (vector), a plasmid containing 
full length RAD23 (RAD23), plasmids expressing RAD23 lacking the UBL or R4B 
domains (rad23!UbL and rad23!R4B) and a plasmid in which the two UBA domains of 
Rad23 have undergone point mutation that disrupts ubiquitin binding (rad23uba) (Ortolan 
et al., 2004). The plasmids are marked with TRP1, thus the strains were plated on to SC-
Trp media and subjected to UV irradiation. C Absolute expansion rates for a wild type 
strain with a vector control, rad23 + RAD23, and rad23 strain with a vector control.  D 
Relative expansion rates for the strains described in B. Performed in S1502B background 
with (CTG)20-CAN1 reporter * P < 0.05, compared to rad23 + RAD23, ⌘ P < 0.05 
compared to rad23 + vector. For C and D, error bars represent ± SEM, n and P values 
are given in Appendix 5.  
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4.3.4 Knockdown of human HR23B does not affect TNR expansion 

frequencies in SVG-A cells 

In humans there are two homologs of the Rad23 yeast protein, HR23A and 

HR23B. The functions of these proteins appear to be conserved as they are 

required for stability of the Rad4 human homolog, XPC, and function during GG-

NER DNA damage recognition (Hsieh et al., 2005; Masutani et al., 1994; Ng et al., 

2003; Okuda et al., 2004; Sugasawa et al., 1996, 1997). Also, both homologs 

interact with the regulatory particle of the proteasome, albeit through a different 

subunit than in yeast (S5a, which is the human homolog of Rpn10) (Fujiwara et 

al., 2004; Hiyama et al., 1999; Kang et al., 2007). In humans, the XPC-HR23A/B 

complex also contains a third protein, Centrin 2, which has multiple roles in the 

cell. Centrin 2 stabilises XPC, localises to the centrosome, and is a member of 

the TREX-2 complex (Araki et al., 2001; Jani et al., 2012).  

In mouse embryonic fibroblasts (MEFs) single knockouts of HR23B and HR23A 

did not result in a dramatic NER deficiency, but in double knockouts NER was 

defective, thus indicating that there is functional redundancy for NER between 

these two Rad23 homologs (Ng et al., 2003). In further studies using MEFs, 

HR23B was found to be 10 times more abundant than HR23A and knockdown of 

HR23B alone resulted in a decrease in XPC levels (Okuda et al., 2004). In the 

same study, overexpression of HR23A in double MEF A/B knockout cells 

restored XPC protein levels and NER activity, again indicating that these two 

homologs can perform equivalent functions in NER (Okuda et al., 2004).  

However, in a HeLa cell line, stable knockdown of HR23A or HR23B gene 

expression resulted in differential responses to DNA damage. Knockdown of 

HR23B resulted in low levels of XPC in UV-C irradiated cells along with poor 

survival and defective repair of 6-4 photoproducts. In contrast, knockdown of 

HR23A did not affect XPC levels, survival, or repair following irradiation. The 

HR23A and HR23B knockdown cell lines also displayed differential cell cycle 

responses to UV-C and γ irradiation. A sensitive host cell reactivation assay 

identified a role for HR23A in basal NER activity in non-irradiated cells (Renaud 

et al., 2011). These differences in HR23A and HR23B involvement in NER 

between MEF and HeLa cells have yet to be resolved. It is possible that they 

represent differences in the NER pathways in mice and human cells, or they 

could be due to the different approaches adopted; knockout versus knockdown 

(0% versus 20% residual protein).  
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Unexpectedly, a mouse knockout of Hr23b alone caused a high rate of 

embryonic lethality, the surviving mice displayed severe growth and 

developmental defects as well as male sterility (Ng et al., 2002). In contrast 

Hr23a-/- mice develop normally (Ng et al., 2003), as do Xpa knockout mice, which 

are totally deficient in NER (van Steeg et al., 2000). Thus HR23B appears to 

have unique cellular function(s) independent of NER. HR23A and HR23B display 

distinct proteasome binding properties due to sequence differences in their UBL 

domains. They also display distinct patterns of polyubiquitinated protein binding 

and have been shown to interact with different substrates (Chen & Madura, 2006). 

Further evidence for functions of HR23B independent of NER comes from studies 

linking HR23B, but not HR23A, levels to cell fate upon HDAC inhibition 

(Fotheringham et al., 2009; Khan et al., 2010). 

Based on the evidence that Rad23 promotes expansions in yeast, and the 

evidence in the literature describing unique roles for this homolog, HR23B was 

targeted for siRNA mediated knockdown. If this Rad23 homolog plays a role in 

promoting expansions then knockdown of HR23B should result in a reduction in 

expansion frequency in human astrocytes. Initial experiments indicated that there 

was a reduced expansion frequency phenotype upon HR23B knockdown, 

however upon performing additional repeats this difference turned out not to be 

statistically significant, perhaps in part due to the large variability between the 

data sets (Figure 4.6 A). Overall, knockdown of HR23B resulted in expansion 

frequencies at 75% of control value (P = 0.55). Knockdown of the protein was to 

~10% of wild type levels as judged by western blot (Figure 4.6 B and C). Analysis 

of the size of the expansion events detected in cells treated with HR23B siRNA 

revealed a shift in the spectrum of repeats added compared to scrambled control 

(Figure 4.6 D). In cells in which HR23B levels were knocked down there was a 

greater propensity for a smaller number of repeats to be added in contrast to the 

range of the scrambled control (Figure 4.6 D and E). However, this difference did 

not show statistical significance (P = 0.10) In summary, knockdown of HR23B did 

not significantly affect expansion frequency, it is possible that in these cells the 

reduction in NER function upon HR23B depletion is being compensated for by 

HR23A and thus a double knockdown of both homologs would be a more 

informative test for expansions.   
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Figure 4.6 Knockdown of HR23B does not affect TNR expansion 
frequencies. A siRNA mediated knockdown of HR23B levels does not alter expansion 
frequencies compared to a scrambled siRNA control (Scr). P = 0.55, n = 7, error bars 
represent ± SEM. B Representative immunoblot for HR23B knockdown. 50 µg total 
protein was loaded in each lane. Actin was used as a loading control. C Quantification of 
HR23B protein knockdown. Protein levels were determined by immunoblotting and 
analysed using Image J software, normalised to actin loading control and to scrambled 
siRNA control. Error bars denote ± one SEM, n=7. D Summary of expansion sizes from 
SVG-A RNAi experiments, the histogram displays the frequency and number of repeats 
added for cells treated with Scr or HR23B siRNA. E Summary of expansion size data. 
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4.4 Discussion 

The work presented in this chapter describes experiments performed to 

investigate the role of NER, and its interaction with the proteasome, in modulating 

TNR expansions in yeast. This chapter reveals, for the first time, a role for both 

GG-NER and TC-NER in promoting expansion of threshold length TNR repeats 

in yeast. Deleting components of either pathway, or a factor that affects both 

pathways, resulted in significant suppression of the TNR expansion rate 

compared to wild type. Deletion of Rad14, a component central to both pathways, 

gave the strongest suppression phenotype, reducing expansions to ~20% of wild 

type rates. Deletion of the GG-NER component Rad16 gave a more modest 

reduction to ~30% of wild type expansion rates whilst deletion of Rad26 of the 

TC-NER pathway reduced expansions by ~50%. Double mutant analysis 

indicated a shared mechanistic pathway between the 26S proteasome and NER 

in promoting TNR expansions. Separation-of-function mutants of the dual 

proteasome/NER component Rad23 showed that deletion of the Rad4 binding 

domain, or the proteasome interacting domain, reduced expansion rates to rad23 

levels. Knockdown of the most abundant human homolog of Rad23, HR23B, did 

not affect TNR expansion frequencies in human SVG-A cells, possibly due to 

genetic redundancy between HR23A and HR23B. In summary, the results in this 

chapter demonstrate a novel role for NER in promoting expansions in yeast, and 

that NER works in a shared pathway with the 26S proteasome to help drive 

expansions.  

 

To date the main model for how NER promotes expansions suggests that the 

transcription-coupled branch of NER alone mediates expansions (Figure 1.10). 

Here it is shown that both GG-NER and TC-NER are involved in promoting 

threshold-length expansions in yeast. It is possible that this discrepancy is due to 

the many differences between the model systems employed. In the human cell 

model used by the Wilson lab very high levels of transcription are driven across 

the long (CAG) tracts and large-scale contractions are monitored (Lin et al., 

2006). In contrast, the transcriptional status of the repeat in our reporter is 

unknown and short expansions of a threshold-length tract are monitored. The 

CAN1 reporter gene must be transcribed for the yeast selection assay to work, 

but it is not known if the repeats themselves are transcribed or whether they are 

only near the active transcription unit. Another possibility is that the dependency 

on the two NER pathways between yeast and human cells is different, or that the 
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delineation between GG- and TC-NER is not as distinct. The latter possibility is 

supported by the observation that in yeast Rad23-Rad4 is involved in both 

branches of NER, while in human cells HR23A/B-XPC-Centrin 2 is involved in 

GG-NER only (Boiteux & Jinks-Robertson, 2013). 

 

A model for how both GG-NER and TC-NER might promote TNR expansions is 

illustrated in Figure 4.7 (adapted from McMurray, 2010). The ‘lesion’ recognised 

is either a bulky DNA adduct or an existing TNR secondary structure stabilised by 

repair proteins. This model is supported by the evidence that UvrA in bacteria 

and XPA in human cells can bind to TNR hairpin substrates, thus the NER 

machinery may recognise these structures as damage and attempt to repair them 

(Lin & Wilson, 2012; Oussatcheva et al., 2001). A critical aspect of this model is 

the knowledge that the 5’ incision precedes the 3’ incision in NER (Staresincic et 

al., 2009). This could provides single-stranded TNR DNA an opportunity to form 

an abnormal secondary structure that can then prohibit 3’ cleavage by the Rad2 

protein. Gap filling and subsequent ligation then incorporates this structure into 

the DNA, which may lead to an expansion in subsequent replication. However, in 

an in vitro assay, XPG was shown to stimulate hairpin repair by promoting 

incisions. Surprisingly, however, the incisions stimulated by XPG in this assay 

were 5’, instead of its normal 3’ incisions (Hou et al., 2011). Thus, the presence 

of a TNR structure may significantly alter XPG activity.  
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Figure 4.7 Model for NER involvement in TNR instability. In this model the 
starting lesion could either be UV-induced DNA damage in the TNR tract or an already 
formed TNR secondary structure. The lesion (orange star) results in stalling of RNA pol II 
on transcribed strands or recruitment of the GG-NER damage recognition complex on 
non-transcribed strands. TFIIH, RPA and Rad14 are then recruited to unwind the DNA 
and form the pre-incision complex. Rad1-Rad10 incises the DNA first, 5’ of the damage. 
In this model the cut TNR DNA snaps back to form a secondary structure, which is 
refractory to Rad2 cleavage. Thus the structure is maintained and ligated to the repaired 
strand. If the structure persists it may be converted to an expansion by the next round of 
DNA replication or an error-prone repair mechanism.   

 

The results in this chapter also indicate a shared mechanism between the 26S 

proteasome and NER. To investigate this interaction, a regulatory particle subunit 

and a core particle subunit were chosen as it has been suggested that the 

regulatory particle acts independently of the core particle to regulate NER 

(Russell et al., 1999). It is still possible that some ATPases in the base of the 
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regulatory particle have distinct interactions with NER that have not been tested 

here. Interestingly, some regulatory particle subunits, but not others, were 

recruited to DNA damage foci after genotoxic stress (Tsolou et al., 2012). This 

suggests that individual proteasome subunits could play distinct roles in the DNA 

damage response and repair. Despite this, the evidence presented here 

suggests that both the core and regulatory particles are involved in promoting 

expansions in a pathway shared by NER. The sem1 rad14 and pre9 rad14 

double mutant results, targeting the regulatory and core particle and the core 

NER pathway, give a clear indication that these two pathways are shared. 

One double mutant did not show statistically similar expansion rates to the single 

proteasome mutant. The increased UV sensitivity and concurrent increased 

suppression of expansions in the sem1 rad16 mutant is surprising. The 

hypothesis that the GG-NER pathway operates independently of the proteasome 

is contradicted by the pre9 rad16 double mutant results. Investigations into the 

regulation of NER by Gillette et al. (2006) led this group to suggest a model in 

which two pathways regulate NER. One operates via Rad23 and the regulatory 

particle of the proteasome, and a second via the Rad7-Rad16-Elc1-Cul3 complex 

through ubiquitination of Rad4 (and other unknown proteins), and stimulation of 

de novo protein synthesis (Gillette et al., 2006). It is possible that targeting Sem1 

and Rad16 disrupted both of these pathways, resulting in a synergistic effect on 

NER and also expansions.  

Chapter 3 demonstrated the importance of the proteolytic activity of the 

proteasome in promoting expansions, and thus would suggest that the function of 

the proteasome in this shared pathway may be to do with degradation of NER, or 

other, factors. The proteasome is responsible for Rad4 degradation. However, if 

this were the factor involved in the expansion phenotype, one would expect rad4 

mutant expansion rates to be higher than wild type and for Rad4 to have a 

protective effect that is removed by the proteasome. In fact, deletion of RAD4 

also results in suppression of expansions (Figure 4.2 A). Thus proteasome-

mediated Rad4 degradation is not the mechanism by which expansions are 

favoured. This is supported by research that indicates that proteasomal 

degradation of Rad4 occurs subsequent to repair and is not required for efficient 

NER (Gillette et al., 2006). It was previously shown that inhibition of proteasome 

chymotryptic activity does not affect yeast NER activity in vitro (Russell et al., 

1999). In contrast, treatment of human fibroblasts with the proteasome inhibitors 

MG132 and lactacystin resulted in reduced repair of CPD lesions and disrupted 
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recruitment of XPC and XPB to damage sites (Wang et al. 2005). However, the 

study by Wang et al. (2005), failed to control for the effect that proteasome 

inhibition may have had on free ubiquitin depletion, despite the same publication 

demonstrating that disruption of the ubiquitin activating enzyme in mice cells 

negatively impacted NER.  

One way in which proteasome proteolysis is directly involved in NER is the 

proteasome-mediated degradation of stalled RNA pol II at a blocking lesion. In 

yeast, co-ordination of Rad26 and Def1, along with Cdc28 and specific E3 

ligases, results in polyubiquitination and degradation of the largest subunit of 

RNA pol II (Wilson et al., 2013). This allows the NER machinery to gain access to 

the site of damage.  

Based on the model in Figure 4.7, another way in which proteolysis by the 

proteasome may promote expansions is removal of Rad2 before it is able to 

perform the second incision. The ‘ubiquitin clock’ hypothesis, as outlined in 

Chapter 1, predicts that the sequential addition of ubiquitin to create a 

polyubiquitin chain represents a temporal regulation of proteins. This clock can 

be regulated then, by the action of specific ubiquitin ligases and their opposing 

deubiquitinases. If the presence of a secondary structure impedes Rad2 activity it 

may become polyubiquitinated and degraded before it can incise the DNA. This 

Rad2-proteasome interaction has not yet been investigated but the model does 

present opportunities to examine this mechanism.   

Separation of function mutations were used to investigate the roles of Rad23 that 

are involved in promoting expansions. Rad23 has two poorly defined functions in 

NER mediated through its UBL and R4B domains, and a ubiquitinated protein 

shuttling factor function, performed using its UBA domains. Deletion of different 

Rad23 domains suggests that its role in NER is the primary way in which Rad23 

promotes expansions. Deletion of the two domains previously shown to be vital 

for efficient NER (UBL and R4B) resulted in reduction of expansion rates to the 

same levels as deletion of the entire Rad23 protein. Disruption of the two UBA 

domains did not result in the same suppression of expansions. It must be noted 

that previous work with tagged versions of these plasmids showed that without 

the UBL and UBA domains, there is a lack of protein stability and lower 

expression. However the protein lacking R4B was expressed at wild type levels 

(Ortolan et al., 2004). Thus it is possible that the phenotype seen upon UBA 

domain disruption is due to lower overall Rad23 levels, thereby also indirectly 
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affecting NER activity. Thus, the NER functions of Rad23 appear to be the main 

mechanism by which it affects expansions, not its ubiquitin shuttle factor function. 

This may help explain the surprising result that single deletion of any of the three 

ubiquitin shuttle factors resulted in suppression of expansion rates (Figure 3.10).  

A possible expansion-promoting role of human HR23B was evaluated using 

siRNA-mediated knockdown in SVG-A cells. The lack of expansion frequency 

phenotype for HR23B can be explained by two possibilities. Firstly, it is possible 

that upon HR23B depletion, HR23A is upregulated and steps in to fill the role of 

HR23B in NER. Thus, there is no deficiency in repair and no effect on TNR 

expansions. The second possibility is upon HR23B depletion there is disruption 

of GG-NER activity but it does not affect TNR expansions. These possibilities 

would be best investigated by double HR23A/B knockdown and concurrent 

immunoblotting for XPC levels or performing NER activity assays. An alternative 

would be to target XPC for knockdown. Regardless of which possibility proves 

true, it is clear that those non-NER functions that have been attributed to HR23B 

alone are not involved in modulating TNR expansions in SVG-A cells. 

Interestingly HR23A and HR23B have been found in neuronal inclusions in brain 

tissues of patients that suffered from polyQ TNR expansion disorders (Bergink et 

al., 2006), and HR23B interacts with Ataxin 3, the polyQ protein respsonsible for 

SCA3 (Doss-Pepe et al., 2003). In summary, further investigation will be required 

to determine the roles of HR23A/HR23B/XPC in modulating TNR instability in 

human cells.  

 

To summarise, this chapter demonstrates for the first time that NER promotes 

expansions of threshold-length TNRs in yeast and that both the GG-NER and 

TC-NER sub-pathways are involved. Evidence suggests that NER and the 26S 

proteasome work together to promote expansions of threshold-length TNRs in 

yeast.  
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5.1 Conclusions  

The work in this thesis identifies several novel proteins that promote expansions 

of TNR alleles near the threshold length. The threshold represents a crucial 

length bracket past which expansions are predominant, ultimately resulting in 

disease. Thus, expansions that cross this threshold are the key, disease-initiating 

mutations. Using a yeast TNR expansion assay, the 26S proteasome and UPS-

related proteins, two subunits of the TREX-2 complex, and both sub-pathways of 

NER, were identified as driving factors of somatic TNR expansions. The role of 

the 26S proteasome in promoting expansions is conserved in a human astrocytic 

cell line, as knockdown of human proteasome subunits also suppressed 

expansions. Moreover, evidence suggests that the proteasome and the TREX-2 

complex, and the proteasome and NER, function in common pathways to 

promote expansions. Figure 5.1 re-iterates the working model for this thesis 

based on the premise that TNR expansion is modulated by the opposing actions 

of two sets of proteins. The list of existing proteins known to promote somatic 

TNR expansions has been expanded to include those identified in this work. 

Evidence that implicates the 26S proteasome in promoting expansions in both 

yeast and human cells is presented in Chapter 3. Deletion of non-essential 

proteasome subunits, or interacting factors such as the ubiquitin shuttle proteins, 

resulted in suppression of expansions. Inhibition of the chymotryptic activity of 

the proteasome also suppressed expansions, indicating that proteolytic activity is 

important for its role in driving TNR expansions. In human cells, siRNA-mediated 

knockdown of a regulatory particle subunit, PSMC5, and a core particle subunit, 

PSMB3, suppressed expansions, concurrent with a decrease in proteolytic 

activity. Knockdown of another regulatory particle subunit, DSS1, did not affect 

chymotryptic activity or expansions. Thus, the 26S proteasome in yeast and 

human cells promotes TNR expansions through a mechanism that requires 

protein proteolysis.  

Also in Chapter 3, a novel role for the TREX-2 complex in modulating expansions 

was identified. Single deletions of two TREX-2 subunits reduced TNR expansion 

rates. Double mutant analysis indicated that TREX-2 and the 26S proteasome 

affect expansions by a shared pathway.  
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Figure 5.1 Factors that promote TNR expansions. A The working model for this 
thesis predicts that formation and processing of abnormal TNR secondary structures is 
central to TNR expansion. Promoting proteins, the focus of this thesis, can act to drive 
the expansion process forward. B The list of factors known to promote somatic TNR 
expansions is expanded to include those proteins identified in this thesis. Proteasome 
subunits are shown in blue, with the ubiquitin shuttle factors and the proteasome-related 
transcription factor, Rpn4, in a lighter blue. Subunits of the TREX-2 complex are shown in 
green. Factors that operate in the NER pathway are shown in red. Subunits tested that 
did not affect expansion rates are also listed in black.  
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In Chapter 4, the role of the NER pathway in modulating expansions was 

explored. Investigation of factors specific to each sub-pathway, or to the core 

NER pathway, indicated that both GG- and TC-NER are involved in promoting 

expansions of threshold-length alleles in yeast. This provides the first evidence 

that the GG-NER and TC-NER lesion recognition steps can promote TNR 

expansions. It also supports the finding in a SCA1 mouse model that XPA 

(Rad14) can promote somatic expansions (Hubert et al., 2011). It appears that 

NER and the proteasome also operate through a shared pathway to affect 

expansions, perhaps with this interaction mediated by the Rad23 protein which 

links these two systems. The data presented in this thesis, therefore, contribute 

to the knowledge of factors that promote TNR expansion.  

 

5.2 Future studies 

5.2.1 Investigating the mechanism of proteasome involvement  

A. Further characterisation of proteasome involvement 

Since decreased proteasome activity results in suppression of expansions, one 

testable hypothesis is that an increase in proteasome activity may increase 

expansion rates. In yeast, disruption of the degradation pathway for Rpn4 results 

in stabilisation of this transcription factor and increased expression of proteasome 

genes. The E3 Ubr2 and its interacting partner Mub1 are required for 

ubiquitination and subsequent degradation of Rpn4. Deletion of either of these 

proteins resulted in an increase in proteasome abundance and an increase in all 

three proteolytic activities (Kruegel et al., 2011). Such deletion mutants could be 

tested for TNR instability phenotypes in parallel with a proteasome activity assay. 

Alternatively, this hypothesis could be tested by employing a non-degradable 

Rpn4 mutant which has been previously characterised (Ju et al., 2010). If the 

experiments in yeast showed an increase in expansions concurrent with an 

increase in proteasome activity, this approach could be extended to human cells. 

In human embyronic fibroblasts, stable overexpression of PSMB5 resulted in 

increased levels of assembled proteasome and increases in all three 

proteasomal activities (Chondrogianni et al., 2005). Another opportunity to 

increase proteasome activity arises from the finding that expression of a 

phospho-mimic Rpt6S120D mutant increased chymotryptic activity in rat striatal 

cells (Lin et al., 2013).  
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Because SVG-A cells are extremely sensitive to treatment with a proteasome 

inhibitor, the role of proteasome proteolysis in expansions could not be examined 

in this way. An alternative method would be to use an in vitro approach. The 

Lahue lab have developed an in vitro instability assay using human cell-free 

extracts that is amenable to addition of chemical inhibitors (Stevens et al., 2013). 

Instability could be monitored following addition of proteasome inhibitors to the 

extract to determine whether expansions are suppressed in this system upon 

disruption of proteolytic activity. Concurrent extracts treated with inhibitor could 

be subjected to a proteasome activity assay to determine the level of inhibition.  

 

B. Identifying proteasome substrates involved in TNR expansions – 

candidate approach 

Investigation of the NER pathway in this thesis represents a candidate approach 

based on the known interactions between NER and the proteasome. One 

candidate proteasome substrate that begs further investigation is stalled RNA pol 

II. Polyubiquitination and degradation of the largest subunit of RNA pol II, Rpb1, 

is a carefully controlled process (Figure 5.2). To test the involvement of 

proteasomal degradation, the RNA pol II degradation factor Def1 could be 

targeted for deletion. Def1 acts in a complex with Rad26 to degrade RNA pol II 

that has arrested at DNA damage. Thus, deletion of Def1 prevents degradation of 

RNA pol II following DNA damage (Woudstra et al., 2002). If the proteasome 

normally acts to promote expansions by degrading RNA pol II then deletion of 

Def1 should counteract this. This would result in a decrease in expansions in 

def1 mutants and should result in no change in phenotype in a proteasome def1 

double mutant or a def1 mutant treated with MG132. Levels of Rpb1 could be 

determined by western blot in def1 and MG132 treated cells. 
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Figure 5.2 Regulation of Rpb1 degradation. Upon irreversible stalling of RNA pol 
II, Rpb1 is ubiquitinated by the E3 Rsp5 with the E2 Ubc5. Further ubiquitination of Rsp5 
results in a K63 linked polyubiquitin chain the role of which is unknown. Ubp2 works in 
opposition to maintain monoubiquitinated Rpb1. Further Def1 mediated K48-linked 
polyubiquitination by Elc1-Cul3-Ela1 marks Rbp1 for degradation by the proteasome. 
Working in opposition to this polyubiquitination pathway is the Ubp3 deubiquitinase. 
Adapted from Wilson et al. (2013).  

 

Ideally, this stalling pathway would be investigated by promoting degradation of 

RNA pol II in wild type cells. Increased stalled RNA pol II degradation then would 

be predicted to increase TNR expansions rates. It may be possible to accelerate 

polymerase degradation by overexpressing the E3 ligases that ubiquitinate the 

RNA pol II subunit Rpb1. Rsp5 is required for monoubiquitination of Rpb1 whilst 
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the Ela1-Elc1-Cul3 E3 complex is responsible for the K-48 linked polyubiquitin 

signal that targets it for degradation (Wilson et al., 2013). The caveat for 

interfering with these E3 ligase functions, however, is that Rpb1 is not their sole 

target. For example, Elc1-Cul3 also operates in a separate complex with Rad7-

Rad16 to affect GG-NER (Boiteux & Jinks-Robertson, 2013). 

Degradation of RNA pol II is confined to the elongating form by recognition of the 

phosphorylation code on its C-terminal domain (CTD). Hyperphosphorylation of 

serine 5 due to disruption of Ssu72 phosphatase function inhibited RNA pol II 

ubiquitination (Somesh et al., 2005). The presence of this elongation form of RNA 

pol II correlates with somatic TNR instability in mice models of HD (Goula et al., 

2012). Also, the proteasome is recruited to stalled polymerase complexes where 

it interacts directly with elongating RNA pol II (Gillette et al., 2004). Thus, if 

deletion of Def1 results in accumulation of polyubiquitinated Rpb1 concurrent 

with a decrease in expansion rates, it may be worthwhile to perform chromatin 

immunoprecipitation studies at the TNR for the presence of stalled RNA pol II and 

the proteasome in wild type cells. It is probable that any interaction is likely to be 

quite transient, therefore disruption of the RNA pol II degradation pathway, 

treatment with a proteasome inhibitor, or over-expression of the RNA pol II 

deubiquitinating enzyme Ubp3, might be useful to prolong the interaction.  

 

C. Identifying proteasome substrates involved in TNR expansions – 

screening approach 

The involvement of the proteasome in TNR expansions is likely to be pleiotropic 

in nature with disruption of different protein levels affecting several processes 

within the cell. While evidence in Chapter 3 indicates that protein proteolysis is 

involved, non-proteolytic mechanisms cannot be excluded as yet. A third, more 

indirect, mechanism of action could involve altered transcription of relevant genes 

upon disruption of proteasome activity, as occurs when cells are treated with 

proteasome inhibitors (Dembla-Rajpal et al., 2004; Fleming et al., 2002).  

One way to distinguish between these mechanisms is to screen for yeast mutants 

that reverse the expansion phenotype due to defects in the proteasome. To 

adopt a screening based approach, a yeast deletion library that contains a TNR 

reporter could be screened for expansion rate changes upon treatment with a 

proteasome inhibitor. Rescue of the expansion rate back to wild type levels would 
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indicate that the gene deleted is normally stabilised by proteasome inhibition and 

protects against expansions. Alternatively, identification of the proteasome 

substrates could be undertaken by screening the E3 ligases for an expansion 

rate phenotype. In yeast there are 60-100 putative E3 ligases that ubiquitinate 

discrete sets of subunits (Finley et al., 2012). A third screening strategy is 

through investigation of the ubiquitin shuttle factors that operate downstream of 

the E3 ligases to recruit polyubiquitinated proteins to the proteasome. In this 

study, deletion of any of the three known ubiquitin shuttle factors, Rad23, Dsk2 

and Ddi1, resulted in suppression of expansions. Subsequently it was shown that 

Rad23 most likely affects expansions through its role in the NER pathway. It 

might be worthwhile to investigate a dsk2 ddi1 double mutant to identify whether 

these shuttle factors act in parallel or co-operate to recruit substrates to the 

proteasome. Another possibility is that, like Rad23, the expansion rate phenotype 

could be a result of Dsk2 and Ddi1 functions distinct from their role as ubqiuitin 

shuttle factors.  

 

D. Could proteasome inhibitors alleviate somatic instability? 

In this thesis the proteasome is identified as a promoting factor of somatic TNR 

expansions. However, the proteasome has an important role in protecting against 

the downstream cellular effects of polyQ protein expression (Davies et al., 2007). 

Thus, disruption of proteasome function in such disorders may only serve to 

compound the problem. In contrast, evidence suggests that proteasome inhibition 

in FRDA cells prevents RNA pol II degradation at TNR stall sites and can 

upregulate Frataxin expression (R. Festenstein, personal communication, 2012). 

Therefore, it is possible that proteasome inhibition in some non-coding TNR 

disorders could result in two beneficial effects – it could prevent somatic 

instability and upregulate gene expression. The work in this thesis gives strong 

support for a concurrent monitoring of the effect of proteasome inhibition on 

somatic instability when performing such proteasome inhibitor experiments.  
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5.2.2 Elucidating the role of NER in promoting expansions 

A. Further characterisation of NER involvement 

The findings presented in Chapter 4 show that in yeast both GG-NER and TC-

NER affect TNR expansions. This work should be extended to human astrocytes 

to investigate the effect of the two sub-pathways and core NER pathway on 

expansions. Knockdown of HR23B alone resulted in no change in expansion 

frequencies, although a high variability in the data may be hiding an effect. Future 

experiments could be directed at siRNA-mediated knockdown of other NER 

components. Knockdown of XPA, as a core component of NER, would indicate 

whether NER is involved in promoting expansions in this system. If expansion 

frequencies are shown to decrease upon XPA knockdown then both HR23A and 

HR23B or, alternatively, XPC, could be targeted to test GG-NER involvement. 

The second complex involved in GG-NER in human cells, DDB1-DDB2, has 

never been tested for involvement in TNR instability, the effect of knockdown of 

one of these subunits should also be examined. TC-NER could be investigated 

by knockdown of CSB or CSA. In vitro binding assays in bacteria and human 

cells have determined that Uva and XPA can interact with secondary structure 

forming TNR DNA (Lin & Wilson, 2012; Oussatcheva et al., 2001). Therefore, if 

knockdown of XPA results in an expansion rate phenotype, it would be 

worthwhile to perform ChIP in control cells to see if there is enrichment of XPA at 

the TNR.  

The model discussed in Chapter 4 for NER involvement in TNR expansions, 

while quite basic, sets out some testable hypotheses (Figure 4.7). This model 

predicts that cleavage of DNA during NER by the Rad1-Rad10 complex allows a 

secondary structure to form that inhibits Rad2 incision. In NER, the 5’ incision 

precedes that of the 3’, and this 5’ incision occurs even in the absence of XPG 

activity (Constantinou et al., 1999). It was also shown that DNA polymerase 

activity begins before the 3’ incision occurs (Staresincic et al., 2009). Thus, if the 

5’ incision releases a single stranded flap of TNR DNA, structure formation could 

block Rad2 activity, resulting in nucleotide addition and ligation of the structure 

into the DNA. Because Rad2 is involved in both transcription and NER, its 

deletion may result in confounding effects. However, in human XPG a single 

amino acid substitution (E791A) inactivates its 3’ incision activity during NER 

(Constantinou et al., 1999). Mutation of the corresponding residue in Rad2 was 

shown to result in increased UV sensitivity to wild type cells without disruption of 
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its role in transcription (Lee et al., 2002). Testing a Rad2 mutant that lacks 

nuclease activity in the yeast expansion rate assay would be worthwhile. Mutants 

deficient in Rad2-mediated 3’ NER incision activity would be predicted to promote 

TNR secondary structure and thus increase the rate of expansions.  

The active site of the XPF-ERCC1 human homolog of Rad1-Rad10 has also 

been characterised. Point mutations of some of the residues in this active site 

resulted in loss of nuclease activity without affecting DNA binding or heterodimer 

formation (Enzlin & Schärer, 2002). Identifying and mutating the corresponding 

residues in the yeast homologs could provide a mutant unable to incise DNA 

during NER. Without this first incision the TNR secondary structure would not be 

able to form. Thus a nuclease deficient Rad1-Rad10 mutant would be predicted 

to reduce expansion rates.  

To further investigate the role of NER in promoting expansions, yeast could be 

subjected to mild UV irradiation before undergoing fluctuation analysis. Careful 

controls would have to be performed to ensure that mutation of the reporter gene 

or reduced growth rates following damage do not confound the results. As 

described above, the in vitro assay developed in the Lahue lab could also prove 

useful for investigating the role of NER in TNR expansions. XP or CB patient 

derived cell extracts could be used to investigate the roles of the NER proteins 

using undamaged or lesion-containing TNR plasmids.  

Of the six double proteasome/NER double mutant combinations, sem1 rad16 

gave an expansion rate phenotype that was statistically distinct from the 

respective sem1 and rad16 single mutant phenotypes. The reason for this is 

speculated to be a synergistic effect of disrupting the regulatory particle activities 

(sem1) and the Rad16-Rad7-Elc1-Cul3 E3 ubiquitin ligase complex functions 

(rad16) that operate in independent pathways to regulate NER (Gillette et al., 

2006). Because Elc1-Cul3 also operates to polyubiquitinate RNA pol II in a 

complex independent of Rad16, disruption mutants of these proteins may not be 

informative. Treatment with a rad16 mutant with MG132 should be performed to 

confirm the pre9 rad16 mutant result that indicates a shared pathway between 

the 26S proteasome and this GG-NER factor. If MG132 treatment does not 

further reduce the rad16 expansion rate phenotype then protein proteolysis by 

the proteasome is required in the GG-NER pathway to promote expansions. To 

eliminate the possibility that Sem1 is interacting with Rad16 outside of its role as 

a proteasome subunit, a second regulatory particle mutant could be tested in a 
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rad16 background. If the result is the same as that seen for sem1 rad16, then it 

would suggest the interesting possibility that the proteasome has two separate 

functions in NER that affect TNR expansions: One mediated by protein 

proteolysis through the core NER pathway and one mediated by the regulatory 

particle in a GG-NER specific manner.   

 

B. Does transcription play a role in the mechanism by which NER promotes 

expansions? 

Previous work identifying an involvement in TNR instability for NER factors in 

bacteria, human cells and flies all used assays in which high rates of transcription 

were driven across the repeat (Jung & Bonini, 2007; Lin et al., 2006; 

Oussatcheva et al., 2001). However, knockout of the TC-NER factor CSB in a HD 

mouse model did not affect somatic TNR instability (Kovtun et al., 2011). It would 

be interesting to develop a yeast TNR expansion assay in which inducible 

transcription occurred across the repeat. This would allow investigations into the 

hypothesis that the rate of transcription alters the effect TC-NER has on TNR 

instability. There is a range of inducible promoters available in yeast including 

those that are stimulated by chemicals, metabolites or even light. However, 

significant alterations would have to be made to the TNR reporter assay to allow 

transcription across the repeat. At the moment the assay relies on the sensitive 

spacing requirements of the Adh1 promoter upstream of a transcribed reporter 

gene (Furter-Graves & Hall, 1990). Expansion of the repeat means the preferred 

transcription initiation site is outside of the range of the promoter. Inclusion of an 

out-of-frame start codon upstream of the normal transcription initiation site 

ensures that if any upstream transcription does occur it will result in translational 

incompetence. Thus, the challenge in developing a reporter in which the TNR is 

transcribed will be devising an expansion selection mechanism. In a yeast model 

system designed to monitor large (GAA) expansions the TNR is inserted in the 

ACT1 intron within the URA3 gene. When the TNR expands, the intron is not 

spliced out and expression of the URA3 reporter gene is impeded. Thus, yeast 

with an expansion can be selected for growth on 5-FOA. This system has been 

used to investigate large expansions of disease-length (GAA) repeats. With 

optimisation this reporter may permit investigation of transcribed shorter (CTG) 

repeats (Shishkin et al., 2009).  
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If transcription across the repeat were shown to be important in driving TNR 

expansion in the presence of TC-NER factors, it would be intriguing if the effects 

of knockout of TC-NER or core NER components in R6/1 versus R6/2 mice could 

be tested. These two mouse models of HD differ in the transcriptional status of 

transgene, with R6/2 mice displaying higher transcription across the repeat in 

concurrence with greater TNR instability and faster disease progression (Goula et 

al., 2012).  

5.2.3 Investigating the interaction between the proteasome, TREX-2 and 

NER in promoting expansions 

The evidence that both TREX-2 and NER seem to modulate expansions in 

pathways shared by the proteasome begs the question as to whether all three 

complexes interact. This possibility has not been directly examined in this thesis 

but is hinted at by the double mutant analysis results for sem1 rad14. Deletion of 

SEM1 affects both the proteasome and TREX-2 and Rad14 is a core component 

of NER. The interaction could be further addressed by triple mutant analysis 

using a thp1 pre9 rad14 mutant. Figure 5.3 depicts the known interactions that 

link these pathways. 

 

Figure 5.3 Known interactions between TREX-2, the 26S proteasome and 
NER. A myriad of interactions link these three pathways. Upon stalling of RNA pol II 
Rad26 and Def1 co-ordinate its proteasome-mediated proteolysis. Rad23 interacts with 
the regulatory particle of the proteasome and has a role in regulating NER and stabilising 
Rad4 from degradation. Sem1 is a member of the proteasome and the TREX-2 complex. 
Within the TREX-2 complex Thp1 was shown to be important for efficient NER, while 
Cdc31 directly interacts with Rad4 and the proteasome. Sus1 of the TREX-2 complex is 
also a SAGA complex member, which is recruited to transcription start sites by ATPases 
in the proteasome regulatory particle. Rad16 is not involved in TC-NER, but regulates 
Rad4 ubiquitination and may influence NER by a second pathway distinct from the main 
proteasome/NER interaction. 
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5.2.4 Alternative methods to identify novel promoting factors of TNR 

expansions 

The blind screen for proteins that promote expansions proved to be an effective 

measure of identifying a small number of novel factors that drive expansions 

(Debacker et al., 2012). However, this screen isolated only one 26S proteasome 

component, Sem1, whilst it is shown in Chapter 3 that several other UPS related 

proteins also promote expansions. Also Chapter 4 describes the role of several 

NER factors as drivers of expansions. Why then did the screen fail to identify 

these other promoting factors? There are two probable explanations, firstly the 

disruption library used covered only ~50% of the yeast genome, thus many 

genes were simply not tested. Secondly, the initial screening stages of the assay 

employ a quantitative test (replica plating on to canavanine containing media) 

that could be prone to errors. Unfortunately, due to the large number of strains it 

is simply not feasible to perform fluctuation analysis for all initial mutants.  

The optimisation of a liquid fluctuation assay could make this screen more high-

throughput. There are several commercially available yeast libraries that could be 

used in such an assay. They include a deletion set of all non-essential genes, 

and two libraries of essential genes, in which gene expression is partially 

suppressed either permanently (DAmP), or inducibly (yTHC) 

(www.thermoscientificbio.com). Such libraries could be crossed with a yeast 

strain containing the TNR reporter. If the fluctuation assay could be performed in 

liquid, then the yeast could be grown in selective or non-selective media in multi-

well plates. Subsequently, a spectrophotometric reading could be used to 

determine cell counts and expansion rates.  

Alternatively, a human cell assay more amenable to high-throughput screening 

could be developed. Research is underway to create a human cell reporter 

system in which loss or gain of fluorescence serves as the read out for TNR 

length change (R.S. Lahue, personal communication). Thus, changes in 

expansion frequency could be determined using FACS analysis. This would allow 

blind screening of siRNA or chemical libraries for factors that affect expansions. 

In contrast to the candidate-based approach adopted in human cells in this work, 

such random unbiased screening could help uncover important novel factors that 

affect expansions.  
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A 2.1 Introduction 

The base of the regulatory particle of the 26S proteasome contains 6 essential 

ATPase subunits; Rpt1-6 (Finley et al., 2012). Despite their structural similarity 

there is no functional redundancy and rpt mutants with disruptions in the ATP 

binding motif display different growth and protein turnover phenotypes (Rubin et 

al.,1998). Many non-proteolytic functions in DNA repair, chromatin modification 

and transcription have also been attributed to these ATPase subunits, in 

particular Rpt4 and Rpt6, in both yeast and human cells (Chaves et al., 2010; 

Fraser et al., 1997; Gillette et al., 2006; Kinyamu et al., 2005; Rubin et al., 1996; 

Thompson et al., 2009). The essential nature of these genes makes them difficult 

to study as deletion or disruption results in cell death. Here, use was made of 

mutants from the Yeast Tet-Promoter Hughes Collection (Open Biosystems) to 

study the RPT2, RPT4 and RPT6 genes. In these yeast strains the endogenous 

promoter of the gene of interest has been replaced with a Tet-titratable promoter. 

This allows the expression of the gene to be switched off by the addition of 

doxycyline to the media.  

 

A. 2.2 Results 

The Tet-titratable promoter strains for the ATPase subunits Rpt2, Rpt4 and Rpt6 

were acquired from Kirill Lobachev (Georgia Tech) (referred to here as rpt2-t, 

rpt4-t, rpt6-t) along with the parental wild type strain R1158 (referred to as wild 

type). The strains were confirmed using the primers described by Open 

Biosystems. The CAN1 gene was replaced by a LEU2 marker, and the (CTG)20-

CAN1 reporter was integrated into the strains at the LYS2 locus and confirmed 

by Southern blot. To investigate the reported growth phenotype of these strains 

with or without doxycycline, a series of spot tests was performed. As is evident in 

Figure A2.1 A, the rpt2-t strain has an impaired growth phenotype without the 

addition of doxycyline. As previously noted (Zhang et al., 2012), for some strains 

merely the change of promoter results in disruption of gene expression. This 

appears to be the case for the rpt2-t strain. At a dose of 1 µg/mL doxycycline 

added to YPD medium, rpt2-t and rpt6-t growth is severely impaired. At 10 µg/mL 

none of the three strains can grow. These strains are characterized by Open 

Biosystems by their growth defect at 10 µg/mL and the results seen here copy 

the reported ‘severe growth defect’ phenotypes for all three strains.  
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Figure A2.1 B shows the results of fluctuation analyses performed with or without 

the doxycycline. For the first set of experiments the rpt2-t strain slow growth 

phenotype was accounted for by allowing the starter plates an extra day to grow 

to the required colony size of ~4 million and extending the time the non-selective 

and selective plates were left in the incubator. Even without the addition of 

doxycycine, the effect on TNR instability was severe for the rpt2-t strain (Figure 

A2.1 B), as TNR expansions were reduced to just 0.03% of wild type levels.  

Figure A2.1 Growth defect and expansion rate phenotype upon depletion of 
essential proteasome subunits. A Upon addition of doxycycyline to the media the 
expression of the RPT2/4/6 genes is downregulated, resulting in severe growth 
impairment. B Expansion rates with and without the addition of 0.5 µg/mL doxycycline to 
the starter plates. C Western blot showing accumulation of polyubiquitinated proteins in 
the rpt2-t strain compared to wild type strain, no doxycycline was added. 10 µg of protein 
was loaded, actin was used as a loading control.  
 

Figure A2.1 C shows that polyubiquitinated proteins accumulate in this rpt2-t 

strain indicating that proteasome activity is compromised, as previously reported 
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for rpt2 mutants (Köhler et al., 2001; Rubin et al., 1998). For the rpt4-t and rpt6-t 

strains without doxycycline addition there was no significant change from wild 

type rates. Upon addition of 0.5 µg/mL doxycyline to the starter plates, there was 

a non-significant reduction in TNR expansion rates in rpt4-t and rpt6-t (Figure 

A2.1 C). 

 

A 2.3 Discussion 

The results seen here for the rpt2-t strain indicate a clear suppression of 

expansions upon depletion of Rpt2. The slow growth phenotype without addition 

of doxycycline indicates that in this strain merely the introduction of a different 

promoter has disrupted RPT2 gene expression. Rpt2 acts at the gate to the core 

particle to promote proteolysis (Gillette et al., 2008; Köhler et al., 2001). The 

dramatic decrease in expansion rate phenotype is concurrent with a strong 

accumulation of polyubiquitinated proteins. This evidence points to an important 

role for Rpt2 in promoting TNR expansions through its function in promoting 

proteolysis.   

No expansion rate suppression was seen when the rpt4-t or rpt6-t strains 

underwent fluctuation analysis from starter plates containing 0.5 µg/mL 

doxycycline. This may be due to the fact that the proteins are insufficiently 

depleted at this concentration of doxycylcine to have an effect. Further 

experiments with different concentrations of doxycycline are needed to confirm 

this, however this is problematic because the essential nature of the genes 

means that their depletion results in cell death. An alternative hypothesis is that 

reduction of Rpt4 and Rpt6 levels does not affect expansion rates as the 

proteolytic activity of the proteasome is not sufficiently affected when these 

subunits are depleted. However, a temperature sensitive mutant of Rpt6 showed 

decreased activity in all three peptidase functions of the proteasome (Chouduri et 

al., 2008) and inactivation of Rpt4 and Rpt6 ATPase function revealed they are 

not functionally redundant and are both required for full proteolytic activity of the 

proteasome (Russell et al., 2001). In human cells knockdown of the Rpt6 

homolog PSMC5 results in a defect in proteolysis (Koues et al., 2009; Yamada & 

Gorbsky, 2006). Again further doxycyline experiments, coupled with proteasome 

activity assays, are required to determine the role, if any, of these ATPases in 

promoting TNR expansions. It is interesting to note that overexpression of these 
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two subunits in human cells resulted in enhanced mutant huntingtin and SCA-3 

aggregation, suggested to be due to a remodeling activity that they are thought to 

possess (Rousseau et al., 2009).  
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A 3.1 Introduction 

The results presented in Chapter 3 provide evidence that the proteolytic activity 

of the proteasome is involved in promoting TNR expansions. However, non-

proteolytic activities have not been ruled out by these experiments. In an attempt 

to distinguish the relative effect proteolytic and non-proteolytic activities of the 

proteasome may have on TNR expansions, an erg6 sem1 double mutant was 

treated with the proteasome inhibitor MG132 alongside a single erg6 mutant. As 

outlined in Chapter 2 (Section 2.2.15), the erg6 deletion allows MG132 to enter 

the yeast cell. The hypothesis was that if proteolytic activity alone was involved in 

promoting expansions then there should be no difference in the expansion rate 

between the single and double mutants treated with MG132. If some non-

proteolytic activity of Sem1 were involved then the expansion rate would differ.  

 

A 3.2 Results 

An erg6 sem1 mutant was created and treated with 100 µM MG132 for 20 hrs as 

performed previously for a single erg6 mutant (Chapter 2, Section 2.2.15). 

However, the yeast growth slowed down dramatically upon treatment with 

MG132. A growth assay was performed with lower concentrations of MG132 

(Figure A3.1) and even at 20 µM MG132 the growth of the erg6 sem1 strain was 

severely impaired. It was decided that this experiment was not feasible as any 

results would be compromised by the arrested state of the yeast.  

Figure A3.1 Effect of MG132 on growth of erg6 sem1 strain. The addition of 
DMSO control or concentration of MG132 is indicated in the graph legend. The results for 
the double erg6 sem1 mutant are prefixed with d.  
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A 3.3 Discussion 

MG132 primarily inhibits the chymotryptic activity of the core particle and the 

surprising ability of yeast to continue to grow in the presence of this inhibitor had 

been attributed to the ability of the tryptic- and caspase-like sites to compensate 

to support cell viability (Collins et al., 2010; Goldberg et al., 1997). In 

investigating this Collins et al. (2010) showed that a yeast strain with mutation in 

tryptic- (Pup1) and caspase- (Pre3) like subunits is extremely sensitive to 

treatment with MG132. These mutants accumulate polyubiquitinated proteins and 

fail to grow on addition of 50 µM MG132. It was shown that pup1 pre3 mutant 

cells arrested in G1 could not progress to subsequent phases of the cell cycle 

when treated with MG132. SEM1 deletion mutants are already compromised for 

proteolytic activity in our strains, as evident from the accumulation of 

polyubiquitinated proteins (Figure 3.2 B). It is possible that Sem1 deletion affects 

the activity of all three proteolytic sites and thus the addition of MG132 almost 

completely abrogates proteolytic activity, resulting in arrest of the yeast.  
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A 4.1 Introduction 

MG132 was used in SVG-A cells in an attempt to inhibit the proteasome and 

monitor resulting expansion frequencies. Unlike yeast (Lee & Goldberg, 1996), 

but like many other human cell types (Meiners et al., 2008), these cells proved to 

be extremely sensitive to even low doses of the inhibitor.  

 

A 4.2 Results 

To test the expansion frequency of SVG-A cells treated with MG132, 1 x 106 

SVG-A cells were seeded in 60 mm dishes and transfected 24 hrs later with 7 µg 

shuttle vector as described in Chapter 2. After 6 hrs the transfection media was 

replaced with fresh DMEM supplemented with 10% FBS plus 0.5 µM of MG132. 

Cells were incubated for an additional 48 hrs then samples were taken for 

expansion assays or ubiquitin western blots. Because the inhibitor is left on the 

cells for an extended period to allow replication of the shuttle vector, tolerance 

tests with different concentrations of inhibitor were first performed without the 

shuttle vector transfection. As Figure A4.1 A illustrates, treatment of SVG-A with 

low (1 µM to 0.2 µM) doses of MG132 reduced final cell numbers dramatically. 

Figure A4.1 B shows that the accumulation of polyubiquitinated proteins, 

indicative of a defect in proteolysis, only became apparent at treatment with 0.5 

µM MG132. This was the concentration of MG132 that was subsequently used in 

the expansion frequency assays. At this dose cell number was significantly 

decreased during the expansion frequency assays (Figure A4.1 C) although cell 

viability was not largely affected (DMSO; 94% ± 2%, MG132; 86% ± 6%). Figure 

A4.1 D shows that the expansion frequency results indicated no difference 

between DMSO and MG132 treated cells (P = 0.54).  
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Figure A4.1 MG132 treatment of SVG-A cells. A Addition of low doses (0.2 µM – 1 
µM) of MG132 for 48 hrs result in dramatic reduction in cell count compared to DMSO 
control. B Accumulation of polyubiquitinated proteins is seen in those samples treated 
with 1 µM or 0.5 µM MG132. C SVG-A cells were transfected with shuttle vector and 
treated with 0.5 µM MG132 for 48 hrs. Upon harvesting the cell viability and cell counts 
were taken. This graph shows the difference in cell count for the MG132 treated cells that 
were analysed for expansions. D Expansion frequency results show no significant change 
between DMSO control and MG132 treated cells. For A, C and D n = 3 and error bars 
denote ± SEM. 

 

A 4.3 Discussion 

The SVG-A expansion frequency results indicated no difference between DMSO 

and MG132 treated cells. This is surprising considering the correlation between 

reduced expansion frequency and proteosome activity seen upon depletion of 

PSMC5 and PSMB3 (Figure 3.11). It is possible that the reduced cell viability and 
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cell numbers, resulting in poor shuttle vector recovery in MG132 treated cells, is 

interfering with aspects of the assay. It is unlikely that the dosage of MG132 used 

is insufficient to disrupt proteolytic activity as polyubiquitinated proteins 

accumulated in the cells treated with this dose of MG132 (Figure A4.1 B). 

Perhaps a more sensitive proteasome activity assay that would allow better 

detection of all three proteolytic activities should be employed. Methods such as 

using fluorogenic peptide degradation by whole cell extracts or a cell based 

luminescence assay could help distinguish the extent to which each activity is 

being inhibited and provide for better fine tuning of the MG132 (or other 

proteasome inhibitor) concentration that will inhibit activity without causing cell 

arrest or death. An alternative approach would be to test disruption of different 

aspects of the ubiquitin-mediated protein degradation pathway such as using E3 

ligase or deubiquitinase inhibitors (Mattern et al., 2012). 

An interesting question is; why are the SVG-A cells are so sensitive to MG132 

treatment but are not markedly disrupted upon interferences with proteolytic 

activity following proteasome subunit knockdown? Knockdown of several human 

proteasome subunits have been shown to induce cell death, specifically those 

with catalytic activity (Oerlemans et al., 2008; Thaker et al., 2009). Thus it could 

be that the specific targeting of proteolytic activity by MG132 in SVG-A cells 

results in cytotoxicity that cannot be overcome. The proteasome subunits 

selected for siRNA depletion in Chapter 3 were picked on the basis that they had 

previously been successfully targeted and that cell viability had not significantly 

decreased upon knockdown (Jacquemont & Taniguchi, 2007; Koues et al., 2009; 

Yamada & Gorbsky, 2006) (and personal communication with C. Jacquemont). 

None of these subunits themselves have proteolytic activity and thus they may 

interfere with proteasome activity through more indirect effects such as 

destabilization of the complex in the case or interference with substrate 

recognition. An alternative hypothesis is that off-target effects of MG132 are 

interfering with other proteolytic systems in the cell, as MG132 has been shown 

to also target cysteine and serine proteases (Lee & Goldberg, 1998). 

 

 

 

 



Appendices 

191 

A 4.4 References 

 
Jacquemont, C., & Taniguchi, T. (2007). Proteasome function is required for DNA 

damage response and fanconi anemia pathway activation. Cancer Res., 
67(15), 7395–7405. 

Koues, O. I., Dudley, R. K., Mehta, N. T., & Greer, S. F. (2009). The 19S 
proteasome positively regulates histone methylation at cytokine inducible 
genes. Biochim. Biophys. Acta, 1789(11–12), 691–701. 

Lee, D. H., & Goldberg, A. L. (1996). Selective inhibitors of the proteasome-
dependent and vacuolar pathways of protein degradation in Saccharomyces 
cerevisiae. J. Biol. Chem., 271(44), 27280–27284. 

Lee, D. H., & Goldberg, A. L. (1998). Proteasome inhibitors: valuable new tools 
for cell biologists. Trends Cell Biol., 8(10), 397–403. 

Mattern, M. R., Wu, J., & Nicholson, B. (2012). Ubiquitin-based anticancer 
therapy: Carpet bombing with proteasome inhibitors vs surgical strikes with 
E1, E2, E3, or DUB inhibitors. Biochim. Biophys. Acta, 1823(11), 2014–
2021. 

Meiners, S., Ludwig, A., Stangl, V., & Stangl, K. (2008). Proteasome inhibitors: 
poisons and remedies. Med. Res. Rev., 28(2), 309–327. 

Oerlemans, R., Franke, N. E., Assaraf, Y. G., Cloos, J., van Zantwijk, I., Berkers, 
C. R., Scheffer, G. L., Debipersad, K., Vojtekova, K., Lemos, C., van der 
Heijden, J. W., Ylstra, B., Peters, G. J., Kaspers, G. L., Dijkmans, B. A. C., 
Scheper, R. J., & Jansen, G. (2008). Molecular basis of bortezomib 
resistance: proteasome subunit !5 (PSMB5) gene mutation and 
overexpression of PSMB5 protein. Blood, 112(6), 2489–2499. 

Thaker, N. G., Zhang, F., McDonald, P. R., Shun, T. Y., Lewen, M. D., Pollack, I. 
F., & Lazo, J. S. (2009). Identification of survival genes in human 
glioblastoma cells by small interfering RNA screening. Mol. Pharmacol., 
76(6), 1246–1255. 

Yamada, H. Y., & Gorbsky, G. J. (2006). Inhibition of TRIP1/S8/hSug1, a 
component of the human 19S proteasome, enhances mitotic apoptosis 
induced by spindle poisons. Mol. Cancer Ther., 5(1), 29–38. 

 

 

 



Appendices 

192 

 

 

 

 

Appendix 5 

 
Chapter 4, n and P values for expansion rate 

results 



Appendices 

193 

 



Appendices 

194 

 

 

 

 

Appendix 6 

 
Expression of Rad4 in rad23 background 



Appendices 

195 

A 6.1 Introduction 

Deletion of the Rad4 binding domain (R4B) of Rad23 resulted in suppression of 

expansions to rad23 levels (Figure 4.5 D). Deletion of R4B or full length Rad23 

results in reduced levels of Rad4 and add back of Rad4-HA in a rad23 strain 

restored Rad4 levels (Ortolan et al., 2004). Overexpression of Rad4 was shown 

to increase CPD repair on the non-transcribed strand in both wild type and 

proteasomal ATPase mutant strains (Lommel et al., 2000, 2002) but did not 

seem to affect the UV resistance of wild type yeast (Xie et al., 2004). In a rad23 

background, overexpression of Rad4-HA did not appear to restore repair of 

CPDs (Lommel et al., 2000) but did partially rescue UV resistance (Xie et al., 

2004).  

If depletion of Rad4 is responsible for the TNR expansion rate suppression in 

rad23 strains, then expressing Rad4 in a rad23 background should rescue 

expansion rates. To test this, the tools to make a high copy episomal Trp-marked 

plasmid containing C-terminal HA tagged Rad4 under the control of a copper 

inducible promoter were obtained from Dr. Madura of Rutgers University 

(Lommel et al., 2000).  

Full-length Rad4 expression is toxic to E. coli cells. Therefore to create full length 

HA tagged RAD4 a method was used which allows the yeast to essentially make 

the full-length plasmid using homologous recombination (Lommel et al., 2000). 

However, a different digestion strategy was employed here to allow the TRP1 

marker to be used instead of the LEU2 marker. Briefly, LEp37 and LEp38 were 

amplified separately in E. coli. Subsequently LEp37 was digested with BglII and 

HindIII to produce a fragment of the plasmid that contained the N terminal portion 

of RAD4 downstream of the pCUP (copper inducible promoter). LEp38 was 

linearised using EcoRI-HF which cuts at the juncture between pCUP  and the C 

terminal portion of RAD4. LEp38 was antarctic phosphatase treated for 1 hr at 

37oC following digestion. Both LEp38 and LEp37 fragments were subsequently 

run on an agarose gel and gel extracted before being transformed into yeast at a 

ratio of 1:2 respectively. Homologous recombination in the yeast between the 

pCUP region and a region of the RAD4 gene that is common to both allows the 

construction of TRP1 marked plasmid with HA tagged RAD4 under the control of 

pCUP  (see Figure A6.1).  
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Figure A6.1 Strategy to over-express HA tagged RAD4 in yeast. The LEp37 
plasmid is digested to produce a short fragment. LEp38 is linearised. Upon 
transformation into yeast homologous recombination at the copper inducible promoter 
(red) and a region of the RAD4 gene that is common to both (black) allows the desired 
pCUP-RAD4-HA, TRP1 marked plasmid to be expressed (Lommel et al., 2000). 
 

A. 6.2 Results 

Inducible expression of Rad4-HA was confirmed in liquid media with or without 

100 µM copper sulphate for 4 hours (Figure A6.2 A, shown for rad23 

background). For expansion rate analysis, cells were grown on solid media 

lacking Trp (the selectable marker for the plasmid) with or without 100 µM copper 

sulphate. A control vector, YEplac112 (YEp) was transformed into wild type, rad4 

and rad23 strains and expansion rates were assayed with or without copper 

sulphate in the starting plate medium (Figure A6.2 B white and blue bars). The 

results with or without copper were similar although the wild type rate is 

anomalously high for no copper induction. Expansion rates were suppressed to 

~60% of wild type levels in rad4 and ~20% in rad23. Thus the control results 

conform to expectation, although the rad4 expansion suppression phenotype is 

milder than see in Figure 4.2 A. 

Wild type, rad4 and rad23 strains containing the RAD4-HA plasmid were 

subjected to the same experimental conditions. However, no difference in 

expansion rate phenotype was evident between these strains and their control (+ 

YEp) counterparts, either with or without 100 µM copper sulphate in the starting 

plate media (green and cyan bars, Figure A6.2 B). Thus, there was no detectable 

influence of the RAD4-HA plasmid on expansions under these experimental 
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conditions. It is possible that copper in the solid medium failed to induce 

expression of the RAD4-HA gene, although such media have been used 

previously to induce gene expression.  

To test whether expression of RAD4-HA can rescue the UV sensitivity in rad4 or 

rad23 strains a series of spot tests were performed. Wild type, rad4 and rad23 

strains containing a control YEp plasmid (Pvector) or the RAD4-HA expressing 

plasmid (PRAD4) were grown to log phase in SC-Trp media. Expression was 

induced with addition of 100 µM copper sulphate for four hours before cells were 

spotted on to SC-Trp plates and subjected to UV irradiation. The expected 

increased UV sensitivities of rad4 and rad23 strains are evident in the strains 

containing the empty vector. Upon addition of the RAD4-HA plasmid, wild type 

resistance to UV is unaffected, thus overexpression of RAD4 does not seem to 

impede NER function. Expression of the RAD4-HA plasmid in a rad4 background 

resulted in rescue of the UV sensitivity of this strain back to wild type levels of 

resistance. In the rad23 strain, expression of RAD4-HA did not rescue the UV 

sensitivity phenotype. Similar results were seen for strains that were not 

incubated with CuSO4 suggesting that basal expression of RAD4-HA from the 

plasmid is sufficient to rescue rad4 UV sensitivity without copper sulphate 

induced overexpression. To further investigate this, strains containing the RAD4-

HA plasmid were cultured with or without copper sulphate induction and spotted 

side by side on SC-Trp plates. UV sensitivity is evident only in the rad23 + RAD4-

HA strains, with no difference evident between incubation with or without copper.  
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Figure A6.2 Expression of Rad4 in a rad23 background does not affect TNR 
expansion rates. A Representative immunoblot for HA tagged Rad4, with or without 
copper induction of expression, in a rad23 background. Actin was used as a loading 
control. B Absolute expansion rate values for wild type, rad4 and rad23 strains with a 
plasmid that expresses HA tagged Rad4 (RAD4-HA) under a copper inducible promoter 
or a control plasmid (YEp). Starter plates were SC-Trp (for plasmid selection), with or 
without 100 µM CuSO4. Error bars represent ± SEM. C UV sensitivity spot tests. Strains 
grown to log phase in SC-Trp media, 100 µM CuSO4 was added to induce gene 
expression. Yeast were spotted onto SC-Trp plates, subjected to UV irradiation and 
allowed to grow for 4 days. D Wild type and mutant strains with the RAD4-HA plasmid 
were grown with or without copper induction, subjected to UV irradiation, spotted on to 
SC-Trp plates and allowed to grow for 4 days.  
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A 6.3 Discussion 

Expression of Rad4 in a rad4 or rad23 background did not rescue the 

suppression of expansion rates seen in this strain. There are many reasons why 

this may be the case and further investigations are required to determine this. 

The fact that expression of Rad4-HA in a rad4 background did not rescue the 

expansion rate phenotype indicates that either expression has not been induced 

under the conditions used (SC-Trp+100 µM CuSO4 starter plates for two days) or 

that the addition of the epitope tag disrupts the function of Rad4 responsible for 

promoting expansions. For further investigation of this reaction, a liquid 

fluctuation assay could be performed with and without copper in the medium. 

Following plating of dilutions of the yeast on to selective and non-selective plates, 

the remainder of the yeast could be lysed for immunoblot analysis or subjected to 

a UV repair or survival assay.  
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ABSTRACT

Trinucleotide repeat (TNR) expansion is the causa-
tive mutation for at least 17 inherited neurological
diseases. An important question in the field is
which proteins drive the expansion process. This
study reports that the multi-functional protein
Sem1 is a novel driver of TNR expansions in
budding yeast. Mutants of SEM1 suppress up to
90% of expansions. Subsequent analysis showed
that Sem1 facilitates expansions via its function in
the 26S proteasome, a highly conserved multi-
subunit complex with both proteolytic and non-pro-
teolytic functions. The proteolytic function of the 26S
proteasome is relevant to expansions, asmutation of
additional proteasome components or treatment of
yeast with a proteasome inhibitor suppressed
CTG!CAG expansions. The 26S proteasome also
drives expansions in human cells. In a human astro-
cytic cell line, siRNA-mediated knockdown of 26S
proteasome subunits PSMC5 or PSMB3 reduced
expansions. This expansion phenotype, both in
yeast and human cells, is dependent on the proteo-
lytic activity of the proteasome rather than a stress
response owing to depletion of free ubiquitin. Thus,
the 26S proteasome is a novel factor that drives
expansions in both yeast and human cells by amech-
anism involving protein degradation.

INTRODUCTION

A group of at least 17 inherited neurological disorders,
including Huntington’s disease and myotonic dystrophy
type 1, are caused by the same type of genetic mutation:
the expansion of trinucleotide repeats (TNRs) (1–4).
Among other factors, the likelihood of an expansion
depends strongly on the length of the TNR itself. Short
TNR tracts are stably transmitted in healthy individuals,
whereas longer TNRs are much more prone to expansion.

The transition from stable to unstable alleles—the thresh-
old—can occur over a remarkably narrow range of TNR
lengths. For example, the threshold in Huntington’s
disease falls between 30 and 40 repeats (2,3,5).
Expansions that cross into and past this threshold
initiate instability and lead to disease. Our laboratory
focuses on expansions that occur at or near the threshold.
Although these expansions are less common than in long
disease-causing alleles, they are key initiating mutations
that provoke both high-frequency instability and the
onset of symptoms.

Several proteins have been identified that help drive the
expansion process. Expansions occur in the presence
of these proteins, not their absence, likely because the un-
usual features of the TNR DNA ‘corrupt’ their normally
beneficial biochemical activities (3,6,7). Expansion-
promoting factors include certain DNA repair factors,
as judged by the suppression of expansions in knockout
mice deficient for these repair proteins. Loss of MSH2 or
MSH3, the two components of the mismatch repair
complex MutSb, leads to suppression of most inherited
and somatic expansions in mice (8–12). Loss of the base
excision repair protein NEIL1 suppresses somatic and
germ line expansions, particularly in male mice (13).
Somatic expansions, but not inherited expansions, are
also reduced in animals lacking the mismatch repair
factor PMS2, the base excision repair protein OGG1
or the nucleotide excision repair protein XPA (14–16).
A second category of expansion-promoting factors
includes the histone deacetylase complexes (HDACs)
Rpd3L and Hda1 in budding yeast and the human
enzymes HDAC3 and HDAC5 (17–19). These HDACs
were identified in cell-based expansion assays but have
not yet been tested in mice.

The 26S proteasome is a third type of protein factor
that facilitates TNR instability. Lin and Wilson (20)
showed that treatment of a fibrosarcoma cell line with
a proteasome inhibitor, MG132, resulted in a reduced
CAG contraction frequency in a transcription-based
assay. Thus, when functionally active, the proteasome
drives instability in this cell-based assay. The 26S
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proteasome is a large multi-subunit complex at the core of
the ubiquitin-proteasome system (UPS) (21). It is
composed of the proteolytic 20S core particle (CP),
capped at either end by a 19S regulatory particle (RP)
and is highly conserved in evolution. Proteins targeted
for degradation by polyubiquitination are brought to the
proteasome by ubiquitin shuttle factors. There the
proteins are recognized by ubiquitin receptors in the RP,
which then acts to unfold, deubiquitinate and translocate
the proteins through to the channel of the CP where they
are degraded. This degradation role links the proteasome
to a large variety of essential cellular functions. However,
besides its canonical role in protein degradation, several
non-proteolytic roles have also been attributed to the
proteasome, mediated by the adenosine triphosphatase
(ATPase) subunits of the RP. In DNA repair, the RP
has a non-proteolytic role in regulating nucleotide
excision repair (NER) by a pathway involving the Rpt6
(Sug1) ATPase and Rad23 shuttle factor (22). In gene
expression, the RP can function independently of the
activity of the CP to affect histone modification, activator
recruitment and stimulation, and transcription elongation
(23–26). Thus, when investigating phenotypes associated
with disruption of the 26S proteasome, it is important
to determine whether the RP and the CP are operating
together or independently and to distinguish between pro-
teolytic and non-proteolytic functions.

Independent of the work of Lin and Wilson (20), a
genetic screen in Saccharomyces cerevisiae revealed that a
26S proteasome subunit, Sem1, promotes expansions (17).
The current study investigated the role of the 26S prote-
asome in TNR expansions. Here, we use genetic and
biochemical assays in budding yeast and human cells
to show that the 26S proteasome is a molecular driver of
expansions, most likely via its proteolytic function.

MATERIALS AND METHODS

Yeast strains

BY4741 sem1::kanMX was purchased from Open
Biosystems. All other deletion strains were created via
gene deletion cassette in either the BY4741 (MATa
his3D1 leu2D0 met15D0 ura3D0) (27) or the S150-2B
(MATa leu2-3 leu2-112 his3-D trp1-289 ura3-52) (28) back-
grounds. Unless otherwise stated, the S150-2B strain
background was used.

Plasmids

pSEM1 and pDSS1 were gifts from Dr Yahushi Saeki
(Tokyo Metropolitan Institute of Medical Science) (29).
For both plasmids, the SEM1 promoter is inserted
upstream of the wild-type SEM1 or DSS1 genes. pUB is
a 2 m URA-marked plasmid that expresses ubiquitin under
the control of the CUP1 promoter and was a gift from
Prof. Daniel Finley (pUB175, Harvard Medical School).

Genetic assays and analysis of expanded TNR alleles

The yeast URA3 and CAN1 reporter triplet repeat
expansion and contraction assays have been described
previously (17,30,31). The (CTG)20-CAN1 and

(CTG)25-URA3 expansion assays are explained in
Supplementary Figure S1A and C for ease of reference.
Unless otherwise stated, the (CTG)20-CAN1 reporter
assay was used for determining expansion rates. All re-
porters were integrated into the yeast genome at the
LYS2 locus on chromosome II. The RNA interference
experiments and shuttle vector assay in SVG-A cells
were performed as described previously (17,18) and are
briefly described in Supplementary Figure S5. All
siRNAs used were pooled siRNAs purchased from
Dharmacon (Scrambled (D-001810), DSS1 (M-021353),
PSMC5 (M-009484) and PSMB3 (M-017489).
Expansions were verified by single-colony polymerase
chain reaction (PCR) across the repeat tract followed by
analysis on high-resolution polyacrylamide gels
(Supplementary Figure S1B).

MG132 treatment of yeast

One colony of !1" 106 erg6 cells with an integrated
(CTG)20-CAN1 reporter was split into two 5-ml yeast
extract/peptone/dextrose cultures and incubated for 10
doublings with either dimethyl sulfoxide (DMSO) or
100 mMMG132. Deletion of ERG6 allows MG132 to
enter yeast cells (32). An aliquot of each culture was
diluted and plated on non-selective plates or plates con-
taining 60 mg/ml of canavanine to measure the expansion
frequency. The remaining cultures were lysed, and the
whole-cell extracts were analysed by western blot for ac-
cumulation of polyubiquitinated proteins as described
later in the text.

Western blot analysis and real-time PCR

Whole-cell lysates were prepared by glass bead disruption
(yeast) or by sonication (SVG-A astrocytes). For yeast
lysate preparation, logarithmically growing cells were har-
vested, washed with water and re-suspended in glass bead
disruption buffer [50mMTris–Cl, pH 7.4, 5mM
ethylenediaminetetraacetic acid (EDTA), 100mMNaCl,
0.1% Triton X-100, 10% glycerol and 1mMNaN3] with
1"protease inhibitor cocktail (Sigma). Two hundred
microlitres of glass beads was added, and the samples
were vortexed at 4#C for 10min. The samples were
microcentrifuged at 4#C at 14 000 rpm for 2min. The
supernatant was retained as whole-cell extract. For
SVG-A astrocytes, cells were pelleted and washed twice
with ice-cold phosphate-buffered saline (137mMNaCl,
2.7mMKCl, 4.3mMNa2HPO4 and 1.47mMKH2PO4,
pH 7.4) before being re-suspended in radioimmunopre-
cipitation assay buffer (150mMNaCl, 10mMTris–HCl,
pH 7.5, 0.1% sodium dodecyl sulphate, 0.1% Triton X,
1% sodium deoxycholate and 5mMEDTA) with 1"pro-
tease inhibitor cocktail at a concentration of 106 cells/
50 ml. Samples were sonicated using a Diagenode
Biodisrupter for 5" 30 s intervals with 30 s on ice in
between. Samples were then held on ice for 30min and
microcentrifuged for 40min at 14 000 rpm at 4#C. The
supernatant was retained as whole-cell extract. Protein
concentration was determined using the DC assay
(BioRad). For detection of protein knockdown after
siRNA treatment of SVG-A cells, 50 mg of protein was
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separated on denaturing polyacrylamide gels. For all ex-
periments involving detection of ubiquitin, 10 mg of yeast
or human protein was loaded, and lysis buffers were sup-
plemented with 2mM iodoacetamide (Sigma) to inhibit
cytosolic deubiquitinases. Samples were transferred to a
polyvinylidene fluoride membrane. Primary antibodies
used were against ubiquitin (sc-8017, Santa Cruz),
PSMC5 (NB100-345, Novus Biologicals), PSMB3
(PW8130, Biomol) and b-actin (A2066, Sigma).
Secondary antibodies conjugated to horseradish peroxidase
were 711-035-152 (anti-rabbit) and 115-035-003 (anti-
mouse) from Jackson ImmunoResearch Laboratories.
Visualization was by chemiluminescence (Western
Lightning Plus-ECL, PerkinElmer). Analysis and quantifi-
cation was performed using Image J software
(rsbweb.nih.gov). Knockdown of DSS1 was quantified by
mRNA transcript levels because of previously reported
difficulties in performing DSS1 western blot (33–35).
RNA was isolated from SVG-A cells using a Qiagen
RNeasy Kit, and cDNA synthesis was performed using a
Precision nanoScript Reverse Transcription kit (Primer
Design, UK). cDNA was analysed using SYBR
GreenMaster Mix on the 7500 Fast Real-Time PCR
system (Applied Biosystems). Primers used were for DSS1
(forward; CGCGGACAGTCGAGATGTC, reverse; GCC
AGCCCAGTCTTCGG) (36) and for HPRT1 (forward; T
GACACTGGCAAAACAATGCA, reverse; GGTCCTTT
TCACCAGCAAGCT) (37). Using the !!Ct method
(38), results were normalized for cDNA quantity using
HPRT1 control primers, and abundance values were ex-
pressed relative to scrambled siRNA, defined as 100%.

Proteasome activity assay

Approximately 5 ! 106 SVG-A cells treated with siRNA,
as outlined in Supplementary Figure S5 (17), were resus-
pended in lysis buffer (13mMTris–Cl and 5mMMgCl2,
pH 7.8) and subjected to two rounds of freeze–thaw lysis.
Lysate was brought up to a final volume of 200 ml by
addition of lysis buffer supplemented with 5mM adeno-
sine triphosphate, 0.5mMdithiothreitol (DTT),
5mMEDTA and 100 mM final concentration of fluores-
cent substrate N-Succ-LLVY-AMC (Chymotrypsin sub-
strate III, Calbiochem, 539142). Fluorescence of released
AMC was read at an excitation wavelength of 355 nM,
emission wavelength of 460 nm on a Wallac VICTOR3
plate reader. The assay was run for 30 cycles with one
measurement per min at 37"C. The rate of activity was
calculated from the slope of fluorescence increase over
time. Using a standard curve measurement of free AMC
(Calbiochem), this slope was calculated as nanomoles
AMC released per min. This was then normalized to the
protein concentration. Enzyme activity in nanomoles
AMC released/min/mg protein used was then normalized
to activity in the scrambled siRNA sample.

Statistical analyses

Yeast expansion rate data are presented in mean centring
format. For every experiment, each expansion rate value is
normalized to the average wild-type value of that experi-
ment. This allows comparison between experiments where

variability in media batches may have altered the absolute
expansion rates but not the comparative change between
wild-type and mutant strains. The average expansion rate
values for each strain are presented in Supplementary
Tables S1–S3. For SVG-A cells, summary data are pre-
sented in Supplementary Table S4. All P-values were
determined by two-tailed Student’s t-test.

RESULTS

Yeast Sem1 promotes CTG#CAG repeat expansions

If a protein helps drive expansions, then mutation of its
corresponding gene should reduce expansion rates. Based
on this premise, a screen was performed in S. cerevisiae to
identify mutants with reduced expansion rates compared
with wild-type (17). DNA sequencing identified SEM1 as
a gene whose disruption consistently suppressed expan-
sion rates of a (CTG#CAG)20 repeat tract (17). This
gene assignment was confirmed in several ways.
Targeted disruption of SEM1 reduced expansion rates to
$10% of the wild-type level (Figure 1A). This defect was
partially rescued by introduction of plasmids expressing
either wild-type SEM1 or its human homologue DSS1
(Figure 1A). The suppressive effect of sem1 on expansions
primarily affects the triplet repeat, not the reporter,
because reduced expansion rates were seen for sem1
mutants using two reporters in two strain backgrounds
(Supplementary Figure S1A–D). Additional previously
reported phenotypes of sem1 were also recapitulated in
our mutants and were rescued by the plasmids that
express wild-type SEM1 or DSS1. Both the targeted
sem1 disruption and the original mutant (M101) were tem-
perature sensitive at 37"C (Supplementary Figure S2A), as
previously reported for sem1 (29,39). Add-back of pSEM1
or pDSS1 reversed this phenotype in the sem1 strain
(Supplementary Figure S2A). Similarly, the accumulation
of polyubiquitinated proteins seen in sem1 mutants (29)
could be partially rescued by pSEM1 and pDSS1
(Supplementary Figure S2B). To ensure that the reduced
expansion rate phenotype was not an artefact of sem1 sen-
sitivity to the drugs used to score expansions (5-fluoro-
orotic acid (5-FOA) and canavanine), a series of spot
tests were performed. Deletion of SEM1 did not result
in increased sensitivity to 5-FOA (Supplementary Figure
S3A). SEM1 deletion was previously reported to confer
hypersensitivity to canavanine (39). We confirmed this
hypersensitivity to 1 mg/ml of canavanine (Supplementary
Figure S3B) and also showed this was dependent on the
presence of the CAN1 gene (Supplementary Figure S3C).
To confirm that a sem1 mutant with an expansion grew
normally on canavanine-containing media at the 60 mg/ml
concentration used to score expansions, we inserted an
expanded (CTG#CAG)30 tract into the CAN1 reporter.
There was approximately equal growth for both wild-
type and sem1 strains (Supplementary Figure S3D). We
conclude that mutation of SEM1 suppresses expansions in
our system because of effects on the triplet repeat, not on
the reporter genes or the drug selections.

As described in Debacker et al. (17), members of the
HDACs Hda1 and Rpd3L were also validated as
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promoting factors of TNR expansions. Components of
these HDACs genetically interact with SEM1 (40–42),
and a role for Sem1 in regulating histone modification
has been suggested (43,44). We assayed TNR expansions
in double mutants of sem1 with hda3 (defective in Hda1
complex) or sin3 (defective in Rpd3L). Single mutants
showed similarly reduced levels of expansions to 10–
25% of wild-type, but the double mutants sem1 hda3
and sem1 sin3 show a much larger effect, reducing triplet
repeat expansions to 2–4% of normal rates (Figure 1B).
This result indicates that Sem1 promotes expansions by a
mechanism that is distinct from these HDACs. Therefore,
we addressed alternative functions of Sem1.
The Sem1 protein has several important functions. It is

a bona fide member of the regulatory subunit of the 26S
proteasome in yeast (29,39,45), and this relationship is
conserved throughout eukaryotes (34). Genetic interaction
maps and subsequent investigations revealed additional
roles for yeast Sem1 in pathways of mRNA export, pro-
cessing and splicing (41,46). To determine which activity
of Sem1 is most important for promoting TNR expan-
sions, we tested SEM1 interacting genes that are specific
for each function. Mutations that impair function were
included for the proteasome (pre9), the TREX2 complex
(thp1) and the COP9 signalosome (csn9) or pre-mRNA
splicing (csn12). Deletion of PRE9 resulted in the largest
decrease in expansions, to !10% of wild-type levels,
similar to deletion of SEM1 (Figure 1C). The thp1
mutant yielded a more modest reduction, whereas
deletion of COP9 signalosome genes CSN9 and CSN12
did not affect expansion rates. We conclude that Sem1
facilitates expansions primarily through its proteasome
function with a lesser effect mediated through its role in
the TREX2 complex.

TNR expansions are enhanced by the yeast 26S
proteasome

The similarity between the expansion rate phenotypes of
pre9 and sem1 strains (Figure 1C) suggested that the 26S
proteasome is a promoting factor for TNR expansions.
Sem1 is a component of the lid sub-complex of the 19S
regulatory particle (Figure 2A). Pre9 is the only non-es-
sential subunit of the 20S core particle in yeast; when
deleted, its role is provided by an extra copy of another
core component, Pre6 (47). To establish more conclusively
whether the proteasome promotes TNR expansions, add-
itional non-essential proteasome subunits or proteasome
interacting factors were targeted for deletion (Figure 2A).
Aside from rpn10, all other five proteasome mutants sup-
pressed expansions (sem1, rpn4, rpn13, ubp6 and pre9;
Figure 2B). These genes encode the regulatory particle
subunits Sem1 and Rpn13, the proteasome interacting
deubiquitinase Ubp6, the core particle subunit Pre9 and
the transcription factor Rpn4, involved in expression of
the majority of proteasome subunits (21). Moreover, Sem1
and Pre9 promote expansions through a shared pathway,
as the double mutant sem1 pre9 showed an expansion rate
phenotype indistinguishable from the two single mutants
(Figure 2B), and the spectrum of expansion sizes was
similar for both single mutants and the double mutant

Figure 1. Analysis of expansion rates in sem1 mutants. For all panels,
error bars denote±SEM. (A) Expansion rates in strains that are wild-
type (w.t.), sem1 or sem1 complemented with a plasmid that expresses
either the wild-type SEM1 gene (pSEM1) or the wild-type human
DSS1 gene (pDSS1) (29). pRS314 is the empty vector control.
*P< 0.05, compared with w.t. + pRS314, **P< 0.05 compared with
w.t.+pRS314 and with sem1+pRS314. (B) Genetic interactions
between SEM1 and the histone deacetylase complexes Hda1 (hda3)
and Rpd3L (sin3). *P< 0.05, compared with wild-type, **P< 0.05
compared with wild-type and to each single mutant. As specified in
Supplementary Table S1, P-values from comparison of single and
double mutants ranged from 2.3" 10#11 to 7.7" 10#3. (C)
Mutational analysis of SEM1 functions. The sem1 mutant affects the
26S proteasome, the TREX2 mRNA export complex, the COP9
signalosome and pre-mRNA splicing. These pleiotropic effects were
separated using mutants specific to each function, namely, pre9, thp1,
csn9 and csn12, respectively. *P< 0.05, compared with wild-type (n and
P values for all panels are shown in Supplementary Table S1).
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(Supplementary Figure S4). Proteasome mutants sem1,
pre9 and rpn4, but not rpn10, also showed a reduced ex-
pansion rate phenotype when a (CTG!CAG)25 URA3
reporter was used in the BY4741 strain background
(Supplementary Figure S1D and Supplementary Table

S2), indicating that the expansion phenotype is general
for TNR instability and not specific for the CAN1
reporter. Contraction rates of a (CTG!CAG)25 tract
were also reduced on deletion of SEM1 or PRE9 in a
BY4741 strain background (Supplementary Table S2).

Expansions were also suppressed by treatment of pro-
teasome-proficient cells with the proteasome inhibitor
MG132. This compound is a reversible inhibitor of the
chymotryptic-like activity of the proteasome. In the
presence of 100 mM MG132, administered during 10 cell
generations, expansions were reduced to "30% the level
seen in a vehicle-only control (Figure 2C). This finding
supports the idea that the proteolytic activity of the pro-
teasome is important for the expansion rate phenotype.
Western blotting with an anti-ubiquitin antibody showed
the anticipated accumulation of high-molecular weight,
polyubiquitinated proteins on MG132 treatment
(Figure 2D). Together, the mutant analysis and the inhibi-
tor studies provide compelling evidence that the 26S
proteasome is important for promoting TNR expansions
in our yeast system.

The 26S proteasome promotes CTG!CAG expansions in
cultured human astrocytes

The 26S proteasome is highly conserved from yeast to
humans. To address whether the role of the proteasome
in promoting TNR expansions is also conserved, human
proteasome subunits were targeted by siRNA-mediated
knockdown. We used SVG-A cells, an immortalized cell
line derived from human astrocytes (48,49), because this
line supports expansions in culture (17,18,50). The
scheme for knockdown and assay of functional outcomes
is presented in Supplementary Figure S5. The targets for
knockdown were DSS1, PSMC5 and PSMB3 (Figure 3A).
DSS1 is the human homologue of yeast Sem1 and also a
member of the 19S regulatory particle (34,45). However,
yeast and human proteasomes show different dependency
on the two proteins. Yeast mutants lacking SEM1 are de-
fective for proteasome activity (29,39), whereas knockdown
of DSS1 in human cells results in only slight effects on pro-
teasome function (34,36,51), perhaps because of genetic re-
dundancy. We confirmed these observations by showing
that yeast sem1 mutants accumulate polyubiquitinated
proteins (Supplementary Figures S2B and S4B), but
knockdown of DSS1 results in only a slight effect on pro-
teasome activity (Figure 3B and C). PSMC5 (also known as
SUG1, p45 and/or TRIP1) is anATPase subunit in the base
of the regulatory particle homologous to the essential yeast
subunit Rpt6 (52,53). PSMB3 is a non-proteolytic b-type
subunit of the core particle (54). PSMC5 and PSMB3 were
chosen for knockdown to target the regulatory and core
particles, respectively, and their successful knockdown by
siRNA has been previously reported (51,55,56).

There was significant suppression of TNR expansion
frequencies upon knockdown of the regulatory particle
subunit PSMC5 or the core particle subunit PSMB3, but
not DSS1 (Figure 3A). Expansions were reduced to 58%
or 38% of control levels upon treatment of the cells with
siRNA targeting PSMC5 or PSMB3, respectively. The
effects of DSS1 or PSMB3 knockdown on proteasome

Figure 2. The proteasomal function of Sem1 is important for
promoting expansions. (B and C) Error bars represent±SEM.
(A) Schematic of the 26S proteasome divided into the regulatory and
core particles, with location of subunits tested. TF=transcription
factor. The second regulatory particle, at the ‘bottom’ of the core
particle, was omitted for clarity. (B) Effects of deleting proteasome
components on expansion rates. *P< 0.05 compared with wild-type.
P-values from comparison of the sem1 pre9 double mutant with the
single mutants were 0.88 (sem1) and 0.50 (pre9), (Supplementary
Table S1). (C) Decreased expansion frequency on chemical inhibition
of the proteasome. Cells were treated with 100 mMMG132 (+) or
DMSO only (#) and subsequently tested for expansions. *P< 0.05
compared with DMSO control. (D) Representative immunoblot of
polyubiquitinated proteins upon MG132 treatment. Cells were treated
with DMSO only (#) or MG132 (+) as in C. Cell-free extracts (10 mg
protein) were prepared and analysed for polyubiquitinated proteins and
free ubiquitin levels using an anti-ubiquitin antibody. Actin was used as
a loading control (n and P values for B and C are shown in
Supplementary Table S1).
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activity (Figure 3B) paralleled the expansion results. As
expected, DSS1 knockdown showed little effect on bio-
chemical assays for the chymotryptic function of the
proteasome, whereas PSMB3 knockdown reduced
activity to 28% of control levels. Ablation of PSMC5
and PSMB3 also led to the expected accumulation of
polyubiquitinated proteins (Figure 3C), indicative of a
proteolytic defect. This accumulation was not seen upon
DSS1 knockdown.

The knockdown efficiencies for PSMC5 and PSMB3
were to final levels of 33% and 17%, respectively, as
measured by immunoblot (Figure 3D and
Supplementary Figure S6). Knockdown of DSS1 was
also efficient, to 17%, as measured by transcript level
(Figure 3E). The spectra of expansion sizes were similar
in control cells as in all three knockdown experiments
(Supplementary Figure S7). From a starting tract of 22
repeats, 4–17 additional repeats were added to give final
allele sizes of 26–39 repeats. Thus, a number of expansions
in this system cross into the crucial threshold of 30–40

repeats where instability becomes prominent in humans
and disease can initiate (2,3,5). We conclude that the
human 26S proteasome enhances expansions of thresh-
old-length triplet repeats in SVG-A cells.

Depletion of ubiquitin levels cannot explain the triplet
repeat expansion phenotype

For both yeast and human cells, we investigated the pos-
sibility that proteasome deficiency or inhibition could
deplete the levels of free ubiquitin, leading to a stress
response that indirectly suppressed expansions. If so, a
prediction is that add-back of ubiquitin on a yeast
plasmid would overcome the expansion deficit in sem1
or pre9 cells. To do this, we made use of a plasmid that
contains the ubiquitin gene under the control of a copper
inducible promoter. In the absence of copper, this plasmid
expresses ubiquitin at approximately wild-type levels (57).
The data show a continued expansion deficit in sem1 and
pre9 strains harbouring the ubiquitin-expressing plasmid

Figure 3. Expansions are suppressed by siRNA knockdown of proteasome components in SVG-A cells. (A and B) Error bars represent±SEM.
(A) siRNA-mediated knockdown of proteasome subunits PSMC5 and PSMB3 but not DSS1 result in significant decreases in TNR expansion
frequencies, *P< 0.05, compared with scrambled (Scr) control. For a summary of the data, see Supplementary Table S4. A schematic of the 26S
proteasome shows the location of these subunits. The second regulatory particle, at the ‘bottom’ of the core particle, was omitted for clarity. (B) Cell
extracts were prepared after siRNA knockdown and assayed for chymotryptic activity of the proteasome as described in ‘Materials and Methods’
section. *P< 0.05, compared with scrambled control. Scr; n=5, DSS1; n=3, PSMB3; n=4. (C) Representative immunoblot of polyubiquitinated
proteins. Cells were treated with scrambled control siRNA (Scr) or siRNA to PSMB3, PSMC5 or DSS1, extracts were prepared and 10 mg total
protein was analysed by immunoblot for polyubiquitinated proteins (Ubiquitin). Actin was used as a loading control. (D) Representative
immunoblots for PSMC5 and PSMB3 knockdown. Fifty micrograms of total protein was loaded in each lane. Actin was used as a loading
control. Additional knockdown data are presented in Supplementary Figure S6. (E) Knockdown of DSS1 as measured by mRNA level, as described
in ‘Materials and Methods’ section. Error bar denotes±SEM, n=3.

Nucleic Acids Research, 2013, Vol. 41, No. 12 6103

http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt295/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt295/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt295/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt295/-/DC1


pUB (Figure 4A). Thus, depletion of ubiquitin levels is not
responsible for the reduced expansion rate phenotype in
mutants with impaired proteolytic activity. We confirmed
this conclusion through the use of an ubp6 mutant. In the
absence of the deubiquitinase Ubp6, ubiquitin is taken
into the core particle and degraded, leading to depletion
of ubiquitin levels without affecting the activity of the
proteasome (57–59). Proteasome activity was assessed
by examining levels of polyubiquitinated proteins
(Figure 4B). Polyubiquitinated proteins did accumulate
in proteasome-defective mutants sem1, pre9 and sem1

pre9 but not in the ubp6 strain (Figure 4B). In the expan-
sion assay, add-back of the pUB plasmid to the ubp6
strain rescued the expansion rate phenotype back to
wild-type levels, unlike the continued expansion deficit in
sem1 and pre9 mutants (Figure 4A). Thus, it is disruption
of proteasome activity, and not depletion of ubiquitin
levels, that is responsible for the decrease in TNR expan-
sion rates in sem1 and pre9 mutants.

A second prediction of the indirect stress response
theory is that free ubiquitin levels should be detectably
reduced in yeast proteasome mutants. As seen in
Figure 4C, this is not the case for sem1 and pre9
mutants, which show similar free ubiquitin levels to
wild-type strains. These levels increased slightly when
pUB was present. There was also no apparent depletion
of free ubiquitin when wild-type cells were treated with
MG132 (Figure 2D). As described previously (57), free
ubiquitin levels did decrease in ubp6 strains and were
restored on add-back of the pUB plasmid (Figure 4C).
In SVG-A cells, knockdown of PSMB3, but not DSS1,
results in impaired proteolytic activity (Figures 3B and
C). We found that free ubiquitin levels were indistinguish-
able between DSS1 or PSMB3 knockdown cells compared
with control siRNA cells (Figure 4D). As in yeast, these
data in human cells do not support an indirect stress
response as the major mechanism for suppressing expan-
sions. We conclude, instead, that expansions arise from
a more direct role of the proteasome requiring its proteo-
lytic function.

DISCUSSION

This study reveals a novel role for the 26S proteasome in
driving expansions of threshold-length TNRs in both
budding yeast and human astrocytes. A blind screen for
promoting factors of TNR expansions in S. cerevisiae
identified the SEM1 gene (17). Subsequent analysis
showed that CTG!CAG expansions and contractions
are stabilized in sem1 mutants. By genetic analysis,
we determined that the proteasomal function of Sem1 is
important for promoting TNR instability. Another
function of Sem1 in the TREX2 mRNA export complex
seems to play a lesser role in expansions; however, this was
not pursued further. Interfering with 26S proteasome
function through mutation or chemical inhibition in
yeast suppressed TNR expansions. This role of the 26S
proteasome is conserved in human cells, as siRNA-
mediated knockdown of proteasome subunits in a
human astrocytic cell line also suppressed expansions in
a manner that coincided with loss of proteolytic activity.
Our data exclude an indirect effect on expansions through
a stress response triggered by changes in free ubiquitin
levels. Previously, treatment of human fibrosarcoma cell
line with MG132 resulted in significant decrease in the
frequency of transcription-induced CAG contractions
(20). We show here that the proteasome also affects
CTG!CAG expansions in both yeast and human cells.

Deletion of several yeast proteasome subunits (sem1,
rpn13 and pre9) resulted in a decrease in TNR expansion
rates. In addition, an expansion defect was also seen upon
loss of the transcription factor Rpn4, which controls the

Figure 4. Expansion differences cannot be explained by changes to free
ubiquitin levels. (A) Expansion rates in strains that are wild-type, sem1,
pre9 or ubp6 containing the pUB plasmid that expresses wild-type levels
of ubiquitin (57). Error bars represent±SEM. *P< 0.05, compared
with w.t. control. (B) Western blot analysis of polyubiquitinated
proteins in proteasome mutants sem1, pre9, sem1 pre9 and ubp6.
(C) Analysis of free ubiquitin levels in yeast strains with or without
pUB plasmid. The numbers show the relative levels of free ubiquitin
compared with wild-type without pUB (w.t.) levels after normalization
to actin. (D) Immunoblots of SVG-A extracts after treatment with
scrambled (Scr) siRNA or siRNA directed against DSS1 or PSMB3.
For B–D, 10 mg total protein was loaded in each lane, and actin was
used as a loading control.
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expression of the majority of the proteasome genes, and
whose deletion results in decreased levels of proteasome
activity (60). Thus, in most cases, mutations that affect
proteasome subunits led to suppression of TNR expansion
rates. In contrast, expansions were unchanged in a strain
missing Rpn10, a ubiquitin receptor that binds to
polyubiquitinated proteins targeted for degradation
(61,62). It is possible that the lack of expansion rate
phenotype in an rpn10 mutant is because the subset of
proteins it recognizes does not include those involved in
the TNR expansion phenotype. For example, Elangovan
et al. (63) described different substrate specificity between
ubiquitin receptors in HeLa cells that are homologous to
yeast Rpn10 and Rpn13. We also note that the expansion-
suppressing phenotype of the ubp6 mutant is most likely
indirect. Although not a proteasome subunit per se, Ubp6
deubiquitinase activity is dependent on association with
the base of the RP (58), and Ubp6 levels at the proteasome
can be altered in response to ubiquitin levels (57). We
found that, in a ubp6 mutant, addition of a ubiquitin-ex-
pressing plasmid resulted in expansion rates and free ubi-
quitin levels returning to normal. Thus, the expansion rate
suppression in ubp6 cells is likely because of indirect
effects of ubiquitin signalling. This finding is distinct,
however, from sem1 and pre9 mutants, where expansion
defects and free ubiquitin levels were not much altered in
the presence of the ubiquitin-expressing plasmid. Overall,
the data support the proteasome as a driver of TNR ex-
pansions in yeast.

Evidence in both yeast and human cells implicate the
proteolytic function of the proteasome as important for
TNR expansions. Sem1 deletion results in proteasome
instability and a proteolytic defect (29,39). As an a-type
subunit Pre9 acts to gate the CP channel, and deletion of
PRE9 results in reduced levels of mature proteasomes
(47). Deletion of SEM1 and PRE9 resulted in accumula-
tion of polyubiquitinated proteins in our strains, indica-
tive of a defect in proteolysis. A double sem1 pre9 mutant
suppressed expansions to the same extent of either of the
single mutants. These genetic data indicate that in yeast,
both the RP and CP work together to drive expansions,
and that the proteolytic activity of the proteasome is im-
portant. These mutant effects can be phenocopied in wild-
type cells by addition of MG132, which inhibits the
chymotryptic activity of the proteasome. Proteolytic
activity was also found to be crucial for expansions in
human cells. In the SVG-A astrocytic cell line, expansions
were suppressed on knockdown of the RP subunit,
PSMC5, or the CP subunit, PSMB3. In contrast,
knockdown of the Sem1 human homologue, DSS1, did
not reduce the occurrence of expansions. These effects
on expansion frequencies mirror the levels of proteolytic
activity after knockdown. Previous investigations also
found a significant reduction in proteasome activity
upon siRNA-mediated depletion of PSMB3 (51) but not
DSS1 (34,36,51). Although PSMC5 is primarily studied
for its non-proteolytic roles in transcription, knockdown
of PSMC5 also affects the proteolytic activity of the pro-
teasome (55,64). It has been suggested that DSS1 has two
functions in human cells, with a primary role in stabilizing
BRCA2 protein and a secondary role as a proteasome

subunit (33,65,66). Thus, proteasome function is signifi-
cantly more dependent on Sem1 in yeast than on DSS1
in human cells. In summary, only those 26S proteasome
subunit knockdowns that strongly affect proteolytic
activity, PSMC5 and PSMB3, result in decreased expan-
sion frequency in SVG-A cells.
How might the proteasome be affecting TNR expan-

sions? Epistasis analysis of sem1 and mutants in HDAC
components show that the proteasome and HDACs affect
TNR expansion by distinct mechanisms. The proteasome
may be degrading protecting factors that otherwise would
act to resolve the abnormal secondary structures formed
by TNRs without causing expansion. DNA repair is an
important mechanism by which triplet repeat abnormal
secondary structures can be converted to expansions
(3,6,7). Increasing evidence links the proteasome to im-
portant processes during the DNA damage response and
repair pathways. The proteasome is required for degrad-
ation of certain DNA repair proteins, is important for
downstream signalling and has been shown to be recruited
to DNA double-strand breaks (45,67,68). Thus, the pro-
teasome, either by indirect proteolysis or by degrading
factors at the TNR itself, could negatively alter repair
pathways required to correctly resolve TNR DNA.
Other groups have suggested that RNA polymerase II

(RNA pol II) stalls near TNRs and is targeted by the
mammalian proteasome. Lin and Wilson (20) suggested
that triplet repeat instability could be mediated by
proteasomal degradation of stalled RNA Pol II at R-
loops, which is the damage recognition step for activating
the transcription-coupled NER (TC-NER) pathway. This
group also showed that siRNA-mediated knockdown of
the elongation factor TFIIS reduced CAG contraction
frequencies (20). Several additional studies strengthened
the correlation between R-loop formation and TNR
instability (69–71), although we are not aware in these
reports of a direct link to the proteasome. A recent
article found a correlation between RNA Pol II levels
and CAG instability in a Huntington’s disease mouse
model (72). Specifically this study found that the
presence at the HD gene of the elongating Ser2
phosphorylated form, but not the initiating Ser5
phosphorylated form, corresponded with CAG instability.
Ubiquitination and degradation of RNA Pol II are
specific for this elongating form (73). One possibility is
that 26S proteasome-mediated degradation of elongation
form RNA Pol II stalled at TNR DNA could initiate a
TC-NER pathway that results in expansions. In an XPA-
deficient spinocerebellar ataxia (SCA1) mouse model,
(CAG) repeats were stabilized in certain neuronal cell
types (16), and XPA can bind to hairpin DNA in vitro
(74). The proteasome has established roles in controlling
NER activity both through proteolytic and non-proteo-
lytic activities (22). Thus, it is possible that the proteasome
is coordinating RNA Pol II degradation and NER activity
to enhance TNR instability.
Currently the proteasome inhibitor bortezomib is being

used for treatment of haematological malignancies. Could
proteasome inhibitors play a role in slowing the pro-
gression of somatic expansions in TNR disorders? The
proteasome is important for the clearance of toxic

Nucleic Acids Research, 2013, Vol. 41, No. 12 6105



polyglutamine protein aggregates, which result from ex-
pression of an expanded (CAG) tract in the protein coding
region of a gene such as in Huntington’s disease (HD)
or spinocerebellar ataxia type 1 (75). Thus, inhibiting
proteasome activity would not be beneficial in such
polyglutamine disorders, and proteasome impairment in
the striatum of HD mice worsens the disease (76).
However, the use of proteasome inhibitors in the non-
polyglutamine disorders, such as myotonic dystrophy
type 1 and Friedreich’s ataxia, could potentially suppress
somatic expansions without having an adverse effect on
the disease pathology. Proteasome inhibition affects a
wide range of cellular pathways, and focus is now
switching to more precise inhibition of the UPS through
targeting of the ubiquitin pathway enzymes (77). For
example, inhibition of a specific E3 ubiquitin ligase that
acts at a non-proteasomal site allows greater specificity
and less off-target effects. Thus, identification of the pro-
teasome targets that are responsible for promoting TNR
instability could lead to development of target-specific
modifiers. Stabilization of these factors could, therefore,
help reduce instability without adversely affecting the
activity of the proteasome.
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